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FOREWORD 

T h e ADVANCES IN CHEMISTRY SERIES was founded i n 1949 by the A m e r i c a n 
C h e m i c a l Society as an oudet for symposia and collections of data i n special 
areas of topical interest that could not be accommodated i n the Society's jour
nals. It provides a m e d i u m for symposia that w o u l d otherwise be fragmented 
because their papers w o u l d be distributed among several journals or not p u b 
l ished at al l . 

Papers are reviewed critically according to A C S editorial standards and 
receive the careful attention and processing characteristic of A C S publications. 
Volumes i n the ADVANCES IN CHEMISTRY SERIES maintain the integrity of the 
symposia on w h i c h they are based; however, verbatim reproductions of previ 
ously publ ished papers are not accepted. Papers may include reports of re
search as w e l l as reviews, because symposia may embrace both types of presen
tation. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

23
5.

fw
00

1

In Biomembrane Electrochemistry; Blank, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 



ABOUT THE EDITORS 

MARTIN B L A N K received a B.S. i n chemistry f r o m 
C i t y Col lege of N e w York, a P h . D . i n physical c h e m 
istry f rom C o l u m b i a University, and a P h . D . i n co l 
lo id science from Cambridge University. I n England, 
he developed a strong interest i n the physical c h e m 
istry of biological membranes and biopolymers, and 
he has pursued this interest for more than 30 years 
i n the Department of Physiology and Ce l lu lar B i o 
physics at C o l u m b i a University, as w e l l as through 
appointments i n several academic, industrial , and 
U . S . government settings. H e has had appointments 
at Cambridge University, the W e i z m a n n Institute 
(Israel), the University of Cal i fornia—Berkeley, T h e 

H e b r e w Universi ty (Israel), M o n a s h Universi ty (Australia), the F r u m k i n Insti
tute of Electrochemistry (the former Soviet U n i o n ) , and the Tata Institute (In
dia). H i s industrial research experience has inc luded work at Cahfornia R e 
search Corporat ion, Esso Research and Engineering, and Uni lever research labs 
i n both E n g l a n d and the Netherlands. W h i l e at the U . S . Off ice of Nava l Re
search ( O N R ) i n L o n d o n and i n Arl ington, Virginia , he developed and managed 
a research program on biological membrane electrochemistry. H e has been a 
consultant to the O N R and to the Elec tr ic Power Research Institute. H i s re
search has been o n transport, electrochemistry, and rheology of protein and l i p i d 
surface f i lms, and he has also developed theoretical models of monolayer per
meation, hemoglobin equil ibria, and the i o n fluxes dur ing electrical excitation i n 
nerve membranes. 

Recently, he has become interested i n the effects of environmental elec
tromagnetic fields on protein synthesis i n cells and on the funct ion of the " i o n 
p u m p " enzyme. H e has written more than 150 papers and reviews and edited 
eight books on electrical properties of biological systems. H e is currently work
ing o n a volume based o n the fourth E r i c e (Italy) course o n nerve-muscle func
t ion and is the editor-in-chief for the Proceedings of the First World Congress on 
Electricity and Magnetism in Biology in Medicine. 

Over the years, he has organized many meetings, inc luding the first Gor 
don Research Conference on Bioelectrochemistry, and has been active i n the 
A m e r i c a n C h e m i c a l Society (Divis ion of C o l l o i d and Surface Chemistry) , the 
E l e c t r o c h e m i c a l Society (chairman, Organic a n d B i o l o g i c a l D i v i s i o n ) , the 
Bioelectrochemical Society (president), and the Bioelectromagnetics Society. 
H e has also served for many years on the editorial boards of several journals, 

v i i 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

23
5.

fw
00

1

In Biomembrane Electrochemistry; Blank, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 



inc luding the Journal of the Electrochemical Society (divisional editor for b i o l 
ogy) and Bioelectrochemistry and Bioenergetics (Nor th A m e r i c a n editor). 

IGOR VODYANOY is a manager of the Sensory B i o l 
ogy and Biophysics Program of the Off ice of Naval 
Research ( O N R ) . H e received his education f r o m 
Leningrad Polytechnic Institute i n Russia (now St. 
Petersburg Polytechnic Institute) i n solid-state phys
ics and studied biophysics at the Institute o f C y t o l 
ogy o f the U . S . S . R . A c a d e m y o f S c i e n c e s i n 
Leningrad. H i s early work i n physics was research 
on new materials for radioelectronics. In Leningrad, 
he started to work on biophysical mechanisms of 
carrier-meditated membrane charge transfer. T h e 
work was carried out at the Institute of Semicon
ductors and at the Leningrad Nuclear Institute. I n 

1977, he per formed original measurements of equi l ibr ium electronic noise i n 
artificial bilayers doped w i t h an i o n carrier and demonstrated that this system 
shows complete correspondence between noise and impedance. H e entered 
the U n i t e d States i n 1979, has been at the University of Cal i fornia at Irvine for 
nine years, and jo ined O N R i n 1988. H e had a visiting appointment at B e n -
G u r i o n Universi ty i n Israel. H e currently holds a joint appointment at the U n i 
versity of Cal i fornia and the National Institutes of Heal th . I n more recent years, 
he has studied i o n channel former proteins; their molecular mechanisms of ac
t ion; and their interaction w i t h a membrane. H e was one of the organizers of 
the bilateral U . S . - U . S . S . R . symposia on membrane charge transfer and sensory 
biophysics. 

v i i i 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

23
5.

fw
00

1

In Biomembrane Electrochemistry; Blank, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 



PREFACE 

T H E FUNDAMENTAL MEMBRANE PROCESSES OF LIVING CELLS, for example, 
generation of ion gradients, sensory transductance, conduction of impulses, and 
energy transduction, are electrical i n nature. E a c h process involves charge move
ment i n a specialized protein structure, where part of the protein forms a chan
nel for conduction of ions. T h e opening of the channel is control led by changes 
i n physical factors such as the electrical potential across the membrane or the 
b i n d i n g of signaling (e.g., neurotransmitter or hormone) molecules and ions to 
specific receptor or enzyme sites. T h e many structural similarities between dif
ferent protein assemblies suggest that there is a general design and that specific 
functions are based on variations of that design. 

A number of channel protein structures are known i n considerable detail , 
so their funct ion can be studied i n relation to structure, and models for w h i c h 
structure and properties can be characterized together can be constructed. E x 
perimental approaches to this problem have tended to focus on the specific func
tions of each protein rather than on the general physical aspects of the prob lem. 
A n approach based on electrochemical concepts and techniques emphasizes the 
general properties of the different structures and provides insights into the elec
trochemical nature of the charge-transfer phenomena i n all channel systems. 

F o r these reasons, the Off ice of Naval Research initiated i n October 1986 
an Accelerated Research Initiative of electrochemical research on biological and 
model membranes. T h e 5-year program explored the physical basis of b iologi 
cal sensory and energy-transducing processes by focusing o n the electrochemi
cal properties of integral membrane proteins (i.e., channel structures) associ
ated w i t h ion-transport processes. T h e major research areas covered were inter
faces and l i p i d layers, channels (structure and function), and signal transduc
tion. This volume contains papers f rom that program, as w e l l as some related 
studies. 

T h e electrochemical emphasis i n the study of channels has l e d to some 
useful generalizations about the physical properties of integral membrane pro
teins and some of the specialized properties that depend on unique structures. 
T h e findings were presented and discussed at contractor s meetings i n N o v e m 
ber 1988 at Be lmont House i n Elkr idge , Mary land, and i n A p r i l 1991 at A i r l i e 
House i n A i r l i e , Virginia . M a n y research papers were publ ished as a result of 
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this program. This volume summarizes the most important research accom
plishments of the program and indicates the critical problems that require fur
ther research. 

M A R T I N BLANK 

Department of Physiology 
and Cel lu lar Biophysics 

C o l u m b i a Universi ty 
N e w York, NY 10032 

I G O R V O D Y A N O Y 

Biology Div i s ion 
Off ice of Naval Research 
800 N o r t h Quincy 
Arl ington, VA 22214-5000 
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1 

Interaction Forces 
between Membrane Surfaces 
Role of Electrostatic Concepts 

Max L. Berkowitz and K. Raghavan 

Department of Chemistry, University of North Carolina, Chapel 
Hill, NC 27599 

We briefly review the role electrostatic concepts play in the theoretical 
description of forces acting between membrane surfaces. A special 
emphasis is given to a discussion on the nature of the hydration force. 

THE M O S T I M P O R T A N T F O R C E S A C T I N G B E T W E E N M E M B R A N E S U R F A C E S are 

van der Waals, electrostatic, and hydration. The first two forces are explained 
by the D e r j a g u i n - L a n d a u - V e r w e y - O v e r b e e k ( D L V O ) theory (J) ; the exis
tence of the hydration force was anticipated before it was measured (2) . T h e 
van der Waals force is always attractive and displays a power law distance 
dependence, whereas the electrostatic and hydration forces are repulsive and 
exponentially decay wi th distance. T h e electrostatic force describes the 
interaction between charged membrane surfaces w h e n the separation be
tween surfaces is above 10 molecular solvent diameters. T h e hydration force 
acts between charged and uncharged membrane surfaces and at distances 
below 10 molecular solvent diameters; its value dominates the values of 
van der Waals and electrostatic forces (3) . T h e term " h y d r a t i o n " reflects the 
belief that the force is due to the structure of water between the surfaces. 
Electrostatic and hydration forces are similar i n some respects: both are 
exponential and repulsive and their theoretical description involves coupl ing 
electrostatic concepts and ideas borrowed f rom statistical mechanics. A l 
though the nature of the electrostatic force is solidly established, this is not 
the case for the hydration force. T o illustrate the role the electrostatic 

0065-2393/94/0235-0003$08.54/0 
© 1994 American Chemical Society 
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4 B I O M E M B R A N E E L E C T R O C H E M I S T R Y 

concepts play i n the description of the interaction between the membrane 
surfaces, we w i l l describe the theory of the electrostatic and hydration forces. 
T h e description of the electrostatic force w i l l be br ie f because details can be 
found i n the excellent book by Verwey and Overbeek (J) . T h e main emphasis 
of this review w i l l be o n the description of the hydration force. 

Electrostatic Force 
Because molecules at an aqueous-membrane interface often carry a net 
charge, electrostatics must be an important component of the theory that 
explains the funct ioning o f this interface. Also , because a very large number 
of molecules constitute the interface, it is anticipated that the theory couples 
the electrostatic concepts w i t h the concepts o f statistical mechanics. A m o n g 
the theories that illustrate this coupling, we find the rather simple but 
surprisingly successful G o u y - C h a p m a n theory (4) . T h e successes and failures 
o f the G o u y - C h a p m a n theory i n explaining the properties of biological 
membranes are detailed i n the recent review by M c L a u g h l i n (5) . 

Gouy-Chapman Theory. T h e first theory that successfully treated 
the electric double layer present at a phase boundary was the G o u y - C h a p 
man theory (4). In its simplest version it considers an interface between a 
homogeneously charged solid surface and an ionic solution. T h e ions i n the 
solution are modeled as point charges and the solvent is modeled as a 
dielectric cont inuum w i t h dielectric constant €. T o simplify the description of 
the theory we consider a symmetric z:z electrolyte solution. Place the 
surface charge at plane x = 0 and let the space charge due to mobi le ions 
extend f rom x = 0 to infinity. T h e starting equation i n the G o u y - C h a p m a n 
theory is Poisson's equation, w h i c h couples the space-charge density p w i t h 
the electrostatic potential 

eV 2 i| ; = - 4 i r p (1) 

where € is the dielectric constant o f the m e d i u m and V 2 is the Laplace 
operator. A t this point the G o u y - C h a p m a n theory assumes that the average 
concentration of ions at a given point can be obtained f rom the average value 
of the electrostatic potential at the same point through the application of the 
Bol tzmann distribution; that is, 

n_= n0 exp(ze\\i/ kT) (2) 

n+= n0 exp(— zety/kT) (3) 

where n0 is the bulk concentration o f ions, n_ ( n + ) are local concentrations 
of negative (positive) ions, e is the electronic charge, k is the Bol tzmann 
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1. B E R K O W I T Z A N D R A G H A V A N Interaction Forces between Membrane Surfaces 5 

constant, T is the temperature of the system, and z is the valency of the ions. 
T h e total charge density p is then given by the expression 

p = ze(n+ — n_) = —2zen0 smh(ze\\f/kT) (4) 

Substitution of 4 into e q 1 results i n the P o i s s o n - B o l t z m a n n equation: 

e V 2i|i = Sirzen0 sinh(zety/kT) (5) 

Equat ion 5 the fundamental equation of G o u y - C h a p m a n theory. W h e n 
ze\\f < < kT, e q 5 can be l inearized. T h e resulting equation is 

8TrzVn 0 i [ f I|I 
V 2 ^ = — = T T ( 6 ) 

ekT X D 

where X D , w h i c h is usually cal led the D e b y e length, is given by the 
expression 

X 2
D = ekT/8itz V n 0 (7) 

F o r a flat interface, i|i is a function of x only. U s i n g the boundary 
conditions that i|/ = 0 and dty/dx = 0 w h e n x -> °°, the fol lowing exact 
solution for the z\z electrolyte at the flat interface can be obtained: 

2kT l + aexp(-x/XD) 

* = l n ^ 7 7 T T 
ze 1 — a exp( — x/\D) 

where 

exp( zety0/2kT) — 1 

exp(%e*Ji 0/2fcT) + 1 a (9) 

v|i0 is the potential at the surface ( x = 0). F o r ze\\f0/kT << 1, e q 9 predicts 
the exponential decay of the potential: 

i|i = i ] > 0 e x p ( - x / X D ) (10) 

Equat ion 10 can be obtained directly f rom the l inearized P o i s s o n - B o l t z m a n n 
equation. 

A n important connection between the surface potential, surface charge 
density a , and the density of ions can be established. Because the system is 
electroneutral, we can write 

a = / 9dx = — f -rrdx= (11) 
•'o 4TT JQ dx 4 T r \ a x / x = o 
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6 BlOMEMBRANE ELECTROCHEMISTRY 

Equat ion 11 is often cal led the contact value theorem. C o m b i n i n g eqs 8 and 
11, we get the desired relationship: 

" = y — s i n h M ( 1 2 ) 

F o r the biomembrane surfaces the situation ze\\f0 >> kT often occurs. I n 
this l imit , e q 12 is s impli f ied and has the form 

n ( 0 ) = n 0 exp(ze$0/kT) = 2TTv2/ekT (13) 

Equat ion 13 predicts that the concentration of counterions at the surface of 
the membrane, n(0), is proport ional to the square of the membrane charge 
density and is independent on the valency and the bulk concentration of the 
ions. Equat ion 13 together wi th other predictions f rom G o u y - C h a p m a n 
theory are subject to experimental verification. The agreement between the 
G o u y - C h a p m a n theory and the experiment is rather nice, considering how 
simple it is. T h e recent review by M c L a u g h l i n (5 ) should be consulted for 
further details of the experimental tests, successes, and limitations of 
G o u y - C h a p m a n theory. 

F r o m the rigorous treatment of the double-layer problem on the molecu
lar level, it becomes clear that the G o u y - C h a p m a n theory o f the interface is 
equivalent to a mean field solution of a simple primit ive mode l ( P M ) of 
electrolytes at the interface (6) . T o consider the correlation between ions, 
integral equations that describe the P M are devised and solved i n different 
approximations. A n "exact solut ion" of the P M of the electrolyte can be 
obtained f rom the computer simulations. This solution can be compared wi th 
the solutions obtained f rom different integral equations. F o r detailed discus
sion of this topic, refer to the review by Carnie and Torr ie (6) . In many cases, 
the molecular description of the solvent must be introduced into the theory 
to explain the complexity of the observed phenomena. T h e analytical treat
ment i n such cases is very involved, but init ial success has already been 
achieved. Some of the theoretical developments along these fines were 
reviewed by B l u m (7) . 

Double-Layer Interaction. W h e n two charged surfaces approach 
each other their electrical double layers start to overlap and, as a result, the 
surfaces experience a repulsive force. F o r flat surfaces the forces can be 
explained i n terms of the osmotic pressure due to the difference i n the ionic 
concentration i n the region between the plates and the concentration i n the 
bulk region. Therefore, we can write ( I ) 

p = kT(n++ n_-2n0) = 2n0kT[cosh(ze\\tm/kT) - l ] (14) 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

23
5.

ch
00

1

In Biomembrane Electrochemistry; Blank, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 



1. B E R K O W I T Z A N D R A G H A V A N Interaction Forces between Membrane Surfaces 7 

where p is the disjoining pressure and i|/ m is the potential at the midplane 
between the surfaces separated by a distance h.lf ze\\im/kT << 1, the cosh 
term i n e q 14 can be expanded and the fol lowing expression for the pressure 
can be obtained: 

p = n0kT(ze^m/kT)2 (15) 

W h e n the distance between the plates is large (h/XD >> 1), we can show 
that t|;m ~ 2i|i ( x = h/2) ( I ) . Therefore, at these conditions we get f rom eqs 
8 and 9 that 

ze^JkT = 8a exp( -h/2\D) (16) 

Substitution of e q 16 into e q 15 produces the final result for the disjoining 
pressure: 

p = 64n0kTa2 e x p ( - h / \ D ) (17) 

where a is given by e q 9. Equat ion 17 is an often quoted result o f the D L V O 
theory that predicts that at distances greater than the D e b y e length the 
repulsive pressure between charged membranes decays exponentially, and 
the decay length is given by the D e b y e length. 

Hydration Forces 

Experimental Results. T h e D L V O theory, w h i c h is based on a 
cont inuum description of matter, explains the nature of the forces acting 
between membrane surfaces that are separated by distances beyond 10 
molecular solvent diameters. W h e n the interface distance is below 10 solvent 
diameters the cont inuum picture breaks d o w n and the molecular nature of 
the matter should be taken into account. Indeed the experiment shows that 
for these distances the forces acting between the molecularly smooth surfaces 
(e.g., mica) have an oscillatory character (8) . T h e oscillations of the force are 
correlated to the size of the solvent, and obviously reflect the molecular 
nature of the solvent. In the case of the rough surfaces, or more specifically 
biomembrane surfaces, the solvation force displays a monotonic behavior. It 
is the nature of this solvation force ( if the solvent is water, then the force is 
cal led hydration force) that still remains a puzzle . T h e hydration (solvation) 
forces have been measured by using the surface force apparatus (9 ) and by 
the osmotic stress method (JO, I I ) . Forces between phosphatidylcholine 
( P C ) bilayers have been measured using both methods and good agreement 
was found. 

T h e general picture that emerges f rom the experiments is that up to 
distances ~ 3 n m l i p i d bilayers i n water repel each other w i t h an exponen-
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8 BlOMEMBRANE ELECTROCHEMISTRY 

tially decaying force. T h e decay constant of the force varies f rom the value 
less than 0.1 n m to above 0.3 n m (3) . I f the l ipids are neutral, the repulsion is 
eventually balanced by the attractive van der Waals forces of D L V O theory. I f 
the l ipids are charged, the repulsion continues but w i t h a decay constant 
compatible w i t h the value obtained f rom the double-layer theory. T h e 
addition o f ions to water can, i n some cases, provoke the appearance of an 
attractive force (3) , a phenomenon of obvious relevance to membrane fusion. 

T h e previously described measurements have been per formed o n lipids 
i n aqueous solutions, but l i p i d bilayers also swell i n some other solvents (12) 
and the results of such measurements compare quite w e l l w i t h the aqueous 
case. I n addit ion, hydration (solvation) forces act between D N A polyelec-
trolytes (13) and polysaccharides (14). These facts make the interpretation of 
the forces even more complicated and it is no wonder that different ap
proaches to explain the nature o f this solvation force exist. So far no truly 
ab init io theory has been proposed. T h e existing theories include models 
based on the electrostatic approach, the free energy approach, and an 
approach based on the entropic or protrusion model . 

Electrostatic Models. T h e solvated phosphol ipid bilayer can be 
considered as an electrostatic problem, where water is modeled as a dielectric 
cont inuum (with e = 80) enclosed between surfaces that represent the 
phosphol ipid membranes. T h e head groups of the membrane molecules can 
be represented by dipoles and the tails can be represented by a dielectric 
cont inuum (e ^ 2). T h e repulsion hydration force is due to the interaction of 
the zwitterions of the head groups w i t h the image charges. T h e first analysis 
o f such an electrostatic model was performed by Jonsson and Wenners t rom 
(JW; 15). Because the head groups of the membrane molecules are mobile , 
J W represented the zwitterions as a two-dimensional fluid described by a 
radial distribution g ( r ) . T o simplify the problem, J W assumed that the 
surface separation was large and that there was no correlation between the 
surfaces. F r o m their analysis J W concluded that the force due to the images 
strongly depended o n the character o f the pair distr ibution funct ion. T h e 
force had an exponential decay w h e n the correlation between the zwitterions 
was strong. F o r the uncorrelated zwitterions, the force fol lowed the power 
law. Because the calculated value o f the force was of the same magnitude as 
i n the experiment, J W considered their theory a success. T h e theory pro
posed by J W was extended by Kjel lander (16), w h o investigated the m o d e l i n 
greater detail by removing some overrestrictive assumptions. Kjel lander con
c luded that the force was strongly dependent o n the m o d e l used for g ( r ) and 
that the agreement between the J W results and the experiment was fortu
itous. Moreover , Kjel lander showed that a change i n the location of the 
dielectric discontinuities w i t h respect to the location of the zwitterions caused 
the results to undergo a dramatic change. 
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1. B E R K O W I T Z A N D R A G H A V A N Interaction Forces between Membrane Surfaces 9 

T h e electrostatic model proposed by J W was later thoroughly analyzed i n 
a series of works per formed by the " S w e d i s h - A u s t r a l i a n g r o u p " (17-19), 
where exact formal treatment and approximate methods were used to solve 
the problem. T h e authors of these papers considered two electrostatic 
models. In the first model they investigated the interaction between two 
planar surfaces (separated by a distance h) w i t h mobile ions adsorbed onto 
them (the net surface charge was zero). T h e surfaces were immersed i n the 
dielectric cont inuum w i t h the dielectric constant e P B e h i n d each surface a 
different dielectric m e d i u m (with the dielectric constant € 2 ) was placed. I n 
the second model the mobile ions were replaced b y mobile dipoles that were 
oriented perpendicular to the surfaces. I n both models the motion of the 
particles was restricted to the wel l -def ined plane. F r o m the analytical treat
ment, w h i c h inc luded images and correlations, the fol lowing asymptotic 
results for the pressure were obtained for the first model : 

1. W h e n e x = e 2 (no image charges are present i n the system), 
the interaction arises f rom the charge fluctuations. T h e pres
sure, P , is attractive and displays an asymptotic behavior: 

P ~ -T/h3 (h -> oo) (18) 

T h e pressure is independent of the i o n concentration and ionic 
radii ; it only depends on the temperature T and the distance 
between the layers. 

2. W h e n € x # e 2 , image charges are present i n the system. T h e 
image repulsion between electroneutral planes is exactly can
celed b y the static van der Waals interaction, and the leading 
term for the total pressure is exactly the same as i n the 
previous case. 

In the second model (and i n the case that € x # e 2), the pressure 
between surfaces arises f rom dipole correlations and dielectric images. 
Asymptotical ly the pressure is 

P ~ -A/h3 + B/h4 - C/h5 (h -> oo) (19) 

T h e van der Waals pressure is not screened and it dominates at large 
distances; the second term is due to image repulsion, and the t h i r d term is 
due to the attraction between dipoles on different surfaces. 

These asymptotic results were compared w i t h numerical results obtained 
by solving the hypernetted chain equation ( H N C ) for the pair distribution 
function, w i t h M o n t e Car lo ( M C ) simulations and w i t h a mean field approxi
mation. T h e agreement between the numerical results and the asymptotic 
results was fairly good at distances above h — 1.5 n m . Substitution of the 
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10 BlOMEMBRANE ELECTROCHEMISTRY 

parameters that correspond to the zwitterionic l i p i d lamellae into the forego
i n g pressure expressions resulted i n the attractive total pressure. 

W e have concluded that the electrostatic mode l proposed by J W is quite 
an interesting model by itself, but it is very sensitive to the fine details of the 
system and, therefore, cannot explain the quite generally measured exponen
tial dependence of hydration forces on the surface separation. 

Free Energy Approach. Near ly immediately after the publicat ion 
of the first data on the hydration force (10), Marcel ja and Radic ( M R ) 
proposed a very elegant theory to explain the nature of the observed strong 
force (20) . A c c o r d i n g to M R theory the force is due to the modification of 
water structure near the membrane-water interface. T h e water molecules 
near the interface differ f rom the water molecules i n the bulk: they are more 
" o r d e r e d . " T o describe this " o r d e r , " one can introduce an order parameter 
T|(x) and perform a Landau-type expansion of the free energy density g(x); 
that is, 

g = g o + a t , 2 + c(dr\/dxf + - (20) 

where g 0 is the free energy density i n bulk water, and a and c are constants. 
T h e corresponding minimizat ion problem results i n the differential equation 

d2T\(x)/dx2 - (a/c)i\(x) = 0 (21) 

Assume now that the interfaces are posit ioned at x = h/2 and x = — h/2 
and that t\(h/2) = —j]( — h/2) = T| ( ) . T h e minimizat ion of free energy 
density given by equation 20 subject to these boundary conditions results i n 
the fol lowing form for the order parameter: 

T ] ( x ) = T j 0 s i n h ( K x ) / s i n h ( K f e / 2 ) ( 2 2 ) 

where K = (c/a)l/2. T h e excess free energy per unit area, A G , is 

A G = fh/2 ( g - go) dx = ( f l c ) 1 / 2 T 1
2

0 c o t h ( / l K / 2 ) (23) 
J-h/2 

T h e pressure, p , is given b y the derivative o f the excess free energy: 
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1. B E R K O W I T Z A N D R A G H A V A N Interaction Forces between Membrane Surfaces 11 

F o r K / I > > 1, the repulsion follows the exponential law: 

p = 4 p 0 e x p ( — Kh) = 4 p 0 exp(—/i/X) (25) 

where X = 1 / K . F r o m the derivation described previously, it follows that the 
value of p 0 (the pressure w h e n the surfaces are at close contact) is deter
m i n e d by the degree the surface orders the water and, therefore, depends on 
the properties of the surface. T h e decay parameter X is determined by the 
degree the ordering is propagated through water and, therefore, according to 
M R theory (20) characterizes water only. 

Marcel ja and Radic (20) d i d not specify what quantity plays the role of 
the order parameter. M a n y different variables can be considered as candi
dates for this role, but the orientational polarization of water has the greatest 
appeal. Indeed, i n later publications G r u e n and Marcel ja (21) explicitly 
considered this quantity as an order parameter i n the prob lem. A n emphasis 
on the orientational polarization allows easy construction of an intuitive 
picture for the origin of the hydration force, and this picture is given i n 
F igure 1. As can be seen f rom this figure, due to the preferential orientation 
and symmetry, the resulting dipole to the left of the midplane OO' repels the 
dipole to the right of the midplane. The net result is a repulsive force. 

T h e M R theory predicts that the decay constant is independent of the 
nature of the surface, but the experimental data show that this is not the case 
and that the decay constant does depend on the nature of the surface (3) . 
Recently, Kornyshev and L e i k i n ( K L ; 22) extended the M a r c e l j a - R a d i c 
theory and demonstrated how this dependence can be explained. T h e y 
replaced the homogeneous boundary conditions used i n M a r c e l j a - R a d i c 
theory by the inhomogeneous boundary conditions. Accord ing to Kornyshev 
and L e i k i n , the description of the inhomogeneous character of the b o u n d -

O' 

O 
Figure 1. Pictorial representation of the Marcelja-Radic theory. 
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12 BlOMEMBRANE ELECTROCHEMISTRY 

aries is measured b y the correlation function 

S y ( H ) = |<8T,f(r + R) r ) + H ( r + R) H ( 0 > ( 2 6 ) 

where R is the lateral coordinate and i,j label the surfaces. I n reference 22 
the authors show that only S^iR) contribute to the repulsion force. T h e 
F o u r i e r transform of this correlation function, SU(Q) (usually cal led the 
structure factor), w h i c h is def ined as 

SU(Q) = fdRSu(R)exp(-iQR) (27) 

determines the inhomogeneous contribution to the hydration pressure F i n h , 
w h i c h is given by the expressions 

PiM = Py(h) + P2(h) (28) 

c ,oc QSiAQ) 
pi(h) = lT- dQ r 1 / 2 i (29 

2 W 0
 V s i n h 2 [ ^ ( K 2 + < ? 2 ) 1 / 2 ] 

In e q 29, 1 / K is the characteristic decay length for the pure water. As 
reference 22 pointed out, SU(R) displays periodic oscillations wi th some 
wavenumber g * , modulated by a decaying envelope of some characteristic 
width £. T h e n SH(Q) has a maximum centered at Q = w i t h a w i d t h 
I n this situation w h e n £ 2 > > Ji(k2 + q%)l/2 (22) , the main contribution to 
the integral is given by Q = , so that we obtain 

c([bPi(R)]2> Pq 

A ) sinh 2[MK 2
 + 9

2 ) 1 / 2 ] *&(««h) V> 

This equation is very similar to e q (24), the main result o f M a r c e l j a - R a d i c 
theory. T h e difference between the eqs 24 and 30 is that e q 30 clearly shows 
that the decay constant of the hydration force depends o n the nature of the 
interface. Equat ion 30 is obtainable f rom M R theory i f the constants a and c 
i n e q 21 are assumed to be interface specific. Equat ion 30 justifies this 
assumption. 

I n the opposite l imit w h e n £ 2 << MK 2 + q%)~1/2> the main contr ibu
t ion to the integral is due to the region near Q ~ K . T h e decay length is then 
( 2 K ) - 1 . In the intermediate case there is no single decay length, but there is 
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1. B E R K O W I T Z A N D R A G H A V A N Interaction Forces between Membrane Surfaces 13 

a superposition of exponentials. Because the variation of h i n the experiment 
is rather narrow (22), it might be considered as an apparent exponential w i t h 
an effective decay length that lies between two limits, 

1 1 
< X e f f < — (31) 

2 ( K 2 + 9 | ) 1 / 2 

Kornyshev and L e i k i n (22) also proposed the fol lowing three qualitative rules 
that describe the variation of the decay length and the strength of the 
hydration force: 

1. W i t h the increase of the correlation range o f the surface 
structure factor, the effective decay range of the hydration 
repulsion decreases. 

2. A t a large fixed distance between the surfaces, the increase of 
the correlation range of the surface structure factor leads to 
the decrease i n the absolute value of the force. 

3. T h e variation of the observable effective decay lengths is 
l imi ted f rom below and above. T h e lower l imit is the per iod for 
the surface perturbation distribution divided by 4 I T ; the upper 
l imit is one-half of the water correlation length. 

Kornyshev and L e i k i n show that these rules correlate w e l l wi th the experi
mental data (22). 

Because the Landau-type expansion has an empir ical character, justifica
t ion o n molecular grounds is important. G r u e n and Marcel ja (21) attempted 
to justify the expansion and discovered that the polarization of water had to 
be assumed is nonlocal ; that is, instead of the local equation connecting the 
polarization P and Maxwel l field E at point r 

P(r) = xE(r) (32) 

the nonlocal counterpart should be considered: 

P(r)= /X(r,r')E(r')dr' (33) 

I n equations 32 and 33, x is the susceptibility o f the m e d i u m . Expressed i n 
the F o u r i e r space, the M a x w e l l field E and the polarization P are related b y 

4irP(k) = (e(k) - I)E(k) (34) 
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14 BlOMEMBRANE ELECTROCHEMISTRY 

where e(k) is the wave-veetor-dependent dielectric tensor and I is the unit 
tensor. F r o m the minimizat ion of the free energy density G r u e n and Marcel ja 
(21) obtained the fol lowing form for the dielectric function e(k): 

where € 0 and €«, are the static and high-frequency dielectric constants, 
respectively, and £ is a decay length, the value of w h i c h is fixed to secure 
agreement w i t h the measured forces. This form for the dielectric function 
was used extensively i n nonlocal electrostatic theories that attempted to 
explain the hydration repulsion ( 2 3 - 2 5 ) . Very recently, it was pointed out 
that the form for the dielectric funct ion given by e q 35 may be incorrect and, 
therefore, the theories based on this form may be incorrect also (26) . 

Protrusion Model for the Hydration Force. Recently Is-
raelachvili and Wenners t rom ( IW) proposed that the origin of the hydration 
force is due to the head-group protrusion of the phosphol ipid molecules into 
the solvent region (27) , and, therefore, the force is more akin to a "s ter ic" 
force acting between polymer-covered surfaces. Because such an explanation 
of the nature of the hydration force does not involve electrostatic concepts, 
we w i l l not present the I W theory here. A detailed description of a protrusion 
model is available i n a recent review by Israelachvili and Wenners t rom (28), 
and a crit ique o f I W theory of protrusions can be found i n Parsegian and 
R a n d (29) . 

Computer Modeling 

M a r c e l j a - R a d i c theory and its extensions (20-22) and Jonsson-Wennerstrom 
theory and its extensions (15-19) do not address the problem of the 
hydration force on the level of a detailed molecular Hami l tonian . D u e to the 
complexity of the prob lem perhaps only a computer simulation technique can 
provide a description o n this level . T h e tremendous usefulness of computer 
methods i n the study of D N A and protein molecules (30,31) inspires the 
hope that simulations w i l l also play an important role i n the study of 
biomembrane molecules. T h e first computer simulations to study the prob
lem of hydration force on phosphol ipid molecules were per formed by Scott 
(32, 33) and by Kjel lander and Marcel ja (34, 35). Because these studies were 
per formed seven to eight years ago, the researchers were l imi ted by the 
computer power available. As a result, the simulations were per formed w i t h 
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1. B E R K O W I T Z A N D R A G H A V A N Interaction Forces between Membrane Surfaces 15 

simplif ied models of membrane molecules and the dynamics was restricted. 
F o r example, i n the simulations of Kjel lander and Marcel ja (34,35) the 
dynamics of water molecules i n the presence of fixed leci thin head groups 
was performed for a rather short run (8 ps). I n these simulations the 
orientational polarization propagated i n a d a m p e d oscillatory manner some 1 
n m from each membrane surface. This observation was used by Israelachvili 
and Wenners t rom (27) as an argument against M a r c e l j a - R a d i e theory, w h i c h 
predicts an exponential decay of the polarization (20). However , because 
Kjel lander and Marcel ja simulations were per formed for rather short runs, we 
question i f the oscillating polarization profiles observed i n these simulations 
are due to the l imi ted statistics. Another pertinent question is i f the monoton-
ically repulsive hydration force between bilayers could be a smeared-out 
oscillatory force, due to thermal motion and roughness of the mobile head 
group (27). T o answer these questions we recently per formed two molecular 
dynamics simulations: simulations A and B , each 96 ps long. ( A detailed 
description by K . Raghavan and M . Berkowitz is being prepared and w i l l be 
given elsewhere.) In simulation A we considered a bilàyer composed of 32 
dilauroylphosphatidylethanolamine ( D L P E ) molecules and 362 water 
molecules at Γ = 285 Κ. E a c h layer of the bilayer consisted of 16 molecules 
and the layers were separated by a distance ~1.4 n m . T h e force field was 

Figure 2. A snapshot of the molecular dynamics unit cell that consists of 32 
DLPE molecules in gel phase and 362 water molecules. For clarity the water 

molecules are not displayed in the figure. 
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16 B I O M E M B R A N E E L E C T R O C H E M I S T R Y 

taken f rom the A M B E R software package (36) . In this simulation we made 
some improvements i n model ing the D L P E bilayer since our last simulations 
(37) : In the previous simulations the hydrocarbon atoms of the chain were 
he ld fixed; i n the present simulation A al l the atoms are moving. T o 
concentrate o n the head-group motion we considered the bilayer to be i n a 
gel phase; therefore, the spacing between the molecules was adjusted so that 
the area per D L P E molecule was 0.41 n m 2 (area i n the gel phase). A 
snapshot from the simulation is given i n F igure 2. I n simulation Β we kept 
the D L P E molecules r igid and i n the crystal phase. 

T h e distribution o f densities for water oxygen (relative to the density o f 
bulk water) along the χ axis (axis perpendicular to the bilayer surface) is 
shown i n F igure 3. F igure 4 displays the density and the location o f the atoms 
i n the head group o f the phosphol ipid molecules. O n e of the most difficult 
problems to be resolved w h e n dealing w i t h the rough surfaces is to decide 
how to measure the intersurface distance. I n the present simulations, guided 
by F igure 3, we posit ioned the boundaries of the surfaces at χ = 0.14 n m 

2 . Οτι 1 1 1 1 1 1 1 r 

X(A) 

Figure 3. Water oxygen densities from the simulations A (solid line) and Β 
(dashed line) in units of grams per cubic centimeter between DLPE surfaces as a 
function of distance along the bilayer normal (given in angstroms). The arrows 

point to the hcation of the membrane surfaces (see the text). 
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1. B E R K O W I T Z A N D R A G H A V A N Interaction Forces between Membrane Surfaces 17 

XCA} 

Figure 4. The densities (in arbitrary units) of the atoms that comprise the 
backbone of the DLPE molecules in the simulation A as a function of distance 
along bilayer normal. The dotted vertical line is at the location of the membrane 
surfaces. Key: upper panel: Solid line is for Ν atom, dashed line is for C atom 
connected to N, and dotted line is for the other C atom. Lower panel: Solid line 
is for the first Ο atom, dashed line is for the Ρ atom, dotted line is for the Ο 

atom connected to Ρ atom and C atom, and dot-dashed line is for C atom. 

(roughly the radius of the water molecule) away f rom the positions that 
correspond to the water adsorption peaks at the membrane surfaces. As we 
can see f rom Figures 3 and 4, the head-group atoms slightly protrude into the 
water and water penetrates ~ 0.5 n m from the surface into the head-group 
region i n simulation A . T h e weak layering of water is still present i n the 
system. W h e n the surface is r igid (simulation B) , the close packing arrange
ment of the head groups does not allow water penetration, and a strong water 
adsorption at the surface, as indicated b y the sharp intense peaks i n the 
density, is observed. In this case the density oscillations of water are still 
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18 B I O M E M B R A N E E L E C T R O C H E M I S T R Y 

strong even beyond the first layer. F igure 5 shows the orientational polariza
t ion profiles along the bilayer normal obtained f rom the simulations A and B . 
Similar to the density profiles, m u c h sharper polarization oscillations are 
observed i n the simulation w i t h r ig id D L P E molecules. A l t h o u g h the oscilla
tions i n the polarization profile f rom a gel simulation are reduced compared 
to the oscillations observed by Kjel lander and Marcel ja (34), they are stil l 
present i n our simulation. T h e main conclusion we draw from the comparison 
of water properties obtained i n simulations A and Β is that the structure and 
packing of the head groups of the membrane molecules dramatically i n f l u 
ence the properties of water molecules embedded between membrane sur
faces. This conclusion is i n agreement w i t h Kornyshev and L e i k i n theory 
(22). 

Because our simulations were per formed o n a rather small sample and 
only for 96 ps, it is possible that we d i d not sample enough of the configura
t ion space of the system. T o avoid some of the effects due to this problem we 
per formed another 96-ps simulation (simulation C ) i n w h i c h the phosphol ipid 
molecules were again kept i n gel phase, but were initially prepared i n a 
different configuration. T h e symmetrized polarization profile obtained f rom 

Figure 5. Polarization of water in the direction normal to the DLPE surface 
from simulations A (solid line) and Β (dashed line). 
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1. B E R K O W I T Z A N D R A G H A V A N Interaction Forces between Membrane Surfaces 19 

averaging the two gel simulations (simulations A and C ) is presented i n 
F igure 6 together w i t h the fit o f this profile to a functional form given by e q 
22. T h e dependence of the decay length κ o n the character of the interface is 
assumed. This assumption is justif ied by K o r n y s h e v - L e i k i n theory [see the 
foregoing discussion on K o r n y s h e v - L e i k i n theory (22)]. I n general, the 
polarization data f r o m the simulations are fitted to the equation 

η ( χ ) = a s i n h [ ( x - z0)Aeff] (36) 

where α is a fit constant and x 0 is the value of the coordinate i n the middle 
of the bilayer (x 0 = 0 i n e q 22). T h e polarization profile obtained f rom our 
simulations does not show as m u c h oscillation as the profile f rom the 
simulation of Kjel lander and Marcel ja (34), but it is still not monotonically 
decaying as predicted by e q 36. Nevertheless the decay exponent for the 
polarization obtained f rom the fit is of the same value as the exponent found 

0.2"! 1 ι 1 r 

X(A) 

Figure 6. Data points that represent the orientational polarization of water 
between DLPE buyers obtained by averaging the results from simulations A 

and C (see text), The dashed line is a fit to a functional form given by eq 36. 
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20 B I O M E M B R A N E E L E C T R O C H E M I S T R Y 

i n different experiments involving P E molecules i n gel phase [the experimen
tal decay length i n the region 0.08-0.12 n m (3)]. 

A better sampling of the motion o f the configuration space of the system 
can be done w h e n the membrane molecules are i n a l i q u i d crystalline phase. 
Therefore, to study the behavior of water between the membrane surfaces, 
we analyzed the data f rom the recent simulations of a l i q u i d crystalline phase 
of dipalmitoylphosphatidylcholine ( D P P C ) molecules (38) and f rom an exten
sion of this simulation (S. J . Marr ink , M . Berkowitz , and H . J . C . Berendsen, 
unpublished). Some of the results f rom these works are shown i n Figures 
7 - 1 1 . F igure 7 displays the density of phosphorus (P) and nitrogen ( N ) atoms 
of the head groups together w i t h the profile for water density. As the figure 
indicates, the phosphol ipid molecules are w e l l solvated. T h e vertical lines o n 
this figure indicate the positions of the surfaces, w h i c h were found using the 
fol lowing procedure. First we obtained the average positions of Ρ atom and o f 

X (nm) 

Figure 7. The Ν atom (solid line), Ρ atom (dotted line), and water densities 
(dashed line) from a simulation of DPPC-water interface as a function of 
distance along the hilayer normal (in units of nanometers). The membrane 
surfaces (solid vertical lines) are placed according to the prescription in the text 
and are shown by vertical lines. In this simulation the distance between surfaces 

is ~0.6nm. 
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0 . 1 5 

o.oef 

Ο 
CL 

- 0 . 0 5 + 

-0.15-1 
2 . 5 2 . 7 2 . 9 

X (nm) 

3 . 1 3 . 3 

Figure 8. Data points that represent the orientational polarization of water 
between DPPC bilayers. The dashed line is a fit to a functional form given by 

eq 36. 

Ν atoms f rom their respective distributions. T h e n we found the midpoint 
between these positions, and finally we placed the membrane wal l at a 
distance 0.5 n m away from the midpoint toward the water. This procedure 
used to locate the position of the membrane surface agrees w e l l w i t h the 
procedure used i n the experiments w i t h X-rays ( I I ) . T h e density profile of 
water, w h i c h is also shown on the figure is smooth and does not display any 
oscillations. It is, therefore, not that surprising that the orientational polariza
t ion of water is also smooth and, moreover, can be very nicely fitted to a 
functional form given b y e q 36, as shown i n F igure 8. T h e exponent for the 
polarization decay obtained f rom the fit has the value of 0.26 n m , w h i c h is 
relatively close to the experimental value of 0.21 n m (3) . Figures 9 and 10 are 
similar to Figures 7 and 8, but they are obtained f rom a simulation w i t h a 
larger separations between D P P C membrane surfaces. A g a i n the fit o f the 
water polarization profile obtained f rom the simulation to the functional form 
of e q 36 is good. A c c o r d i n g to theory the exponent of the polarization decay 
should not depend o n the distance between membranes, and, indeed, f rom 
our simulations we observe this to be true (the decay constant obtained f rom 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

23
5.

ch
00

1

In Biomembrane Electrochemistry; Blank, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 



22 B I O M E M B R A N E E L E C T R O C H E M I S T R Y 

401 ι ι ι 1 1 1 1 1 11 1 1 1 1 

X(nnt) 

Figure 9. Same as Figure 7, only for the distance ~1.6 nm between DPPC 
surfaces. 

a simulation w i t h a larger separation o f D P P C molecules is found to be 
~0 .21 nm). Cons ider ing that w e deal w i t h measurements of rather l imi ted 
accuracy due to the fit and statistics, we conclude that the agreement 
between the exponents f rom the two simulations of D P P C molecules is good. 

T h e major result f rom our analysis of D P P C simulation is that the 
orientational polarization of water displays a monotonie behavior. Therefore, 
the statement that computer simulations always show an oscillatory polariza
t ion profile of water seems to be incorrect. T o understand better the nature 
of what is happening i n the simulations w i t h l i q u i d crystalline D P P C , we 
display a snapshot f rom the simulation i n F igure 11. This figure clearly shows 
protrusions of the phosphol ipid molecules f rom the bilayer surface. W e think 
that the role of these protrusions is to " r o u g h e n " the surface. R o u g h surfaces 
destroy the layered packing arrangement of water molecules; as the result we 
observe the exponential decay of the force due to the smearing out of the 
oscillations. Therefore, our explanation of the nature o f hydration force i n 
some way combines the pictures presented by free energy theories (20-22) 
w i t h the I W (27) theory. W e emphasize that, contrary to the I W view 
expressed i n reference 27, we believe that the force is due to the orientational 
order i n the solvent. 
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Figure 11. A snapshot from a simulation of liquid crystalline DPPC bilayer in 
water. For clarity water is not shown in the simulation. 
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Time-Resolved Dynamics of Proton 
Diffusion at a Water-Membrane 
Interface 

Menachem Gutman 

Laser Laboratory for Fast Reactions in Biology, Department of Biochemistry, 
The George S. Wise Faculty of Life Sciences, Tel Aviv University, Tel Aviv 
69978, Israel 

The manner in which protons diffuse is a reflection of the physical 
properties of the environment, the geometry of the diffusion space, and 
the chemical composition of the surface that defines the reaction space. 
The biomembrane, with heterogeneous surface composition and dielec
tric discontinuity normal to the surface, markedly alters the dynamics 
of proton transfer reactions that proceed close to its surface. Time-re
solved measurements of fast, diffusion-controlled reactions of protons 
with chromophores and fluorophores allow us to gauge the physical, 
chemical, and geometric characteristics of thin water layers enclosed 
between phospholipid membranes. Combination of the experimental 
methodology and the mathematical formalism for analysis renders this 
procedure an accurate tool for evaluating the properties of the special 
environment of the water-membrane interface, where the proton-cou
pled energy transformation takes place. 

T H E STUDY O F PROTON DIFFUSION O N M E M B R A N E SURFACES can be satisfied 

w i t h different levels of elaboration. T h e init ial step is acquisition of experi
mental transients that reflect the proton diffusion process. T h e study contin
ues w i t h analysis of the observation to obtain t ime constants and diffusion 
coefficients, and ends w i t h transformation of diffusion measurements into a 
tool for investigation of the chemical and physical properties of the environ
ment where the diffusion takes place. 

0065-2393/94/0235~0027$08.00/0 
© 1994 American Chemical Society 
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28 BIOMEMBRANE ELECTROCHEMISTRY 

W e shall describe the various steps i n the evolution of the methods and 
knowledge of proton diffusion o n the membrane surface. T h e methods used 
for our studies all emanate f rom one basic technique—the laser-induced 
proton pulse ( J ) . T h e c o m m o n step of the various forms of this method is a 
pulse excitation of aromatic alcohols ( Φ Ο Η ) , such as naphthols, sulfono 
naphthols, or pyranine (8-hydroxypyrene-l,3,6-trisulfonate), to their first ex
c i ted electronic singlet state ( Φ Ο Η * ) . In this state the c o m p o u n d is very 
acidic and the hydroxy! proton dissociates i n subnanosecond dynamics. 

T h e reaction o f the proton w i t h the environment is monitored b y its 
interaction w i t h p H indicators, dye release by the ground-state anion of the 
proton ( Φ Ο ~ ) , or even the geminate recombination o f H + w i t h the excited 
anion ( Φ Ο * ~ ) (for reviews, see references 2 and 3). 

T h e capability to measure transient signals directly coupled w i t h protona
t ion of a distinct chromophore is further exploited by insertion of the 
chromophore into defined microenvironments. G u t m a n et al . (4) used this 
method to trap the proton emitter, pyranine, i n aqueous layers of mult i lamel
lar liposomes to measure the diffusion o f protons i n ultrathin layers i n the 
microsecond t ime scale. T h e same system was investigated w i t h a 1000-fold 
t ime resolution to monitor the reaction w i t h i n 2 ns after dissociation of the 
proton (5) . In a similar way, by attachment of dye to a protein, we measured 
the diffusion of protons wi t h in a proteinaceous cavity (6) . Thus the versatility 
of the method is l imi ted only by the ingenuity of the experimentalist as to 
how to place the proton emitter or detector at the site of interest. 

Diffusion within Thin Water Layers 
Pyranine has three sulfono groups and is a very water soluble dye. W h e n dry 
phospholipids are swelled i n dilute solutions of pyranine (2 m M or less), 
multi lamellar vesicles are formed where the dye is entrapped, almost exclu
sively, i n the outer aqueous layers. A suspension o f such vesicles i n water 
provides a model for the water layers that exist i n the folding of mitochondria 
membranes or the packed lamellae of thylakoids. 

W h e n the dye i n the th in water layer is laser pulsed, its proton is rapidly 
ejected and, after rapid relaxation to ground state, an i o n pair H + and Φ Ο ~ 
is formed. T h e strong absorption of the Φ Ο ~ anion (at 450 nm) fades rapidly 
(within a few microseconds) due to its reaction w i t h the proton, and the 
system relaxes to its init ial prepulse state. Typica l traces are shown i n F igure 
1. T h e two traces correspond to recombination i n unstressed vesicles, where 
the w i d t h of the water layer is 25 Â, and under strong osmotic pressure 
(applied by sucrose), w h i c h squeezes the water layer to ~ 10 Â (7) . B o t h 
signals exhibit a rise t ime, unresolved at that t ime frame, fol lowed by 
well-resolved relaxation. 
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Figure 1. Transient absorption measurement of reprotonation of pyranine anion 
trapped within the hydration layers of phosphatidylcholine multilamellar 
vesicles. A, Vesicles suspended in 10-mM mesylate buffer, pH 5.7. B, Vesicles 
under osmotic pressure applied by 1.6-M sucrose (4.7 Χ 107 dyn/cm2) in 

10-mM mesylate pH 5.7. 

T h e analysis of the dynamics assumes the water layer to be infinitely thin , 
approximated by a two-dimensional space. T h e dynamics of a diffusion-con
trol led reaction i n a two-dimensional space is given by Hardt 's analytic 
expression (8), w h i c h predicts that the relaxation rate (7) w i l l vary almost 
l inearly w i t h the two-dimensional concentration [ Φ Ο ~ ] ( 2 ) of the reactants: 

Ρ ( 2 ) 2 τ τ Ν [ Φ Ο - ] 2 

7 1 η ( ΐ / Κ Α Β ^ Ν [ Φ Ο - ] 2 ) 

where D ( 2 ) is the two-dimensional diffusion coefficient of H + (diffusion of 
Φ Ο ~ is assumed to be negligible), Ν is Avogadro's number , and R A B is the 
coll ision distance. 

T h e results of many experiments, similar to those depicted i n F igure 1, 
are drawn i n F igure 2 i n accordance w i t h e q 1. As predicted, a straight l ine 
correlates the experimental value of the rate constant (7) w i t h the amplitude. 
T h e slope of these fines corresponds to the two-dimensional diffusion coef
ficient of H + . T h e different slopes imply that the diffusion coefficient of 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

23
5.

ch
00

2

In Biomembrane Electrochemistry; Blank, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 
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I i I L_J 
2 4 6 

Pyranine χ 10 1 3 (mol/cm2) 

Figure 2. Dependence of the observed rate of reprotonation on the two-
dimensional concentration of pyranine anion in the hydration layer. The rate 
constant (y) was calculated from the experiments carried out as in Figure 1. The 
concentration of the anion was calculated from the amplitude of the transient 
and the dye-lipid ratio of the preparation. The magnitude of the amplitude was 
varied by modulation of the excitation pulse energy by glass filters. Measurements 
were carried out in the absence of sucrose, A, and in the presence of 0.57-M 

sucrose (1.5 Χ 107 dyn/cm2), B. 

protons near a membrane is not constant; it varies w i t h the w i d t h of the 
aqueous layer. T h e value measured for the unpressed structure is 

D ( 2 ) = 2.5 + 0.5 Χ 1 0 " 5 cm 2 /s 

This value is definitely smaller that the value given by Prats et al . (9) , who 
estimated the proton diffusion coefficient o n a l i p i d interface to be 20 times 
larger than i n bulk water (see also reference 10). 

T h e slower diffusion coefficient derived f rom the dynamics of the proton 
anion reactions, measured under osmotic pressure (curve Β i n F igure 2), 
implies a complex relationship between the external pressure and the order
i n g of water i n the hydration layer. A s the w i d t h shrinks, the capacity o f 
protons to diffuse wi t h in the space by a random walk is diminished. 

T h e interpretation of this observation is not simple and calls for evalua
t ion of two more parameters: the interaction of protons w i t h surface groups 
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2. GUTMAN Time-Resolved Dynamics of Proton Diffusion 31 

and the effect of the geometry of the reaction space o n the dynamics of the 
reaction. 

Interaction of Protons with Surface Groups 
T h e surface of a biomembrane is not inert. It is covered b y a mult i tude of 
groups that have a wide range of ρ Κ values. E a c h phospho moiety, even 
zwitterionic ones, can b i n d a single proton w i t h ρ Κ = 2.25. T h e carboxyl of 
phosphatidylserine has a higher proton affinity ( p K = 4.5), whereas proteins 
and phosphatidic acids provide sites w i t h ρ Κ values above 7. T h e mult ipl ic i ty 
o f proton b inding sites dramatically affects the capacity o f the proton to 
propagate along a surface. F o r instance, free protons b o u n d to a phosphol ipid 
or protein are practically immobi le . Thus the apparent diffusion coefficient 
( D ) o f protons near a surface w i l l be m u c h smaller than that of protons i n 
bulk; it w i l l be roughly proportional to the fraction of free protons at the 
interface. T h e precise expression derived by Junge and M c L a u g h l i n (12) also 
accounts for the presence of mobile buffer molecules (substrates, adenosine 
^-triphosphate ( A T P ) , adenosine 5'-diphosphate ( A D P ) , etc., present under 
physiological conditions). T h e detailed expression for the diffusion of extra 
H + (or O H ~ ) near a buffered surface is given b y 

/ 2 . 3 ( H + ) \ / 2 . 3 [ O H " ] \ LD.$i 

where Dn + , D O H - , and D{ are the diffusion coefficients of H + , O H ~ , and 
all other buffers (fixed and mobile) present i n the system. β ί ο ί is the total 
buffer capacity and β ί is the buffer capacity of the various individual buffer 
moieties. F r o m this expression one can see that near neutrality, where 
[ H + ] - [ O H - ] - 1 ( Γ 7 M , even 1 m M of mobile buffer w i l l suffice to 
function as the main carrier of acidity. 

Al though the presence of buffer ing moieties on membrane surfaces 
reduces the apparent diffusion coefficient of a proton, it can enhance the 
probabil i ty that protons i n the bulk phase w i l l interact w i t h groups o n a 
membrane surface. This feature is demonstrated by the experiments pre
sented i n F igure 3. T h e measured parameter i n these experiments was the 
protonation of a p H indicator adsorbed to the surface of a micelle made of 
uncharged detergent (Bri j 58). T h e protons were released i n the bulk f rom a 
hydrophil ic proton emitter, 2-naphthol-3,6-disulfonate. T h e protons released 
i n the bulk react by a diffusion-controlled reaction w i t h the micel le -bound 
indicator and lead to a fast protonation phase. T h e perturbation then relaxes, 
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32 BIOMEMBRANE ELECTROCHEMISTRY 

on a larger t ime scale, both by dissociation of the proton f rom the indicator 
and through collisional proton transfer between the indicator and the anionic 
state ( Φ Ο ~ ) of the proton emitter. That scenario is depicted i n curve A of 
F igure 3. Trace Β i n F igure 3 was measured under the same conditions 
except that the micelles were spiked w i t h six molecules (averaged for the 
population) of the zwitterionic neutral phosphol ipid, phosphatidylcholine. 
T h e signal of the protonation of the indicator is larger, w h i c h demonstrates 
that the neutral phosphol ipid somehow enhanced the probabil i ty of proton-
indicator interaction. 

T h e mechanism of the enhancement is the rapid exchange of protons 
between adjacent surface groups. W h e n two charged sites are packed to
gether on a surface so that they are a few angstroms apart, their C o u l o m b 
cages can merge into a double m i n i m u m potential w e l l (13, 14). In such an 
extended cage, the proton can rapidly shuttle between the sites. W h e n the 
density of these sites is sufficiently high to form an effective network, the 
"search" becomes very efficient, w h i c h represents a reduction of dimension 
of the search space (15, 16). T h e effective rate of proton exchange between 

i 

'Vs 5 μ Μ 

A r U . 10 \iS 

1 

Figure 3. The effect of phospholipid head group on the protonation dynamics of 
an indicator adsorbed on a surface of neutral micelle. The indicator, bromocresol 
green, was adsorbed on Brij-58 micelles at a ratio of one per micelle. The pulse 
protonation, measured at pH 7.3, was initiated by photoexcitation of a water-
soluble proton emitter 2-naphthol-3,6-disulfonate (2 mM). The reaction was 
followed spectrophotometrically. A, control; no phospholipids added. B, phos
phatidylcholine added to amount of 6 molecules per micelle. C, phosphatidyl-
serine added to 6 molecules per micelle. D, phosphatide acid added to 6 

molecules per micelle. For more details see Nachliel and Gutman (ll). 
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2. GUTMAN Time-Resolved Dynamics of Proton Diffusion 33 

nearby surface groups is a function of the proton b inding site density on the 
surface. As a result, we observe a "concentrat ion" dependence. T h e larger the 
density of sites, the more efficient is the mechanism. T h e apparent correla
t ion factor, as measured for mixed micelles (17), pure l i p i d surfaces (21), or 
protein (18) is ~ 1 0 1 0 M " 1 s " 1 ; that is, as fast as a diffusion-controlled 
reaction. This process bestows a " p r o t o n antenna" property o n any surface. 

It must be stressed that the exchange of protons between adjacent groups 
has no surface-enhanced directionality. A proton dissociating f rom one moiety 
can reach either the bulk or the nearby surface moiety, w h i c h sets a l imi t to 
the effectiveness of the proton antenna. E v e n w i t h transfer efficiency as high 
as 90%, after η = 9 passages the probabil i ty that the proton w i l l remain on 
the surface dwindles to e~l. Because the length of a C o u l o m b radius o n the 
surface is I — 10 Â, the dimension of the effective search distance is 
d = lyfa = 30 Â. 

T h e efficiency of the proton antenna of a surface is a function of the ρ Κ 
of the collecting groups. V e r y basic moieties ( p K > > p H ) w i l l be constantly 
protonated and, thus, noneffective i n the exchange. M o r e acidic moieties 
( p K ~ p H ) w i l l be i n the proper ionization state to accept the proton and 
keep it for a few microseconds, w h i c h renders the proton less mobile . This is 
clearly seen i n traces C and D of F igure 3. Nei ther phosphatidylserine 
( p K = 4.5) nor phosphatidic acid ( p K = 8.0) funct ion as components of 
proton antennas. T h e dwel l t ime of protons on these groups is sufficiently 
long to inhibit propagation along o n the surface. 

Effect of Geometric Constraints on Proton Binding 
Dynamics 
A t present the highest resolution of diffusion-controlled proton b inding 
reactions is attained by monitor ing the time-resolved fluorescence signals o f 
reversible proton dissociation f rom the excited state of proton emitters 
(18-21). These measurements monitor, at real t ime, the subnanosecond 
events of the dissociation of protons f rom Φ O H * w i t h sensitivity so high that 
the recombination event of Φ θ * ~ + H + can be observed. T h e high accuracy 
experiments of H u p p e r t et al . (19-21) were reconstructed b y Agmon's 
mathematical treatment. T h e procedure is a numerical solution of the 
D e b y e - S m o l u c h o w s k i operator that describes the translational diffusion of 
the proton wi th in the electrostatic field of the excited anion. F o r a proton i n 
spherical symmetry, the program calculates the probability o f stepping inward 
[from ri to r(i — 1)] and outward [to r(i + 1)], and the influx of protons to 
r(i) f rom the two adjacent shells. These probabilities are given by the 
gradient of the electrochemical potential o f the proton, w h i c h is the combina
t ion of the electrostatic potential and the entropie gain of a proton moving to 
a larger volume as r increases. 
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34 BIOMEMBRANE ELECTROCHEMISTRY 

T h e pr imary advantage, and beauty, o f this treatment is that the control 
parameters of the program are purely stochastic. These stochastic elements 
are b lended by the computation algorithm to produce averaged values such as 
density probabilities or radial possibilities w i t h macroscopic interpretabilities. 

T h e reaction space pertinent to our system is depicted i n F igure 4. T h e 
proton is assumed to dissociate i n the aqueous layer and diffuse i n a 
three-dimensional space unt i l its diffusion sphere contacts both membranes. 
A t that point the diffusion loses its three-dimensional property and assumes a 
cyl indrical configuration that, w i t h respect to the volume increment between 
two shells, is identical to a two-dimensional diffusion. T h e shift f rom a three-
to a two-dimensional space has a marked effect o n the diffusion dynamics: I n 
the three-dimensional space the density of a particle i n a concentric shell 
varies as r ~ 3 , whereas i n the two-dimensional space the density varies as r ~ 2 . 
Consequently the concentration gradient i n three-dimensional space is larger 
and drives a better diffusion away f rom the center. 

T h e second factor associated w i t h the shift to the two-dimensional 
regime is the reactivity of the proton w i t h the surface group. T h e effect of 
transferring the reacting pair f rom the ideal spherical symmetric environment 
of bulk water to the confined space between the phosphol ipid plates is shown 
i n F igure 5. T h e lower curve depicts the fluorescence decay dynamics of 
pyranine i n bulk water. Af ter a fast relaxation of the Φ O H * fluorescence, 
due to its dissociation, we observe a long shallow tail due to geminate 
recombination. Between membranes (made of dipalmitoylphosphatidyl-
choline ( D P P C ) or D P P C plus cholesterol) the tail is more pronounced, 
w h i c h indicates a higher probabil i ty of p r o t o n - Φ Ο * - encounter. 

F igure 6 depicts the observed dynamics using a logarithmic scale. This 
figure also includes the reconstructed fluorescence dynamics generated by 
Agmon's algorithm. T h e five curves drawn i n the figure were calculated w i t h 
the same microscopic parameters, w i t h the exception that the w i d t h o f the 

Figure 4. Schematic presentation of the reaction space for proton-excited 
pyranine anion recombination in the thin water layer between phospholipid 
membranes of multilamellar vesicles. The proton release is depicted at the center 
of the layer and diffuses in concentric shells. When the diffusion radius (Rt) 
exceeds the distance to the membrane (dw /2), the shape of the diffusion space 
deviates from spherical symmetry and approaches cylindrical symmetry. R 0 is 
the reaction radius, B.d is the unscreened Debye radius of pyranine (Rd = 28.3 
Â ). aw in this scheme is 30 À , and the size of the water molecules is drawn to 

scale. 
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2. G U T M A N Time-Resolved Dynamics of Proton Diffusion 35 

ns 
Figure 5. Time-resolved fluorescence of pyranine at the wavelength of maximum 
Φ O H * emission. The dye was excited by a 10-ps laser pulse (λ = 335 nm) and 
the fluorescence was recorded with a streak camera and multichannel analyzer 
as detailed by Pines et al. (19). The traces correspond to fluorescence decay 
dynamics measured for pyranine in water, entrapped in the aqueous layers of 
multilamellar vesicles made of DPPC or those made of DPPC plus cholesterol 
(hi). Inset: Steady-state fluorescence spectra of the samples shown in the main 
frame. The spectra were normalized to have the same value at 515 nm where 
emission of Φ Ο * ~ is maximal. This presentation emphasizes the incremental 
emission of the membranal preparation at 440 nm. The three curves correspond 
to dye dissolved in water (lowermost curve), entrapped in DPPC vesicles 

(middle curve), or in DPPC plus cholesterol vesicles (uppermost curve). 
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aqueous layer (see F igure 4) was varied f rom 30 [corresponding to w i t h the 
value determined by R a n d and Parsegian (22)] to 20 Â. 

T h e curve calculated for the actual w i d t h of the hydration layer is an 
accurate replication of the observed signal measured over the whole dynamic 
range of more than 3 orders of magnitude. T h e curves, w i t h smaller gaps 
between the membranes where the two-dimensional diffusion was estab
l ished earlier, differ systematically f rom the experimental curves. A l l the 
curves exhibit a slower fading of the Φ O H * species, w h i c h indicates that the 
shift o f the escape regime (from three to two dimensional) has a marked 
effect on the dynamics. Thus the time-resolved measurement supplemented 
by the numerical analysis provides an alternative method for measuring the 
w i d t h of the aqueous layer. This method, unlike X-ray scattering (7, 22) or 
electron density maps (23), gauges the effective w i d t h of the diffusion space 
and is free f rom assumptions associated w i t h the interpretation of the X-ray 
scattering data (see references 22 and 23). 

Another aspect of the intermembranal water phase that can be elucidated 
by the time-resolved proton transfer dynamics is the intensity of the electro
static forces. T h e thin layer of a high dielectric fluid sandwiched between the 
low dielectric l i p i d plates, each covered by positive and negative charges, 
forms a very complex m e d i u m for calculation of electrostatic interaction 
(24, 25). 

Figure 7 demonstrates how the time-resolved fluorescence measurement 
can provide an empincal method for determination of the intensity of 
electrostatic attraction wi th in the th in water layer. T h e experimental curve, as 
i n F igure 6, is recorded for the proton-pyranine anion trapped between 
membranes (30 Â apart) made of phosphatidylcholine plus cholesterol at 1:1 
ratio. T h e computed curves were drawn for a range of dielectric constants of 
the varying interbilayer space (e e f f = 78) (lowermost curve) down to € e f f = 39 
(uppermost curve). T h e value e e f f = 78 represents the situation that assumes 
no dielectric boundary and no image charge effect. T h e deviation of the 
predicted curve f rom the experimental curve is clear evidence for the role of 
image charges i n the intermembranal space. 

The uppermost curve was calculated for e e f f = 39, w h i c h w o u l d have 
been the dielectric constant for a charge adsorbed to the dielectric boundary 
between water (e = 78) and l i p i d (e = 2). T h e corresponding curve is far 
from reality. N e a r the best fit curve (corresponding to e e f f = 52), the shape of 
the line is extremely sensitive to the dielectric constant, and deviations as 
small as 1 0 % can grossly distort the curve. 

These calculations represent the phase where the diffusion of protons 
gradually loses its role as a subject of interest and is transformed into a 
method for evaluating the complex environment of the aqueous phase i n 
contact wi th biomembranes. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

23
5.

ch
00

2

In Biomembrane Electrochemistry; Blank, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 



Ti
m

e 
(p

ic
os

ec
on

ds
 χ

 Ι
Ο

3
) 

Fi
gu

re
 7

. E
ffe

ct
 o

f 
th

e 
in

te
ns

ity
 o

f 
th

e 
el

ec
tr

os
ta

ti
c 

po
te

nt
ia

l 
on

 t
he

 g
em

in
at

e 
re

co
m

bi
na

ti
on

 t
ha

t 
ta

ke
s 

pl
ac

e 
in

 t
he

 
aq

ue
ou

s 
la

ye
r 

be
tw

ee
n 

D
PP

C 
pl

us
 c

ho
le

st
er

ol
 

m
em

br
an

es
 

30
 A

 a
pa

rt
. 

T
he

 e
xp

er
im

en
ta

l 
cu

rv
e 

is
 

ac
cu

ra
te

ly
 

re
co

ns
tr

uc
te

d 
w

ith
 a

 e
e^

 
—

 5
2;

 t
he

 o
th

er
 c

ur
ve

s 
co

rr
es

po
nd

 t
o 

e e
ff

 v
al

ue
s 

la
be

le
d.

 N
ot

e 
ne

ar
 t

he
 b

es
t 

fit
 v

al
ue

 h
ow

 
cl

os
e t

he
 c

on
tr

ol
 o

f 
€ e

^
 

on
 t

he
 s

ha
pe

 o
f 

th
e 

cu
rv

e 
is

. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

23
5.

ch
00

2

In Biomembrane Electrochemistry; Blank, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 



2. G U T M A N Time-Resolved Dynamics of Proton Diffusion 39 

Summary and Conclusions 
W e have demonstrated how studies of proton transfer o n membrane surfaces 
evolved f rom the phase of data acquisition to the level o f biophysical 
evaluation of the diffusion space matrix, an evaluation that is based on 
recognition of the paramount role o f dielectric discontinuities and the geome
try of the reaction space. 

These studies can evolve further. T h e biochemist and the physiologist are 
m u c h more interested i n the protein and l i p i d elements of the biomembrane 
than i n the aqueous phase adjacent to it . These components can be investi
gated through measurements of the effective dielectric constants o n their 
surface. 

I f the dielectric constant of the aqueous phase enclosed inside the heme 
b inding site of apomyoglobin can be measured and the dielectric constant of 
the protein is deduced f r o m that data (26), there is no reason w h y the same 
procedure cannot be appl ied to membrane proteins. I f the geminate recombi
nation o f proton-excited pyranine anion can be monitored i n the anion 
channel o f the P h o - E protein (27), the interior o f other channels can also be 
investigated. 

N o doubt these experiments are not simple and the theoretical work is 
formidable, but the goal is significant and the method is reliable, so that one 
day the results w i l l be fol lowed by " D i s c u s s i o n " . 
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Role of Water in Proton Conductance 
across Model and Biological 
Membranes 

D. W. Deamer1 and M. Akeson2 

1Department of Zoology, University of California, Davis, CA 95616 
2Laboratory of Molecular Biology, National Institutes of Health, 
Bethesda, MD 20892 

Proton conductance across model and biological membranes can be 
understood in terms of proton translocation along chains of hydrogen— 
bonded water molecules. This translocation mechanism accounts for 
the unexpectedly high permeability of lipid bilayers to proton flux, 
which seems to occur through rare transient defects in the bilayer 
barrier. The nature of the proton-conducting channel of the F1F0 

adenosine 5'-triphosphate (ATP) synthase is unknown, but may use a 
similar translocation mechanism. We have tested the gramicidin chan
nel as a model of such proton conductance. The channel consists of a 
single chain of hydrogen-bonded water molecules, and its proton 
conductance at saturation is near 140 ρA, or 109 H + / s. Assuming 
that an adequate supply of protons is made available to the putative 
channel, this rate easily supports proton transport requirements of the 
F1F0 ATP synthase during ATP synthesis. However, at neutral ρH 
ranges diffusion of free protons probably could not maintain an 
adequate supply at the channel mouth. Other sources of protons must 
therefore be postulated. 

T H E N A T U R E O F T H E PERMEABILITY BARRIER A N D T H E BASIC M E C H A N I S M o f 

ion permeation are understood only i n the most general sense even though 
the first measurements of ionic flux across l i p i d bilayer membranes were 
conducted 25 years ago. Establ ishing a permeation mechanism is difficult 
because the fluid l i p i d bilayer is described i n terms of average motions of 

0065-2393/94/0235-0041$08.00/0 
© 1994 American Chemical Society 
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many l i p i d hydrocarbon chains. This description makes it difficult to deduce 
the conformation or activity of a l i p i d molecule as it interacts w i t h an ion , for 
instance, the permeation of a single potassium ion . T h e flux of potassium ions 
across a l iposome membrane is readily measured, either as radioactively 
labeled species or w i t h a potassium-sensitive electrode. T h e flux is s l o w — 
about 10 " 9 the rate o f water permeation d o w n equivalent gradients—but 
nonetheless occurs. W h a t happens w h e n a potassium i o n approaches the 
bilayer? Is the bilayer indifferent, or does it become deformed by the 
immense electrostatic energy associated w i t h the ion? H o w does the i o n enter 
the bilayer phase? Does it dissolve i n some sense, i n a manner analogous to a 
permeating water molecule, or does it require a substantial transmembrane 
defect before it can find its way across? 

W e were forced to address such questions 10 years ago w h e n we 
observed that p H gradients across l iposome membranes decayed at rates 
m u c h greater than expected f rom our knowledge of other cation permeation 
rates ( J ) . F o r example, a potassium i o n gradient has a decay half-t ime 
measured i n hours, whereas an unbuffered hydrogen i o n gradient i n the same 
system decays i n less than a second i f counterion current is not l imi t ing . T h e 
apparent discrepancy between proton and potassium permeation rates has 
intrinsic interest, but also has more general implications because the genera
t ion and maintenance of hydrogen i o n gradients are central bioenergetic 
events i n all cells. 

W h a t underlying mechanism might account for the vastly greater perme
ability o f l i p i d bilayer membranes to protons? There is no obvious difference 
between solvated forms of potassium and hydrogen ions. B o t h w o u l d be 
" seen" by the membrane as a positive charge surrounded by several water 
molecules. However , there are important differences i n the way a hydrogen 
ion might be translocated across a membrane. First , unl ike any other cation, a 
hydrogen ion has an equivalent anion; that is, translocation of a hydroxide i o n 
across a membrane i n one direct ion is essentially indistinguishable f rom the 
translocation of a hydrogen ion i n the other direct ion. Second, hydrogen i o n 
equivalents have the capacity to move along chains of hydrogen bonds, as 
exemplified by protonic conductance i n ice (2 , 3). In l i q u i d water as we l l , the 
ionic mobi l i ty of protons is about seven times that of other cations because o f 
hydrogen ion diffusion through transient clusters of hydrogen-bonded water 
molecules. 

T h e unique ability of hydrogen ions to move along hydrogen-bonded 
chains suggested a possible flux mechanism that w o u l d differentiate between 
the permeation of protons and other cations. Perhaps ions do not "dissolve" 
i n the bilayer to cross the membrane. Instead, transient hydrated defects may 
be produced by thermal fluctuations i n the l ip id , and ions could then cross 
the membrane barrier by diffusion through the defects. I f water molecules i n 
the defects are associated by hydrogen bonding, protons could cross the 
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defect not by diffusion, as all other ions must, but instead by hydrogen-bond 
exchange along the associated water molecules. 

T h e concept of transient hydrated defects i n l i p i d bilayers w i t h h igh 
selectivity for protons suggests a second possibility: I f there were some way to 
produce a relatively long-l ived chain of hydrogen-bonded water molecules 
across a membrane, the result w o u l d be a proton-conducting channel. Such a 
channel w o u l d have important implications for the function of certain biologi
cal membranes. F o r example, the F 0 subunit of coupl ing membranes directs 
protons i n such a way that previously synthesized adenosine 5'-triphosphate 
( A T P ) is released f rom binding sites on the F x subunit. W e can ask how 
protons move through the F 0 subunit: D o they diffuse through a channel b y a 
process resembling that of other i o n channel conductance? A n alternative is 
that proton transfer occurs along hydrogen-bonded chains o f water wi th in F 0 . 

I n the discussion to follow, we w i l l address the fol lowing questions: 

1. W h a t is the mechanism of the proton conduction across l i p i d 
bilayers? 

2. W h a t are the proton-conducting properties of known hydro
gen-bonded chains? 

3. C a n we relate these properties to models for proton conduc
tance by the F 0 subunit? 

Characteristics of Proton Flux across Bilayers 
Proton flux across l i p i d bilayers can be measured by a variety of techniques. 
F o r example, a buffered p H gradient can be established across l iposome 
membranes, and the rate of decay of the gradient can be monitored by any of 
several methods. E a r l y measurements were carried out by monitor ing 
p H shifts i n the external m e d i u m with a glass electrode (1); later measure
ments used pH-sensit ive dyes such as pyranine, carboxyfluorescein, and 
9-aminoacridine (4-6). Cafiso and H u b b e l l (7 ) used spin labels very effec
tively, and Perkins and Cafiso (8) conducted an extensive series of measure
ments w i t h this system. 

In a typical experiment, proton flux might be driven by placing liposomes 
that contain p H 8 buffer i n a solution buffered at p H 6, so that the init ial 
proton flux is driven by 1 0 ~ 6 - M protons outside and 10~ 6 hydroxide ions 
inside. Buffers are required to make the decay rate of p H gradients suffi
ciently slow so that ini t ia l rates can be conveniently estimated. It is also 
necessary to release proton diffusion potentials b y addition of val inomycin or 
a permeant anion; otherwise the proton flux w i l l be l imi ted by counterion flux 
(9) . 

It is not k n o w n whether protons or hydroxide ions conduct the pr imary 
ionic current under these conditions, and Nichols and D e a m e r ( i ) suggested 
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the term "net proton flux" to indicate this uncertainty. However , i f significant 
conductance occurred by simple diffusion o f hydroxide ions across the 
bilayer, the decay of a p H gradient w o u l d be expected to have kinetics 
controlled by the permeabil i ty of the hydroxide anion, w h i c h should resemble 
that of other monovalent anions l ike chloride. As we w i l l see, this expectation 
is inconsistent w i t h evidence i n hand, so for the purposes of our discussion 
we w i l l assume that al l the current is carried as protons. 

U n d e r these conditions, a typical measured proton flux might be i n the 
range of 1 0 " 1 5 m o l / ( c m 2 s). T o compare this value w i t h that of potassium, 
1 M potassium i o n (as potassium sulfate) could be trapped inside the same 
liposomes, and potassium efflux into 1 M choline sulfate could be measured 
w i t h a potassium-sensitive electrode. A typical result might again be i n the 
range of 10 ~ 1 5 m o l / ( c m 2 s). T h e proton permeabil i ty anomaly now becomes 
clear: The same flux is measured for both potassium i o n and protons, yet the 
proton flux is dr iven by a concentration of protons 6 orders of magnitude less 
than the concentration of potassium ions. Estimates o f the relative permeabi l 
ities of the bilayer to protons and potassium using these flux data y i e l d values 
of 10 ~ 6 c m / s for protons and 1 0 ~ 1 2 c m / s for potassium ion . 

A second characteristic o f proton flux makes such calculations of proton 
permeabil i ty coefficients useful only for comparisons of permeabil i ty at 
defined p H values. Imagine i n the preceding experiment that we measured 
potassium ion flux down 10-fold gradients: 1.0-0.1-, 0.1-0.01-, and 
0 . 0 1 - 0 . 0 0 1 - M K + . T h e flux w o u l d decrease by an order of magnitude w i t h 
each 10-fold decrease i n potassium concentration. N o w imagine that we 
measured proton conductance across l i p i d bilayers d o w n 10-fold proton 
gradients: p H 6 - 7 , 7 -8 , and 8 - 9 . W h e n this experiment was carried out, the 
unexpected result was that the flux was relatively independent of p H ( I ) . This 
observation was conf irmed and extended b y Gutknecht (10), who measured 
voltage-driven proton current across planar l i p i d membranes at p H values 
ranging from 2 to 11 and found again that current was essentially indepen
dent of p H ; current varied approximately 10-fold over 9 orders of magnitude 
difference i n proton concentration. A n y mechanism proposed for the proton 
flux anomaly must take this observation into account, w h i c h has proven to be 
a surprisingly difficult task. 

Modeh for Proton Conductance in Bilayers 
Before discussing possible mechanisms of proton conductance, it is wor th 
introducing the more general question of ion flux. T h e bilayer barrier to free 
diffusion of ions was first considered by Parsegian ( I I ) , who treated the 
hydrocarbon phase as solvent i n w h i c h an ion might dissolve. T h e energy 
requirement can be calculated i n terms of the B o r n energy necessary to move 
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a monovalent cation f rom water (dielectric constant = 80) into the hydrocar
b o n phase of a l i p i d bilayer (dielectric constant = 2). Parsegian showed that 
the energy was i n the range of 40 k c a l / m o l for a typical ionic solute l ike 
sodium. 

This substantial energy requirement helps us to understand why a l i p i d 
bilayer 5 n m thick represents such an effective barrier to ionic diffusion. T h e 
barrier can be overcome by providing a hydrated channel, so that a continu
ous high dielectric pathway exists across the bilayer. F o r example, Parsegian 
showed that a hydrated 0.5-nm-diameter " p o r e " reduced the B o r n energy 
barrier to 6.7 kcal . T h e gramicidin channel, a classic example of such a pore, 
contains a single chain of water molecules that permits ions to diffuse w i t h 
greatly reduced energy requirements. 

W e can now ask whether the B o r n energy calculation can predict the 
experimental measurement of an actual i o n flux. Hauser et al . (12) t rapped 
radioactive sodium ion i n sonicated l iposome preparations [now referred to as 
small unilamellar vesicles (SUV)] and measured the sodium i o n efflux over 
periods up to a month. The measured rates were then compared w i t h 
theoretical rates predicted f rom B o r n energy considerations. T h e unexpected 
result was that the measured permeabil i ty constant was 3 orders of magnitude 
greater than the calculated value. T o explain this discrepancy, Hauser et al . 
proposed that sodium ions leaked out, not by dissolving i n the bilayer phase 
and diffusing across, but instead by leaking through some very substantial 
defect. 

O u r laboratory (13) and others (14) have confirmed and extended the 
earlier measurements of cation permeabil i ty across l iposome membranes 
[large unilamellar vesicles ( L U V ) ] and values i n the range of 10 ~ 1 2 cm/s have 
been reported. These values are m u c h greater than predicted f rom B o r n 
energy considerations, w h i c h is again consistent w i t h the presence of tran
sient defects i n l i p i d bilayers. Such defects need not be c o m m o n events to 
account for ion permeation rates. O n e can readily calculate f rom the mea
sured flux of sodium, potassium, and protons ( 1 0 ~ 1 5 m o l ) / ( c m 2 s) that one 
ion w i l l , o n average, pass through the area occupied by a single phosphol ipid 
(0.7 n m 2 ) every two days. B y contrast, several thousand water molecules pass 
through the same area every second! 

Proton permeabil i ty can now be compared w i t h the permeabil i ty of other 
cations i n l i p i d bilayer systems, specifically liposomes (Table I) (15-21). First , 
it is important to note that the intrinsic proton permeabil i ty of a given l i p i d 
bilayer depends on its physical state (gel or fluid) and the size of the vesicles. 
This dependence means that the proton permeabil i ty of l i p i d bilayers can 
vary by as m u c h as 3 orders of magnitude w h e n small vesicles composed of 
relatively saturated l i p i d ( P = 10 " 7 cm/s) are compared to large vesicles 
composed of highly unsaturated l i p i d (P = 1 0 " 4 cm/s). T h e permeability is 
not strongly dependent on the l i p i d head group. 
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Table I. Comparison of Permeabilities of Protons and Other Ions 
in Model and Biological Membranes 

Membrane0 Ρ (cm/s) Reference 

Protons 
Large vesicles (LUV) 

E g g P C : P A 9 : l 1.4 Χ Μ Γ 4 1 
Mixed plant P L 1.4 Χ Η Γ 4 15 
Egg P C 0.7 Χ 1 0 " 5 8 
Synthetic D A P C 1.8 Χ 1 0 - 5 8 
Synthetic D M P A (T < Tm) 1 0 " 5 16 

(T > TJ 1 0 " 3 16 
Small vesicles (SUV) 

Egg P C 5.9 Χ 1 0 " 7 8 
Planar lipid membranes 

Bacterial P E 1 0 " 5 10 
Diphytanoyi P C 4 Χ 1 0 " 6 10 

Biological membranes 
Sarcoplasmic reticulum 1 0 - 3 17 
Muscle sarcolemma H T 3 18 
Mitochondria 1 0 " 3 1, 19 
Brush border membranes 5 Χ 1 0 " 3 20 

Other Ions 
SUV, egg P C , N a + 1 0 - 1 4 12 
L U V , egg P C , N a + Ι Ο " 1 2 14 
SUV, egg P C , Ο Γ Ι Ο " 1 1 21 

a Abbreviations: PC, phosphatidylcholine; PA, phosphatide acid; PL, phospholipid; DAPC, 
diarachidonylphosphatidylcholine; DMPA, dimyristoylphosphatidic acid; PE, phosphatidyleth-
anolamine. 

T h e permeabil i ty of liposomes to other cations also seems to depend on 
the size of the vesicle: In small vesicles, sodium permeabil i ty ranges around 
1 0 " 1 4 cm/s, whereas i n large vesicles, sodium permeabil i ty is about 100-fold 
greater. T h e permeabil i ty o f l i p i d bilayers to monovalent anions l ike chloride 
is consistently higher; typical values are i n the range of 1 0 " 1 0 cm/s. T h e 
question of greater anion permeabil i ty has been addressed by FleweUing and 
H u b b e l l (22), w h o concluded that permeabil i ty is i n part a function of a 
dipole potential at the bilayer surface that favors permeation o f anions. 

Several estimates o f proton permeabil i ty o f biological membranes have 
been made. These estimates are generally greater than the permeabil i ty of 
l i p i d bilayers, as might be expected i f the presence of integral proteins 
produces defects i n the bilayer barrier that permit substantial proton leakage. 
However , even though the permeabil i ty to protons is high, the concentration 
o f protons i n a typical biological system is so low (0.1 μ Μ ) that significant 
proton currents do not occur. F o r instance, M i t c h e l l and M o y l e (23) showed 
that the proton conductance (not permeability) of mitochondrial membranes 
was no greater than that of other cations. T h e conclusion is that a coupl ing 
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membrane provides a sufficient barrier to proton flux follows, even though it 
may be 6 orders o f magnitude more permeable to protons than to other ions 

ω. 
W e can now summarize our conclusions regarding proton permeation of 

l i p i d bilayers: 

1. L i p i d bilayers have an anomalously high permeabil i ty to pro
tons relative to other monovalent cations. 

T h e high permeability, however, is balanced by the very low 
concentration that drives proton flux i n typical membranes, so 
the conductance is low. This situation permits coupl ing m e m 
branes l ike those of mitochondria to maintain proton gradients 
even though proton permeabil i ty is h igh. 

T h e proton permeabil i ty is affected by l i p i d composit ion and 
vesicle size over about 3 orders of magnitude. 

Proton flux across bilayers has the unique property that it is 
independent of proton concentration. 

Proton flux is l inearly proportional to the magnitude of the 
concentration gradient dr iving the flux. 

T h e conductance mechanism is understandable i n terms of 
transient hydrated defects i n the bilayer that al low protons to 
translocate along hydrogen-bonded water chains. Other cations 
are able to permeate through such defects, but by diffusion, 
rather than hydrogen-bond translocation. I f the defects are 
short-lived, the high relative permeabil i ty of protons could, 
therefore, be accounted for by protons finding their way 
through a rare transient defect, whereas more slowly diffusing 
cations could not. 

Proton Channels in Biological Membranes 
Electrochemical proton gradients are central to many bioenergetic processes, 
particularly energy coupling. T o produce such gradients, coupl ing membranes 
contain proton " p u m p s " that are activated by A T P , electron transport, or 
fight as energy sources. Examples include bacteriorhodopsin; the proton 
ATPases of membranes such as lyposomes, gastric mucosa, and secretory 
vesicles; the proton pumps coupled to electron transport enzymes such as 
cytochrome oxidase; and the F ^ A T P synthase of coupl ing membranes. 
Such proton pumps must have some means to translocate protons across l i p i d 
bilayers, and the bilayer must i n turn provide a sufficient barrier to proton 
leakage, as previously discussed. I n the second port ion of this review we w i l l 
focus on the F 0 subunit. 

American Chemical Society 
Library 

1155 16th St.. N.W. 
Washington, O.C. 20036 
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T h e F 1 F 0 A T P synthases produce A T P at the expense of electrochemical 
proton gradients generated by the electron transport systems i n coupl ing 
membranes. T h e FXF0 structures are similar i n bacteria, chloroplasts, and 
mitochondria (24), and it is l ikely that the proton flux mechanism is essen
tially the same i n al l three membranes. Some pr imary characteristics of 
proton flux i n A T P synthases are a 1200 H + / s current requirement (25) and 
H + / N a + = 10 7 selectivity (26) for the C F 0 channel . Conserved amino acids 
required for proton permeation are a subunits A r g 2 1 0 , H i s 2 4 5 , and S e r 2 0 6 

(27) and c subunit A s p 6 1 (28). 
There are three alternative mechanisms by w h i c h protons might cross the 

F 0 subunits dur ing A T P synthesis. O n e possibility is that the protons pass 
individually through a channel by a mechanism similar to the diffusion of 
other cations through known transmembrane channels. However , true d i f f u 
sion of individual protons through a classical ion channel seems unlikely. 
E v e n i n a disordered environment l ike water, proton mobil i ty occurs largely 
by hydrogen b o n d exchange; diffusion is only a minor component. This 
situation suggests that some form of translocation along hydrogen-bonded 
chains is plausible. 

T h e earliest suggestion that protons may be conducted by a hopping 
mechanism along amino acid residues o f membrane proteins was the " p r o t o n 
w i r e " concept of Nagle and M o r o w i t z (29) . C o x et al . (30) and Senior (24) 
proposed models i n w h i c h a network o f such residues is present along the 
aligned surfaces of α-helices i n the F 0 subunit. Al though this is an attractive 
hypothesis, no such wire- l ike arrangements o f amino acids have yet been 
detected. Furthermore , obligatory proton conductance along wires o f amino 
acid residues is inconsistent w i t h evidence that N a + currents can also drive 
A T P synthesis (31, 32). Sodium ions w o u l d not be expected to move w i t h i n a 
hydrogen-bonded chain o f amino acid residues by the same hydrogen-bond 
exchange mechanism available to protons. 

T h e th i rd alternative is proton exchange along hydrogen-bonded water 
molecules ( 3 3 - 3 5 ) . In bacteriorhodopsin, for example, a recent structural 
model at 3.5-Â resolution strongly suggests that water molecules form a 
narrow channel and are involved i n proton delivery to the chromophore (36). 
The remainder of this review w i l l discuss chains of hydrogen-bonded water 
molecules as potential proton translocators and describe some init ial tests of 
the concept. 

T h e first question concerns the physical nature o f such a channel i n the 
F 0 subunit. A useful mode l is provided by the work o f L e a r et al . (37, 38), 
who found that synthetic ser ine- leucine peptides form ion-conducting chan
nels i n planar l i p i d membranes. T h e channels apparently are produced w h e n 
α-helical configurations of the peptides form clusters w i t h i n the bilayer. F o r 
instance, w h e n a 21 residue peptide H 2 N — ( L S S L L S L ) 3 — C O N H 2 was 
incorporated into a planar l i p i d bilayer membrane, channels appeared that 
had cation conducting properties that resembled those of the acetylcholine 
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receptor. C h a n n e l lifetimes i n 0 . 5 - M K C l ranged around 5 ms, wi th conduc
tances of 70 pS (4.2 Χ 1 0 7 ions/s) at 100-mV potentials. Significantly, 
peptides w i t h one of the serines replaced by a leucine formed highly selective 
proton channels w i t h a conductance of 120 pS and lifetimes i n the range of 1 
ms. C o m p u t e r model ing suggested that the proton channel is a tr imeric or 
tetrameric aggregate of α-helices, whereas the cation conducting channel is 
hexameric or larger. 

H o w might this knowledge be appl ied to proton flux through the F 0 

subunit? T h e F 0 subunit o f the E. colt A T P synthase is composed of 
approximately 10 α-helical c subunits associated w i t h one a subunit and two 
b subunits (27) . It seems reasonable to suggest as a working hypothesis that 
the c subunits encircle the a subunit. T h e i r α-helices and those of the a 
subunit w o u l d then form complexes wi th in the l i p i d bilayer w i t h proton-
conducting characteristics similar to those described i n the mode l system of 
Lear et al . I f the complexes are tetramers of associated α-helices, chains of 
hydrogen-bonded water molecules w o u l d be able to translocate protons 
across the assembled F 0 subunit. 

Gramicidin as a Proton-Conducting Channel 
H o w can we go about testing the concept that chains of hydrogen-bonded 
water could represent the proton-conducting channel o f F 0 ? A relatively 
simple test concerns the rate of proton conductance relative to A T P synthesis. 
U s i n g this approach, Junge and co-workers (25) measured proton flux rates 
through the C F 0 channel . Af ter correcting for the large fraction ( ~ 97%) of 
channels that do not conduct proton current, the unit conductance was 
estimated to be 169 fS at an external p H of 7.5, and 100-mV driving potential . 
This conductance is approximately 2 X 1 0 5 protons per channel per second, 
w h i c h is more than sufficient to accommodate even the highest A T P synthesis 
rates (1200 H + / s ) dur ing photophosphorylation. 

W e can now ask a more specific question: C a n a single chain of 
hydrogen-bonded water molecules conduct enough protons to supply mea
sured rates of A T P synthesis? T h e gramicidin channel is able to provide some 
insight here. G r a m i c i d i n A produces ion-conducting channels i n l i p i d bilayers 
w h e n two gramicidin molecules form head-to-head hydrogen-bonded pairs 
that span the membrane (39, 40). T h e channel contains a single strand of 
10 -12 water molecules, and is highly selective for monovalent cations. Myers 
and H a y d o n (41) first measured cation conductance characteristics of the 
gramicidin channel and found that proton conductance was greater than 
expected. It was therefore proposed that protons were translocated by moving 
along hydrogen-bonded water, similar to the mechanism k n o w n to occur i n 
ice. Levit t et al . (42) measured streaming potentials produced w h e n water is 
pushed through the channel by translocating ions. Potassium and sodium ions 
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produced the expected streaming potentials, but proton flux d i d not. This 
observation supported the original conjecture of Myers and H a y d o n that 
protons moved by a hopping mechanism along hydrogen-bonded water 
molecules i n the channel, rather than by diffusion. 

T h e gramicidin channel thus offers a model system for investigating 
properties of proton conductance along hydrogen-bonded waters. W e can 
now address the question of the maximum rate at w h i c h a single strand of 
hydrogen-bonded water molecules can transport protons. I f we find that 
under no conditions are protons transported sufficiently fast to account for 
A T P synthesis b y F ^ Q , then we must consider alternative conductance 
mechanisms. W e can also ask how the proton selectivity of the gramicidin 
channel compares w i t h that measured i n the F 0 subunit. I f the selectivities 
are similar, we can draw some conclusions about the nature o f the F 0 

channel, but i f the selectivities are vastly different, w e w i l l need to consider 
what properties of the F 0 channel might produce such a difference. 

T h e experiments described i n the fol lowing text were carried out o n 
gramicidin channels i n a glycerol monooleate-cholesterol membrane (43). 
C h a n n e l open times of about 1 s were typically observed, similar to those first 
described by H l a d k y and H a y d o n (26). W e compared single channel proton 
currents under several conditions, inc luding varying the potential dr iving the 
current and varying the concentration o f protons ( in the form of H C l f rom 
0.01 to 7 M ) . O u r results are summarized as follows: 

• Single channel currents: 1.4 p A i n 0.01 M H C l ; 6.0 p A i n 0.1 
M H C l ; 45 p A i n 1 M H C l 

• Saturation current: 140 p A i n 4 M H C l or 1 0 9 protons per 
second per channel 

• Activation energy: 20 ± 3 k j / m o l 

W h e n proton currents through gramicidin single channels were c o m 
pared i n H C l solutions o f varying concentration, we found three distinct 
conductance regimes: a shoulder at 0.01 M H C l , a l inear relationship 
between 0.1 and 2.0 M H C l , and saturation above 4 M . T h e saturation o f the 
channel appears to be due to a rate-hmiting property of the channel itself, 
rather than some property of the bulk phase i n supplying protons to the 
channel . T h e saturating current i n 4 M H C l is near 140 p A , equivalent to 10 9 

protons per second per channel . This is 1 0 6 times faster than the proton 
transfer rate required to A T P synthesis and about 1 0 3 times faster than the 
maximum protonic current i n C F 0 (25). 

W e conclude that a chain o f hydrogen-bonded water molecules is able to 
translocate protons at a rate sufficient for measured A T P synthesis i f the 
proton supply f rom the b u l k phase is adequate. I n the physiological p H 
range, the question of proton supply to a putative proton channel becomes 
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3. DEAMER AND AKESON Role of Water in Proton Conductance 51 

central. O u r current-voltage data show that proton flux i n the gramicidin 
channel is l imi ted by supply f rom the bulk phase at p H ranges higher than 2 
(43). Proton supply to the F 0 channel f rom the thylakoid l u m e n ( p H 5) and 
from the cytosol bathing the mitochondrial membrane ( p H 7.5) w o u l d , 
therefore, l imi t proton flux. W o u l d this supply be adequate to account for 
measured A T P synthesis rates? T h e proton motive force i n chloroplasts and 
mitochondria is about 200 m V . A t p H 2 and 200-mV applied potential, proton 
current through a gramicidin channel is 1.1 p A or 6.9 Χ 1 0 6 H + per channel 
per second. T h e proton current i n a population of gramicidin channels 
appears to decrease linearly w i t h p H below 2 (44). Therefore, at p H 5 (the 
p H of the chloroplast thylakoid lumen; 45), proton flux through the grami
c id in channel w o u l d be 6.9 X 1 0 3 H + per channel per second. I f we assume 
that the gramicidin channel is a plausible model for proton conductance i n 
F 0 , this value is sufficient for the maximum rate of A T P synthesis i n C F Q C F ! 
of intact chloroplasts. 

A n adequate proton supply to an F 0 subunit channel i n the mitchondrial 
A T P synthase is less certain. U s i n g the same logic as before, proton supply 
f rom the cytosol at p H 7.5 w o u l d be only 20 H + per channel per second. 
This discrepancy might be overcome by a m u c h wider channel mouth, a 
slower rate of A T P synthesis per enzyme, or some additional mechanism by 
w h i c h protons are supplied to the mitochondrial A T P synthase. O n e possibil
ity is that i n mitochondria, where A T P synthesis (and therefore proton flux) is 
driven by a membrane potential, hydrolysis of water at the channel mouth 
could be a major source for protons. Kasianowicz et al . (46) found it 
necessary to invoke this possibility to account for the observed rates of 
protonophore-mediated proton conductance across l i p i d bilayers. 

T h e last question to be considered here is whether hydrogen-bonded 
water molecules account for the extreme proton selectivity (10 7 ) observed i n 
F 0 . First , it is important to note that the proton selectivity observed by L i l l 
et al . (25) i n C F 0 is not due to an anomalously h igh proton conductance, but 
rather to the apparent failure of N a + or K + to permeate the channel even at 
3 0 0 - m M electrolyte concentration. C F 0 effectively excludes al l ions except 
protons. Exclusion of this sort cou ld result f rom any of several underlying 
characteristics of the conductance mechanism. F o r instance, ions larger than 
the diameter of the channel might be rejected, or there may be specific 
b inding to a site i n the channel (an energy well ) and failure of that site to 
b i n d other ions (47, 48). 

Rejection o f an i o n by size seems unlikely for the F 0 subunit. That is, 
such a channel must be at least 2.5 Â i n diameter to accommodate water 
molecules, but then w o u l d resemble gramicidin, w h i c h does not exclude N a + 

or K + ions w i t h diameters significantly less than 2.5 Â. A proton selectivity 
ratio of 100 w o u l d be expected rather than 1 0 7 ( C F 0 ) . 

Water chains that extend only part way across the membrane, such as 
those postulated to lead to the chromophore i n bacteriorhodopsin (37) are 
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52 BIOMEMBRANE ELECTROCHEMISTRY 

more l ikely to account for an extreme proton selectivity. T o permeate a 
channel containing a single chain of water molecules, alkali cations must push 
water molecules through the channel (42). I f displacement of water molecules 
were prevented by some physical property o f the channel, K + or N a + flux 
w o u l d be inhibi ted. A second possibility is that amino acids wi th in the 
channel could specifically interact w i t h protons. F o r example, the amino 
groups of arginine and histidine readily form bonds w i t h protons but have 
very low affinities for alkali cations (49). Alternatively, the — N H 2 groups 
and carboxylates i n F 0 c o u l d coordinate w i t h hydrated protons and select 
against alkali cations as do certain crown ethers (33). 

W e can now summarize our results w i t h the gramicidin channel and 
relate them to the F 0 subunit: 

1. T h e proton conductance of the gramicidin channel has at least 
three rate-fimiting conditions that depend o n proton concen
tration. In the neutral p H range, the rate-l imiting step appears 
to be proton product ion by hydrolysis of water at the channel 
mouth . A t moderate proton concentrations ( p H 2 - 5 ) conduc
tance is l imi ted by proton diffusion to the channel. A t high 
proton concentrations ( p H 0 - 2 ) conductance is l imi ted by 
translocation along hydrogen-bonded water chains i n the chan
nel . 

2. T h e gramicidin channel conductance saturates at 140 p A (530 
pS) of protonic current i n 4 - M H C l . 

3. T h e gramicidin channel was tested as a mode l for proton 
conductance i n the F 0 subunit under the assumptions that the 
channel resembled those channels produced by synthetic a -
helical peptides i n l i p i d bilayers and that proton translocation 
occurred along chains of hydrogen-bonded water molecules. 
T h e measured proton conductance at saturation is more than 
sufficient to transport protons through the F 0 subunit i n quan
tities that w o u l d support known A T P synthesis rates. A t physio
logical p H ranges the rate-l imiting step appears to be proton 
diffusion to the channel , rather than the channel itself. F inal ly , 
the F 0 channel must be m u c h more restrictive than gramicidin 
to alkali cation permeation due to either a partial water strand 
or to selectivity at an internal b i n d i n g site. 
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Interfacial Ion Transport 
between Immiscible Liquids 

Petr Vanýsek 

Department of Chemistry, Northern Illinois University, DeKalb, IL 60115 

The interface between two immiscible liquids is used as a character
istic boundary for study of charge equilibrium, adsorption, and 
transport. Interfacial potential differences across the liquid-liquid 
boundary are explained theoretically and documented in experimental 
studies with fluorescent, potential-sensitive dyes. The results show that 
the presence of an inert salt or a physiological electrolyte is essential 
for the function of the dyes. Impedance measurements are used for 
studies of bovine serum albumin (BSA) adsorption on the interface. 
Methods for determination of liquid-liquid capacitance influenced by 
the presence of BSA are shown. The potential of zero charge of the 
interface was obtained for 0-200 ppm of BSA. The impedance behav
ior is also discussed as a function of pH. A recent new approach, using 
a microinterface for interfacial ion transport, is outlined. 

Liquid-Liquid Interfaces and Electrochemistry 

Interfaces between two immiscible solutions w i t h dissolved electrolytes, 
w h i c h are most interesting to workers i n several disciplines, cover theoretical 
physical electrochemistry and analytical applications for sensor design. These 
interfaces are used i n interpretation of processes that occur i n biological 
membranes and i n biological systems. T h e interface between two immiscible 
electrolyte solutions was studied for the first t ime at least 100 years ago by 
Nernst ( I ) , who performed the experiments that provide the theoretical basis 
for current potentiometric and voltammetric studies of interfaces. In 1963, 
Blank and F e i g (2 ) suggested that an interface between two immiscible 
l iquids could be used as a mode l (at least as a crude approximation) for 

0065-2393/94/0235-0055$09.26/0 
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56 BIOMEMBRANE ELECTROCHEMISTRY 

one-half of a biological membrane. Later Koryta et al . (3) suggested that such 
an interface should behave similarly as an interface between an electronic 
conductor (i.e., an electrode) and a bathing solution. Koryta was also the first 
to abbreviate the interface between two immiscible electrolyte solutions as 
I T I E S . Exper imental measurements revealed that this predicted similarity is 
real, and the field of experimental electrochemistry o n I T I E S gained recogni
t ion and practitioners. 

T h e similarities between I T I E S and conventional electrode electrochem
istry provide an arsenal of electrochemical techniques that have been previ 
ously tested i n the more c o m m o n electroanalytical chemistry and physical 
electrochemistry. T o understand the similarities between I T I E S and elec
trode electrochemistry, it is more useful to look at the differences first. 
Faradaic current flow through an electrochemical ce l l is associated w i t h redox 
processes that occur at the electrode surface. T h e functional analog o f an 
electrode surface i n I T I E S is the interface itself. However , the net current 
observed w h e n the interface is polar ized f rom an outside electric source is 
not a result of a redox process at the interface; rather, it is an effect that is 
caused by an i o n transport through the interface, f rom one phase to another. 

F igure 1 illustrates the difference i n the cause of current flow experi
enced on an electrode and on the I T I E S . Sufficiently negative potential 
applied to the metal electrode (F igure 1A) w i l l cause reduction of the analyte 
i n the bathing solution. A n electron w i l l leave the electrode and reduce the 
dissolved species F e 3 + to F e 2 + . Overal l charge balance is achieved and 
overall flow of negative charge f rom the electrode to the solution is observed. 
T o complete the circuit , an oxidation of some species, often even the solvent, 
has to occur o n the counter electrode. F igure I B considers the case o f I T I E S 
w i t h a picrate anion present i n both phases. E lec tr ic potential appl ied 
between the two electrodes w i l l result i n a potential difference on the l i q u i d 
interface. I f the potential o n the aqueous side is positive enough, the picrate 
anion w i l l be carried f rom the nonaqueous (nitrobenzene) phase to water and 
its transport w i l l appear i n the outside electric circuit as a flow of negative 
charge f rom the bottom of the ce l l to the top. Overal l charge balance is 
maintained by reduct ion of any available material of the nonaqueous phase 
and oxidation of some available species i n the aqueous phase on surfaces o f 
the current-carrying plat inum electrodes. 

Liquid-Liquid Interfaces in Interfacial Ion Transport 
F r o m the principle governing current -potent ia l response o f l i q u i d - l i q u i d 
electrochemistry, it follows that the interface between the two immiscible 
electrolytes can be treated i n a manner similar to sol id electrodes. It must be 
stressed again that it is i o n transport across the interface, and not an 
electrode redox process, that determines the potential and current character-
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REDOX 

AQUEOUS SOLUTION 

ITIES-

ΡΓΜ Τ 
Pi'(n) 

^7-

NONAaUEOUS SOLUTION 
EZ 

Figure 1. Comparison of the interface between an electronically conductive 
electrode and a solution (reduction of Fe3 + ) (A) and the interface between two 
immiscible solutions of electrolytes (ITIES) dunng current flow in a closed 
electric circuit [transport of picrate (Pi ~) from nonaqueous phase (n) to water 
(w)] (B). (Reproduced from reference 4. Copyright 1990 American Chemical 

Society.) 

istics of the system. W i t h this fact i n m i n d , it is possible to employ, i n some 
modif ied fashion, al l the techniques used w i t h electronic electrodes i n the 
studies of immiscible electrolyte interfaces. 

F igure 2 is a diagram of a typical ce l l used i n the studies of immiscible 
electrolytes. T h e investigated interface is formed i n the narrow part of the 
cel l . T o allow positioning of the interface w i t h i n the desired location, a 
screw-driven plunger that varies the volume of the bottom part can be used. 
In voltammetric studies, care must be taken to eliminate voltage drop w i t h i n 
the solutions. Because the resistance of the solvents should be el iminated, a 
four-electrode potentiostat w i t h a pair of reference and counter electrodes 
should be used. T h e measured or control led potential difference resides 
between the tips of the two reference electrodes; thus, the potential across 
the l i q u i d - l i q u i d ( L L ) interface is monitored. 

A number of techniques have been appl ied to the interface i n recent 
years. F o r the detailed fist and explanations, several reviews are suggested 
(4-11). Typica l evidence of interfacial ion transport is i l lustrated by F igure 3, 
where the transport of acetylcholine cation is observed between water and 
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Counter 
Reference electrodes electrode 

Reference 
interface 

Adjusting 
plunger 

Counter electrode 
Figure 2. Apparatus used for potentiometric and voltammetric studies on the 
interface between two immiscible electrolyte solutions. (Reproduced from 

reference 4. Copyright 1990 American Chemical Society.) 

nitrobenzene (curve 2). T h e potentials o f the peaks are separated by 60 m V , 
w h i c h signifies a reversible process i n the sense that the transported i o n can 
move, w i t h only thermodynamic restrictions, f rom one phase to another. A 
process that could be called irreversible is observed i n the cases w h e n the 
ion, u p o n transport to the other phase, undergoes some change that prevents 
its rapid return upon differential change of potential . Of ten this irreversibility 
occurs w h e n the ion forms an insoluble precipitate i n the opposite phase or 
w h e n adsorption of the ion or its reaction product takes place on the 
interface. C u r v e 1 i n F igure 3 corresponds to a voltammetric curve of the 
supporting electrolytes only. A voltammogram depicts a dynamic dependence 
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Figure 3. Ion transport voltammogram of 
acetylcholine cation. Curve 1 is the 
voltammogram of supporting electrolytes 
only: 1 mol/h LiCl in water and 0.025 
mol / L tetrabutylammonium tetra-
phenylborate in nitrobenzene. Curve 2 is 
the voltammogram after the addition of 
0.011 mol/h acetylcholine chlonde to 
water. Scan rate 12.5 mV s. (Reproduced 
with permission from reference 9. Copy
right 1984 The Electrochemical Society.) 

of current I on applied potential Δ17. In comparison w i t h metal electrodes, 
the L L interfaces al low m u c h narrower potential w i n d o w i n w h i c h analytes 
can be studied. This narrow w i n d o w is one disadvantage noted i n electroana-
lytical applications of the technique. 

Subsequently, the water-ni t robenzene interface w i l l be described and 
experimentally studied. T h e reason for using nitrobenzene, w h i c h is not a 
physiologically occurr ing environment, is its h igh relative permittivity (e = 
34.8 at 25 °C), w h i c h makes it very convenient for performing many studies. 
W h e n the experimental techniques are perfected, i n particular, w h e n high 
resistance of less polar solvents can be overcome, the conclusions and 
experience can be explained to naturally occurr ing l ipophi l ic environments 
w i t h lower relative permittivity. 

Potentiometry on the Water-Nitrobenzene Interface 
in the Presence of Oxacyanine Dyes 
T h e membrane or interfacial potential, particularly i n biological applications, 
is often determined f rom the change i n fluorescence of added carbocyanine 
dyes (12, 13). T h e fluorescence intensity of the dyes depends on the solvent 
i n w h i c h the dyes are present. W h e n the dyes are used as potential-sensitive 
probes, their fluorescent intensity is a function of the interfacial potential 
across the membrane. W e studied the behavior of dye transport o n a phase 
boundary between water and nitrobenzene to better understand the pr inc i 
ples of the potential dye partit ioning as a funct ion of interfacial potential 

Carbocyanine dyes are salts that have fluorescent cations. T o use this 
fluorescent property to indicate biological membrane potential, the dye cation 
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is added as a potentiometrie indicator to a suspension of cells. I f the inside of 
the ce l l has a negative potential w i t h respect to the solution surrounding the 
cel l , some of the dye cations w i l l be transported across the cel l membrane. 
T h e fluorescent intensity o f the dye that moves f rom the extracellular l i q u i d 
into the cel l through the cel l membrane decreases due to fluorescence 
quenching i n a different dielectric m e d i u m or due to adsorption of the dye 
onto the membrane or other cel l structure. This decrease i n fluorescent 
intensity is proportional to the membrane potential and provides a relatively 
noninvasive and simple method of determining the cel l membrane potential . 
A suitable technique that can be used to calibrate these probes independently 
i n vitro and to understand their behavior can be found i n l i q u i d - l i q u i d 
electrochemistry research. 

Interfacial Potential. T h e relationship that describes ionic equi l ib
rium on the I T I E S and accounts for al l the present ions was first described by 
H u n g (15). T h e derivation is based o n the equality o f the electrochemical 
potentials i n either phase for al l ions involved and the requirement of 
electroneutrality i n each solvent. T h e equation is given as a summation over 
all present ions, i: 

+ V p - ^ - e x p 
It 

^ ( Δ - β φ - Δ · ρ φ ? ) ] | = 0 (1) 

where z{ is the charge of the ion , mi is the total number of moles of the ion % 
i n both phases, V a and V p are the volumes of phases α (aqueous) and β 
(nitrobenzene), 7" and yf are the activity coefficients of the ion, Δβψ is the 
potential difference on the interface defined as Δ φ = φ α — φ β , and Δβφ? is 
the standard potential of transfer of the individual ion f rom phase α to phase 
β. Γ is absolute temperature expressed i n kelvins, R is the molar gas constant 
(8.31441 J / ( m o l K ) , and F is the Faraday constant (96,484.6 C / m o l ) . 

T h e standard potential o f transfer for an individual ion , Δβφ^, is not 
amenable to thermodynamic measurement. Its value can be determined by 
measuring the distribution ratio o f its salt, for w h i c h the Gibbs free energy of 
transfer of the counterion is already known. F r o m the experimentally accessi
ble partit ion coefficient o f the salt, the standard Gibbs free energy of transfer 
o f the salt, AG^'" a l7 P , f rom phase α to phase β is calculated as 

(2) 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

23
5.

ch
00

4

In Biomembrane Electrochemistry; Blank, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 



4. VANYSEK Interfacial Ion Transport 61 

using the activities a o f the salt i n phases α and β. T h e standard Gibbs free 
energy of transport of a salt is the sum of the A G £ " ~* β of both ions, so 

a k * t r , i ~ a L r t r , s a l t a U r t r , c o u n t e r f o i l V ° / 

Equat ion 3 allows the values for individual ions to be calculated f rom the 
knowledge of the Gibbs energies of transfer for other individual ions. This 
chain calculation requires an a pr ior i knowledge of the value for one ion , 
w h i c h is, i n a rigorous thermodynamic sense, impossible. It is usually as
sumed that tetraphenylarsonium ( T P A s + ) and tetraphenylborate ( T P B ~ ) 
partit ion i n the same ratio i n any pair of solvents (16). T h e n it holds that 

A G t r , T P A s + = = A G t r T P B - = (1/2) A G t r T P A s T P B (4) 

The quantity A G t r T P A s T P B is experimentally accessible f rom a partit ion ratio 
for the salt itself and was used to calculate individual Gibbs energies of 
transfer for many ions (17) . Table I lists the values used i n this work. A 
corresponding standard potential of transfer for an individual i o n is calculated 
f rom the standard Gibbs free energy for the transfer of individual i o n f rom 
phase α to the phase β as 

Δβ<ρ? = A G f / J ^ V z j F (5) 

Table I. Standard Potentials of Transfer 
between Water and Nitrobenzene for Ions Used 

in the Potentiometry Measurements 

Ion (mV) Reference 

L i + + 395 51 
N a + + 354 51 
H + + 337 51 
T M A + + 35 51 
T E A + - 5 9 51 
T B A + - 2 4 8 51 
D i O C 1 ( 3 ) + - 3 1 0 21 
T P A s + - 3 7 2 51 
D i O C 2 ( 5 ) + - 4 0 0 21 

cv+ - 4 1 0 52 

cr - 3 2 4 51 
I " - 1 9 5 51 
T P B - + 372 51 
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62 BIOMEMBRANE ELECTROCHEMISTRY 

Equat ion 1 provides a comprehensive description of the equihbr ium on 
l i q u i d - l i q u i d interfaces, but it cannot be solved explicitly for Δβ(ρ without 
some assumption w h e n more than two ions are involved. F o r more than two 
ions the impl ic i t form can be solved numerical ly. W e used a T K - P l u s Solver 
(Universal Technica l Systems, Rockford , I L ) software for a personal c o m 
puter. 

Reference Interface. A n y system that measures the potential of the 
l i q u i d - l i q u i d interface has to have a pair o f reference electrodes connected to 
it. T h e aqueous phase is usually connected to a simple electrode of the 
second k ind ; the state of the nonaqueous phase is usually explored by the 
so-called reference interface, w h i c h is, i n essence, an ion-selective electrode. 
T h e reference interface is a l i q u i d - l i q u i d boundary that shares a c o m m o n ion 
(usually a cation, denoted here Β χ ) of a constant and usually k n o w n concen
tration. T h e interfacial potential can be calculated as 

RT (ca\ 

Δ* βφ = Δ« β φ| 1 + + — l n | ^ | (6) 

under the assumption that 

(7) 

T h e counterions of the supporting electrolytes are A ^ i n phase α and 
A g i n phase β. C o n d i t i o n 7 has to be fulf i l led for either counterion; thus it is 
designated A ~ . Af ter the two phases are brought into contact, some reparti-
t ioning of the salts occurs. T h e concentrations ca and c p denote the salt 
concentrations after the repartitioning; the values of ca and c p are not easily 
obtained. However , for the purpose of the inequality test e q 7, the ini t ia l 
concentration values before repartit ioning can be used. Statement 6 is often 
used i n the literature, but the prerequisite and the meaning of the assump
t ion 7, first made b y H u n g (15), is never ful ly quantified. T h e repartit ioning 
does not interfere w i t h the test condit ion. However , i t does cause significant 
deviation i n calculated interfacial potentials i n situations w h e n inequality 7 is 
not fulf i l led. O u r calculations reveal that for a reference system consisting o f 
tetrabutylammonium chloride ( T B A C l ) i n water and tetrabutylammonium 
tetraphenylborate ( T B A T P B ) i n nitrobenzene at 0 . 0 1 - m o l / L init ial (formal) 
concentrations, the left-hand side of e q 7 is actually only 2.4 times greater 
than the right-hand side. As a result, the interfacial potential for equal 
concentrations i n both phases, calculated f rom e q 6, is —248 m V , whereas 
the actual value obtained f rom e q 1 is —245.7 m V . Cons ider ing the experi
mental uncertainty, this difference is acceptable. It must be emphasized that 
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4. VANYSEK Interfacial Ion Transport 63 

any new reference system should be tested for the validity of condit ion 7. F o r 
example, w h e n tetraphenylarsonium ( T P A s + ) is the c o m m o n ion i n a 
water-ni trobenzene reference interface, the approximately calculated value is 
—372 m V , a significant difference f rom the exact value —335.5 m V (18). 

Interfacial Potential of the Reference Interface. T h e value of the 
potential o f the reference interface is determined by the relative concentra
tions o f the c o m m o n ion , Bj 1 ", i n the two phases. Thus , this interface responds 
to changes at the working interface through the change i n the concentration 
of Β ι i n the organic phase. T h e practical merit o f the reference interface is 
not only that its potential can be calculated, but also its indifference to 
outside perturbations. F o r example, an attempt to change the —245.7-mV 
equif ibr ium potential o f a 0 .01 -mol/L T B A + - T B A + reference interface by 
10 m V w o u l d require repartition o f 2 0 . 5 % of al l ions present i n the system, a 
rather significant impediment to the potential change (19, 20). 

Other Ions in the System. Consider what happens to the potential o f 
the reference interface i f another ion is added to the nonaqueous phase. This 
experimental condit ion w i l l arise f rom ion redistribution o n the working 
interface. Iterative calculations account for the effect o f the dye i n the 
nonaqueous phase on the reference interface. T h e result shows that i f the dye 
concentration changes f rom 10 ~ 2 to 1 0 " 6 m o l / L while the supporting 
electrolyte concentrations are h e l d constant at 0.01 m o l / L , the interface 
experiences only a 1 -mV change. This change is so small that for actual work 
the potential o f this interface can be considered constant. 

The tetrabutylammonium chlor ide- te t rabutylammonium tetraphenylbo-
rate junct ion of equal concentrations i n aqueous and o i l phase are commonly 
used as the practical reference for L L measurements. Of ten the interfacial 
potentials are expressed i n relative terms as the potential vs. the T B A + i o n 
selective electrode. Potentials thus expressed are 245.7 m V lower than i f they 
were expressed relative to the tetraphenylarsonium-tetraphenylborate con
vention, w h i c h de facto determines the practical standard scale for I T I E S 
studies. 

Nonpolarizable Interface. It is important to realize that i n the 
case w h e n only one salt of the type BlAl is present, at respective concentra
tions ca and i n phases α and β, as i n the ce l l 

(phase a) 
ca BlAl 

(phase β ) 
B i A x C

p (8) 

the interfacial potential w i l l be independent o f the total salt concentration. 
Equat ion 1 can be solved explicitly for one salt i n this cel l . I f the charge on 
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64 BIOMEMBRANE ELECTROCHEMISTRY 

the cation is + n and the charge on the anion is — m , then the interfacial 
potential can be calculated f rom the standard potentials of transfer of the 
individual ions Δβ<ρ: 

A % m ( A > V ) + n ( A > ° T - ) 

m + η 

I f both the cation and the anion are univalent, e q 9 simplifies to 

Δ«ρφ = ±(Δ«ρφ°-+Δβ
ρφ°Β + ) (10) 

This system behaves l ike a nonpolarizable interface. T h e salt concentration 
ratio w i l l not be affected by potential appl ied f rom an extraneous source. T h e 
equi l ibr ium potential depends only on the standard potentials of transfer of 
the ions; i n particular, it does not depend on the init ial concentrations (ca 

and c^) nor is it a function o f the phase volumes. Therefore, i f only one salt is 
present i n a L L system, the system is not amenable to potentiometric studies. 
It is thus essential that a supporting electrolyte be present to observe a 
potentiometric response o f a t h i r d ion . T h e need to have a supporting 
electrolyte is similar to the need of i m m o b i l i z e d ions i n an ion exchanger 
membrane of an ion-selective electrode; it also explains w h y it is essential that 
a supporting electrolyte or physiological concentration of salts must be 
present i n measurements that employ fluorescent dyes. 

Ideally Polarizable Interface with Supporting Electrolytes. 
Supporting electrolytes are important i n potentiometric determinations. A L L 
system w i t h supporting electrolytes B1A1 and B 2 A 2 can be described by the 
cel l 

(phase a) 
ca B ^ 

(phase β ) 
B 2 A 2 (11) 

The salts chosen as supporting electrolytes must conform to certain rules. It is 
essential that the ions i n water be very hydrophil ic , w h i c h , i n terms of the 
potentials of transport for the ions, means that 

Δ « β φ ° Β ι + > > 0 and Δ α
β φ ° Γ « 0 (12) 

T h e salt i n the nonaqueous phase must be very l ipophil ic : 

Δ α
ρ φ ° Β + < < 0 and Δ « β φ ° - > > 0 (13) 

V e r y little repartit ioning of the supporting electrolyte salts is expected for 
such a system. These conditions are fulf i l led for supporting electrolytes such 
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4. VANYSEK Interfacial Ion Transport 65 

as L i C l i n water and T B A T P B i n nitrobenzene. U n d e r the described condi 
tions, e q 1 can be solved explicitly for the interfacial potential : 

RT 
Δ α

β φ = In 
β Ψ 2 F 

ca exp + c p exp -^(-Α°βφ°Β2+)1 
L J 

ca exp - ^ ( Δ " β Φ ° Β ι + ) + exp 
t 

(14) 

Potential of the Supporting Electrolyte. T h e actual equi l ibr ium po
tential expressed by this equation is of little importance. A n y imposit ion o f 
extraneous potential w i l l occur without m u c h opposition because the change 
requires only minute ionic repartitioning. This case can be il lustrated by the 
response of the interface that consists of 0 . 0 1 - m o l / L L i C l i n water and 
0 . 0 1 - m o l / L T B A T P B i n nitrobenzene. 

Repartitioning. W h e n the two phases are brought into contact, repar
tit ioning equal to 0.0017% of al l ions present has to take place to establish 
equi l ibr ium. T h e equihbr ium potential w i l l be 58.2 m V . W h e n a 100-mV step 
is applied on the interface f rom an outside source, only 0 .035% of the total 
ions w i l l have to repartition to achieve the new equihbr ium. This situation 
contrasts markedly w i t h the reference interface, where only a 10-mV poten
tial step requires a 2 0 . 5 % concentration change. 

T h e m i n i m a l repartit ioning w h e n a potential difference is applied o n this 
interface is reflected by only negligible current flow. This behavior is ob
served wi th in the limits of the standard potentials of transfer of the ions 
present i n the potential w i n d o w region of the system (cf., F igure 3). F o r the 
previously ment ioned T B A T P B - L i C l system, the potential w i n d o w is l imi ted 
on the positive e n d by T P B " ( Δ ^ φ 0 = 372 m V ) and o n the negative e n d by 
T B A + ( Δ * φ ° = - 2 4 8 m V ) . 

T h e potential described by e q 14 w i l l become unimportant i f an analyte 
i o n that is capable of repartit ioning is added to the system. W i t h i n the 
described potential w i n d o w it is possible to observe voltammetric response 
due to the presence of ions whose potentials of transport are between those 
of the supporting electrolytes. A n y i o n that can partit ion wi th in the potential 
w i n d o w w i l l take the function of the potential poising species. Therefore, a 
supporting electrolyte, w h i c h is necessary for potentiometry of partit ioning 
ions, does not interfere w i t h the measurement. 

Experimental Procedure for Potentiometry. T h e two dyes de
scribed here, 3,3'-diethyloxadicarbocyanine iodide [ D i O C 2 ( 5 ) ] and 3,3 ' - d i -
menthyloxacarbocyanine iodide [ D i O C ^ S ) ] , were obtained f rom Molecular 
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66 BIOMEMBRANE ELECTROCHEMISTRY 

Probes, Inc. (Eugene, O R ) . T h e i r fluorescent behavior is described elsewhere 
(21, 22). These two dyes were chosen because their potentials of transfer fall 
wi th in the potential w i n d o w of the supporting electrolytes be ing used. T h e 
apparatus used for the potential measurements is similar to that shown i n 
F igure 2, but only the reference electrodes are used. T h e ce l l composit ion is 

T B A C 1 T B A T P B L i C l 
A g - A g C l aqueous nitrobenzene aqueous A g - A g C l 

R I W I 

T h e supporting electrolytes (when used) were 0 . 0 1 - m o l / L l i th ium chloride i n 
aqueous phase and 0 . 0 1 - m o l / L tetrabutylammonium tetraphenylborate 
( T B A T P B ) i n nitrobenzene. 

T h e interface of experimental interest, the work ing interface, is labeled 
W I ; the constant potential or reference interface (vide supra) is labeled R I . 
T h e aqueous phase of the R I is 0 . 0 1 - m o l / L tetrabutylammonium chloride. 
T h e interfacial potential o f the reference interface is poised by the concentra
t ion ratio of tetrabutylammonium, a constant concentration i o n shared by 
both phases. T h e exact potential of the reference interface can be calculated 
using e q 1. T h e electrochemical cel l is connected to an electric circuit via two 
A g - A g C l electrodes imersed i n an aqueous chloride solution. 

Potentiometric Results. A s shown earlier, a single salt concentra
t ion variation has no effect o n the interfacial potential . Thus, to study the 
effect of the dye cation o n the interfacial potential, other ions must be 
present. Support ing electrolytes, selected i n such a way that an ideally 
polarizable interface is formed w h e n the dye is absent, are conveniently used. 

T h e function of sodium chloride as the aqueous supporting electrolyte is 
physiologically relevant to the experiment. F igure 4 shows the variation o f 
interfacial potential as a funct ion of dye concentration at selected concentra
tions of sodium chloride. T h e value 0.12 m o l / L ( 7 - g / L N a C l ) corresponds to 
a physiological concentration. 

Supplemental curves i n F igure 5 give an insight into the effect of the 
supporting electrolyte concentration. T o underscore the importance of the 
supporting electrolytes i n the function of the dye separation, the result is also 
given for the iodide form of the dye i n the absence of any supporting 
electrolytes (curve E ) . As expected, the potential established o n the interface 
by the dye alone is constant regardless o f the dye concentration. Calculated 
interfacial potential vs. dye concentration is shown for the fol lowing organic 
phase-supporting electrolyte cations: tetramethylammonium ( T M A + ) , tetra-
ethylammonium ( T E A + ) , tetrabutylammonium ( T B A + ) , tetraphenylarsonium 
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4. VANYSEK Interfacial Ion Transport 67 

Figure 4. Calculated interfacial potential as a function of dye concentration for 
a system that contains aqueous sodium chloride in concentrations ranging from 
0 to 1 mol/h as indicated at the curves. 0.12 mol/h is a physiological saline 
solution (7 g/L NaCl). The dye DiOC/3)l was dissolved in the nitrobenzene 

phase. 

( T P A s + ) , and crystal violet ( C V + ) w i t h tetraphenylborate as the counterion. 
L i t h i u m chloride is the aqueous phase supporting electrolyte. 

Because numerical analysis reveals that it is the relative concentration, 
rather than its absolute value, that determines the interfacial potential, the 
results of these calculations are plotted i n F igure 6 as the interfacial potential 
vs. the logarithm of base electrolyte to dye ratio. This graph shows a linear 
plot over the range of concentration ratios between 1:10 and 1:10~ 5 . F o r dye 
concentrations f rom 10 ~ 3 to 1 0 " 5 m o l / L , the supporting electrolyte concen
tration that allows the interfacial potential to work i n the linear region is 
between 0.01 and 1.0 m o l / L . A concentration of 0.01 m o l / L was selected for 
this study. 

Equat ion 1 shows that the ratio of the volumes of the two phases is 
related to the interfacial potential . Table II gives the slopes of the 
potential -concentrat ion relationships for water to nitrobenzene volume ratios 
between 1 0 " 5 and 10 5 . These slopes show that to approach the ideal l inear 
voltammetric slope of 55 m V / decade i n the dye concentration range of 
1 0 ~ 3 - 1 0 ~ 5 m o l / L , the water to nitrobenzene volume ratio should be 
between 1:1 and 33:1. T h e broadest range of the dye concentration that has 
linear slope is 1 0 " 2 - 1 0 ~ 6 m o l / L , at a volume ratio of 10:3. T o simplify the 
calculations and experimental setup, equal volumes of water and nitroben-
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-300 [ 1 1 1 « 1 1 

-6 -55 -5 -4.5 -4 -3.5 -3 

ciyye;/log(molf1) 
Figure 5. Effect of the supporting electrolyte cation in the nitrobenzene phase on 
the relationship between interfacial potential and dye iodide (DiOC1(3)l) 
concentration. A, 0.01 mol/L tetramethylammonium tetraphenylborate; B, 0.01 
mol/L tetraethylammonium tetraphenylborate; C, 0.01 mol/L tetrabuty
lammonium tetraphenylborate; D, two identical curves, 0.01 mol / L 
tetraphenylarsonium tetraphenylborate and 0.01 mol / L crystal violet 
tetraphenylborate. (The crystal violet has no supporting electrolyte in the 
nitrobenzene phase.) The supporting electrolyte in the water phase is always 

0.01 mol /L LiCl, except for curve E, which has no supporting electrolytes. 
zene are often used. I f activation coefficients i n both phases are also assumed 
to be equal, e q 1 becomes 

1 + exp 
RT 

= 0 (16) 

where ci is the sum of the concentrations o f the ion i i n the two phases. 
T h e plots o f calculated interfacial potential as a function o f D i O C 1 ( 3 ) 

concentration are shown i n F igure 7 together w i t h the experimental results 
for D i O C ^ S ) and D i O C 2 ( 5 ) . I n the range of dye concentration f rom 1 0 " 2 to 
10~ 6 m o l / L , the measured values agree w i t h those predicted through 
calculations. 

T h e 5 5 - m V / decade theoretical slope of the ideal linear potentiometric 
response is different f rom the intuitively expected 5 9 - m V slope. This differ
ence is easy to understand qualitatively. A 10-fold increase i n concentration i n 
one phase w i l l be fol lowed by a subsequent repartit ioning of all the ions 
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4. VANYSEK Interfacial Ion Transport 69 

log (cdye Afese electrolyte) 

Figure 6. Calculated effect of supporting electrolyte concentration on the 
potential-dye concentration relationship. The calculated interfacial potential is 
plotted vs. the logarithm of the ratio of the DiOC/3)l dye concentration to the 

supporting electrolyte concentration. 

Table II. Slopes (millivolts per decade) of the Potential vs. Logarithm 
of Dye Concentration Plots at Various Dye Concentrations and Volume 

Ratios of Water to Nitrobenzene 

Dye Concentration (mol/h) 

να/νβ ίο-7 10~6 10~5 10~4 10~3 ίο-2 ίο-1 

Ι Ο 5 0 0 0 - 2 - 6 - 7 0 - 7 0 
Ι Ο 4 0 0 - 0 . 5 - 3 - 2 9 - 1 0 4 - 7 2 
Ι Ο 3 0 0 - 2 - 2 6 - 6 2 - 1 0 6 - 7 0 
Ι Ο 2 0 - 2 - 2 6 - 5 7 - 6 2 - 1 0 6 - 5 2 
10 - 3 . 2 - 2 6 - 5 8 - 5 8 - 6 2 - 8 6 - 2 0 

1 - 2 4 - 5 6 - 6 0 - 5 8 - 4 8 - 3 8 - 2 0 
Ι Ο " 1 - 5 0 - 5 6 - 5 0 - 3 8 - 3 2 - 3 4 - 2 2 
Ι Ο " 2 - 5 2 - 4 6 - 3 6 - 3 4 - 3 2 - 3 4 - 3 0 
Ι Ο - 3 - 4 0 - 3 4 - 3 2 - 3 2 - 3 8 - 4 6 - 3 6 
Ι Ο " 4 - 2 6 - 3 2 - 3 2 - 3 8 - 5 0 - 5 4 - 3 6 
Κ Γ 5 - 1 2 - 2 7 - 3 8 - 5 0 - 5 8 - 5 4 - 3 6 

present. Because repartitioning aids the interfacial potential by maintaining 
the interfacial equi l ibr ium, less than the 5 9 - m V change is needed. T h e slope 
of the experimental curve is 52 + 1 m V / d e c a d e . 

Interfering Ions. Exper imental points i n F igure 7 show that at lower 
dye concentrations the potential attains a constant value whereas the calcula
t ion still predicts a change w i t h the slope of 55 m V / decade. This disagree-
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300 
Δϋ 

Figure 7. Relationship between interfacial potential and the logarithm of the 
initial DiOCj(3) concentration in the nitrobenzene phase. Curve A shows the 
calculated potential of the working interface between 0.01 mol/L LiCl in water 
and 001 mol/L TBATPB in the presence of DiOC/3), with the reference 
interface potential subtracted. Curve Β is the calculated potential of the reference 
interface between 0.01 mol/L TBACl in water and 0.01 mol/L TBATPB in 
nitrobenzene. The experimentally determined potential differences between the 
reference interface and the working interface are given for DiOC2(5) (O) and 

DiOC^HO). 

ment can be explained by the presence of an ionic impur i ty that poises the 
interfacial potential at low dye concentration. F igure 8 is a three-dimensional 
plot that illustrates the difference between the calculated interfacial potential 
w i t h and without added interfering i o n at 1 0 " 5 m o l / L . T h e standard 
potential of transfer was chosen to be —100 m V for the cation and + 1 0 0 m V 
for the anion of the interfering or impuri ty salt. T h e presence of this assumed 
species takes effect at dye concentrations be low 10~ 5 m o l / L at water to 
nitrobenzene volume ratios between 0.1 and 1.00. T h e flat region corre
sponds to composit ion i n w h i c h the added salt ( impurity) has no effect o n the 
observed potential. 

Fur ther simulations, w h i c h are not shown here, were per formed i n w h i c h 
the impuri ty was assumed to be a l i th ium salt of an interfering anion present 
i n aqueous solution. T h e impur i ty caused an increase i n the slope of the 
potential-concentrat ion relationship below 1 0 " 4 m o l / L of dye. Conversely, a 
cationic impuri ty w i l l cause the slope to decrease at dye concentrations below 
10~ 5 m o l / L w h e n a chloride salt o f the impur i ty is inc luded i n the calcula
tions. T h e reason for the discrepancy between experimental and calculated 
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4. VANYSEK Interfacial Ion Transport 71 

Figure 8. Influence of an electroactive impurity on the interfacial potential-dye 
concentration relationship. The χ axis is the loganthm of the dye concentration, 
the y axis is the logarithm of the ratio of water volume to nitrobenzene volume, 
and the ζ axis is the difference between interfacial potential with and without 
the impurity. Standard potentials of transport for the impurity cation Αβψ% — 

-100 mVand for the anion Δ^φ°_= +100 mV; c = I X 10 ~ 5 mol/L. 

data i n F igure 7 must be some contamination i n the system. The source of 
the contaminant is probably nitrobenzene itself, but it cannot be the typical 
nitrobenzene contaminant aniline because analine is too hydrophil ic ; a higher, 
more l ipophil ic analog is a l ikely contaminant. It is important to realize that 
calculations show that protons ( p H ) , at least at concentrations below 1 0 " 3 

m o l / L , have a negligible effect on the established interfacial potential . 

Concluding Remarks on Potentiometry. D u e to the unique charac
teristics of the l i q u i d - l i q u i d interface system, factors i n addition to the 
concentration of analyte ion must be considered i n potentiometric studies. 
These factors include the nature and concentration of the supporting elec
trolytes and the relative volume of the phases i n contact. N u m e r i c a l solutions 
of the theoretical relationship derived by H u n g (15) are useful to predict the 
effect of such factors as volume of the phases and concentration of added 
ions. Exper imental results w i t h an oxacyanine dye i n a water-ni trobenzene 
system show a linear response i n the 1 0 " 3 - 1 0 ~ 5 - m o l / L concentration range, 
w h i c h corresponds to a 120-mV dynamic range of these dyes for use as 
potential sensors. This response agrees w i t h measurements o n biological 
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membranes that show a linear range over 100 m V ( 2 3 - 2 5 ) . Deviat ion f rom 
linear behavior at low dye concentrations appears to be caused by a cationic 
impuri ty i n one of the phases. Similar l imits on the linear range of 
dye-potent ia l studies observed i n biological systems are most l ikely due to 
the other ions present i n the cellular fluid. Addi t iona l experiments using 
chelating agents to mask the effects of these interfering ions are necessary to 
determine the effect of chelation on the interfacial potential and, thus, to 
determine the feasibility o f this approach. 

Insensitivity to pH. Calculat ion and experiments show that p H w i l l 
not affect the potential measurement i f the p H is between 3 and 7. This is an 
important finding because any buffers i n the l i q u i d - l i q u i d system complicate 
the system b y increasing the number of ionic components. A c i d i t y w i l l , 
however, be important i f the dissociation of the transported i o n w i l l be 
affected by p H . I n our calculations, complete dissociation of al l ions was 
assumed. 

Protein Adsorption on the Water-Nitrobenzene Interface 
Adsorpt ion on the L L interface can be observed i n voltammetric curves, but a 
more sensitive indication of adsorption can be obtained from impedance 
measurements. Vol tammetr ic studies (26, 27) showed that the addit ion of 
proteins to a so-called b locked (i.e., ideally polarizable) aqueous-ni troben
zene interface resulted i n narrowing of the potential w i n d o w of the support
ing electrolyte system. This observation implies that the difference i n 
hydrophi l i c -hydrophobic properties of the two solvents decreased. This 
decrease can be explained by postulating the formation of a t h i r d phase 
between the original two. T h e th i rd phase w o u l d allow mediated, easier 
transport of the supporting electrolyte ions. 

Ear l ie r studies o f adsorption o n L L interfaces involved phospholipids 
(28-31). T o investigate possibilities for study of a less defined material (32), 
we chose a protein as the adsorbing material: bovine serum albumin ( B S A ) 
w i t h a molar mass of 69,000 ( C R G - 7 , A r m o u r Pharmaceutical Company) . T h e 
preparation is known to contain a certain amount o f fatty acids. T h e same 
starting material was used throughout the measurement. T h e aqueous protein 
solutions were prepared fresh from a dry sample before each experiment. 
T h e effects of B S A o n the imaginary and real impedance and interfacial 
capacitance of a water-ni trobenzene interface are discussed under varying 
B S A concentration, temperature, and p H . 

Impedance Measurements. These experiments were carried out 
w i t h a frequency analyzer (Solartron 1250) and a four electrode potentiostat 
(Solartron 1286). T h e cel l , similar to that i n F igure 2, was equipped w i t h a 
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4. VANYSEK Interfacial Ion Transport 73 

thermostated water jacket. In impedance studies it is desirable to keep the 
interfacial capacitance small so that the t ime constant of the system is also 
small and the pertinent impedance can be studied i n the frequency range of 
1-100 H z . Larger capacitances shift the frequencies below 1 H z , w h i c h poses 
experimental difficulties. Therefore, an interface of only 2 - m m diameter was 
studied. 

F igure 9 shows a complex impedance plane plot o f the water -n i t roben
zene interface that contains 0 . 0 1 - m o l / L L i C l i n the aqueous phase and 
0 .01 -mol/L tetrabutylammonium teraphenylborate ( T B A T P B ) i n the n i 
trobenzene phase as the supporting electrolytes (fi l led circles). U p o n addition 
of 3 -ppm B S A (open circles) dramatically changes the low-frequency values, 
w h i c h implies that addit ion of the protein to the system causes a change i n 
the interfacial structure, especially i n the capacitance of the interface. 

T h e impedance response displays significant dependence on the appl ied 
interfacial potential (F igure 10). It can be deduced f rom the data analysis 
(32) that the protein adsorbs at the interface. A t more negative potentials the 
aqueous side of the interface has a negative surface charge (anions) and at 
more positive potentials it has a positive surface charge (cations). It is an 
important result that the curves of imaginary impedance vs. interfacial 

400 
- Z i 
kO 

300 

200 

100 

0 
0 100 200 300 400 

z R / kn 

Figure 9. Complex plane impedance plots of the water-nitrobenzene interface 
(negative imaginary impedance vs. real impedance) with and without bovine 
serum albumin. The filled circles denote the supporting electrolyte only: 0.01 
mol/L LiCl in water; 0.01 mol/L TBATPB in nitrobenzene. The open circles 
indicate addition of 3 ppm BSA in water. The applied interfacial potential is 
0.30 V (vs. TBA+ ion selective electrode); t = 25.0 °C. The frequency of the 
measurement for selected values is indicated at the data points. (Reproduced 

with permission from reference 32. Copyright 1990 Elsevier.) 
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01 ι t ι I ι I ι ι 
100 200 300 400 

U, my 

Figure 10. Real (in phase; top) and imaginary (out of phase; bottom) impedance 
as a function of applied interfacial potential at different BSA concentrations. 
Water: 0.01 mol/h LiCl, BSA concentrations (ppm) 0.0 (curve I, · ) ; 0.5 
(curve 2, • ); 3.0 (curve 3, θ ) . Nitrobenzene: 0.01 mol/h TBATPB; î = 5 Hz, 
t = 25.0 °C. (Reproduced with permission from reference 32. Copyright 1990 

Elsevier.) 

potential change and the curve maxima shift w h e n B S A is added to the 
system. This suggest that the B S A is adsorbed at the interface and causes the 
distribution of the charging ions i n the interface to be altered. 

Calculation of Interfacial Capacitance. F r o m the data it is 
possible to obtain approximate value for the potential o f zero charge ( P Z C ) . I f 
a simple Randies circuit is assumed (Figure 11), then the maximum of the 
curve — Z j vs. Ε corresponds to the P Z C of the system. F igure 12 shows h o w 
the potential o f zero charge changes i n the presence of B S A . T h e gradual 
increase w i t h increasing concentration f rom 1 to 6 p p m is due to the gradual 
formation of a monolayer o f B S A on the interface. T h e decrease at higher 
concentrations is explained by the formation of a thick layer that has the 
character or a t h i r d interface. F igure 13 displays the curves of a real and 
imaginary impedance as a funct ion of B S A concentration at constant interfa-
cial potential, 0.35 V (vs. T B A + ion selective reference interface). T h e 
dramatic change i n the imaginary (out-of-phase) impedance as a function of 
the protein concentration is important. 
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Rs 

Figure 11. Randies equivalent circuit used in the calculation of the interfacial 
capacitance. C , interfacial capacitance, R s , bulk solution resistance; Z w , 

Warburg impedance. 

300 
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Figure 12. Potential of zero charge of the water—nitrobenzene interface as a 
function of varying concentration of BSA in log (ppm). Supporting electrolytes: 

0.01 mol/h LiCl in water; 0.01 mol/L TBATPB in nitrobenzene. 

T h e imaginary component of the impedance gives a qualitative picture of 
the changing interfacial capacitance, but the value has to be interpreted f rom 
a correctly devised equivalent circuit to obtain the capacitance value. H e r e 
we used the simple Randies circuit (F igure 11). T h e procedure was similar to 
that used by Wandlowski et al . (30, 31). T h e total impedance Ζ of the 
Randies circuit is 

Z = Rs + l/{(l/jX c) + l/[(Zw/i/2 ) -Xz w / i /2)] } (17) 

X c = — l / o ) C is the interfacial reactance, Rs is the bulk (solution) resis
tance, C is the capacitance of the interface, Z w is the W a r b u r g impedance, ω 
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Ζβ ι ι ι ι ι 1 // 1 // I 

ΜΙ 
140 · 

Figure 13. Real and imaginary impedance as a function of the concentration of 
BSA in aqueous phase at indicated frequencies. Water: 0.01 mol/h LiCl; 
nitrobenzene: 0.01 mol/h TBATPB. Applied interfacial potential U = 0.35 V 
OS. TBA+ ion selective electrode; t = 25 °C. (Reproduced with permission from 

reference 32. Copyright 1990 Elsevier.) 

is the circular frequency of the appl ied perturbing signal, and j is the 
imaginary unit . Af ter separating the real and imaginary components, the 
fol lowing relationship for calculating the interfacial reactance is obtained: 

X c = ( Z f + ( Z R - fls)2)/ ( Z , + Z R - B . ) (18) 

T h e real and imaginary impedances Z R and Zl are directly accessible f rom 
the impedance measurement. Rs, the solution resistance, has to be obtained 
from examination of the complex plane impedance plot (cf., F igure 9). In the 
impedance plane plot, the imaginary value decreases w i t h increasing fre
quency unt i l the curve approaches the real impedance axis. T h e real 
impedance is equal at this point to the solution resistance Rs. T h e value is 
independent o f appl ied interfacial potential, but it depends o n the position of 
the reference electrodes (different uncompensated resistance). Because the 
calculated capacitance is very sensitive to the calculated K s , the placement of 
the reference electrodes must be carefully controlled. 

Once Rs is determined, capacitance can be calculated f rom e q 18 using 
only one set of impedances. H o w e v e r the recommended approach is to 
calculate C f rom all the frequencies obtained. This approach allows for 
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averaging measurement uncertainty and it also allows verification of the 
correctness of the calculation. In an ordinary system, the calculated capaci
tance should be independent of frequency. A n y drift wi th frequency other 
than experimental noise indicates a possible prob lem. O n e cause for variation 
may be the use of an incorrect equivalent circuit for the evaluation. 

Evaluated interfacial capacitance is shown i n F igure 14 as a three-dimen
sional surface plot that charts the dependence of the capacitance o n the B S A 
concentration and o n the appl ied interfacial potential . T h e capacitance de
creases w i t h increasing concentration of the protein, unt i l a plateau is 
reached. 

Effect of pH on Adsorbed BSA. T h e capacitance measurement is 
very useful i n the study of protein adsorptive properties as a function of p H . 
F igure 15 shows the capacitance change as the p H was varied using a 
R o b i n s o n - B r i t t o n buffer. T h e capacitance is essentially invariant i n the 
absence of protein, but the addition of the protein has a pronounced effect. 
T h e change of the charge o f the adsorbed zwitterionic protein w i t h changing 
p H clearly shows the gradual ionization i n both the cationic and anionic 
states. As expected, at the isoelectric point, where all the lines intercept, only 
a small change of capacitance w i t h protein concentration is observed. This 
behavior positively demonstrates the adsorption of ionized functional groups 
of the protein. 

Figure 14. Three-dimensional surface plot of the interfacial capacitance as a 
function of BSA concentration and applied interfacial potential. Water: 0.01 
mol/h LiCl; nitrobenzene: 0.01 mol/h TBATPB; t = 25.0 °C. Interfacial 
potential U given vs. TBA + ion selective electrode. (Reproduced with permission 

from reference 32. Copyright 1990 Elsevier.) 
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cm2 

20 h 

15 

10 h * 1 

of different concentrations of BSA, buffered with Robinson-Britton solution. 
Water: 0.01 mol/L LiCl; BSA concentration (ppm): 0.0 (curve l); 0.5 (curve 2); 
3.0 (curve 3); 15.0 (curve 4); nitrobenzene: 0.01 mol/L TBATPB. Applied 
interfacial potential 0.30 V vs. TBA+ ion selective electrode. (Reproduced with 

permission from reference 32. Copyright 1990 Elsevier.) 

Appl ica t ion of the impedance methods i n the described manner can be 
useful to the understanding o f films of biochemical materials adsorbed at 
l i q u i d - l i q u i d interfaces and can provide some information for model ing i o n 
transport across a biological membrane. 

Microinterface between Two Immiscible Solutions 

T h e cel l i n F igure 2 is a typical apparatus used i n L L studies. However , 
recently small interfaces, cal led here microinterfaces, were shown to have 
some experimental advantage. T h e purpose of this modification was to use 
the same advantage that the ultramicroelectrodes have. Ultramicroelectrodes 
help to overcome solution resistance difficulties that originate f rom a poten
tial shift due to an uncompensated iR drop. As the interfacial area becomes 
smaller, the diffusion geometry becomes a spherically symmetric process, 
w h i c h means that the ratio o f charge transport current versus solution 
resistance increases and, ultimately, renders the iR drop min imal . In I T I E S 
studies, restriction of the interfacial area and use of a current amplifier for 
voltammetric studies is a viable alternative to a four-electrode potentiostat. 
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4. VANYSEK Interfacial Ion Transport 79 

Smal l L L interfaces have been used by Giraul t and co-workers (33-38) 
and by Senda et al . (39, 40). W e have used a small hole formed i n a th in 
glass wal l (41-43). F igure 16 shows the voltammetric response of lauryl 
sulfate anion transport between water and nitrobenzene. Recent analytical 
applications o f these microinterfaces have resulted i n construction of gel-
solidified probes. T h e advantage of such a modification is ease of handl ing 
(44-47). T h e immobi l izat ion can be extended further to studies of frozen 
interfaces, or even to solid electrolytes. Significantly, I T I E S theory also 
applies to interfaces that are encountered i n ion-doped, conductive, 
polymer-coated electrodes. 

Fast scan voltammetry, i n particular on microinterfaces, can be used for 
determination of charge-transfer rate constants. Impedance analysis can be 
used not only i n analytical applications, but also to obtain a better under
standing of surface phenomena (48) and adsorption (32). Microinterfaces, 
w i t h their high own resistance, are w e l l suited for impedance analysis derived 
f rom measurements of noise generated by electrochemical systems (49, 50) . 
Understanding the phenomena peculiar to microinterfaces is essential to 
future studies of the electrochemistry of small domains. 

200 300 400 500 
U (my) 

Figure 16. Voltammetric determination of lauryl sulfate (0.4 mmol/L) on a 
liquid-liquid microinterface. Scan rates (mV/s): 10 (curve l); 20 (curve 2); 50 
(curve 3); 100 (curve 4); 200 (curve 5); 500 (curve 6); 1000 (curve 7). 
Supporting electrolytes are 0.02 mol/L LiCl in water and 0.02 mol/L TBATPB 
in nitrobenzene. Diameter of the hole 130 μm. (Reproduced from reference 4. 

Copyright 1990 American Chemical Society.) 
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Channel-Forming Peptides 
in Uniformly Aligned Multilayers 
of Membranes 

Huey W. Huang 

Physics Department, Rice University, Houston, TX 77251 

We describe one new method of ultraviolet circular dichroism (CD) 
and one improved method of X-ray lamellar diffraction for obtaining 
structural data of membrane proteins. Both methods employ samples 
of uniformly aligned multilayers of membranes. It was proved earlier 
that a CD band of α-helices is polarized along the helix axis. Because 
membrane proteins often contain α-helical sections, measurement of 
CD at the normal and oblique incident angles relative to the plane of 
the membrane reveals the orientation of the protein molecules. This 
method of oriented CD is used to study a long-standing problem of 
alamethicin; that is, how does the amphipathic helical peptide associ
ate with a membrane? Our investigation led to the discovery of a new 
phenomenon of cooperative peptide insertion in bilayer lipid mem
branes. We next describe a method of high-resolution lamellar diffrac
tion that was used to reveal the location of the monovalent and 
divalent ion binding sites in the gramicidin channel. 

T w o M E T H O D S FOR OBTAINING STRUCTURAL INFORMATION o n membrane 

proteins and applications of these methods to the structural problems of two 
channel-forming peptides are described i n this chapter. B o t h methods use 
uni formly aligned multilayers of membranes, and alamethicin and gramicidin 
are the peptides that are investigated. W e w i l l show that two long-standing 
problems are resolved by these methods: the location of the ion b inding sites 
i n the gramicidin channel and the states of alamethicin associated w i t h 
membranes. 

0065-2393/94/0235-0083$08.72/00 
© 1994 American Chemical Society 
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84 BIOMEMBRANE ELECTROCHEMISTRY 

U n i f o r m l y aligned multilayers of membranes (containing proteins) pos
sess one-dimensional structural order perpendicular to the plane of the 
membrane and preserve the orientational order of proteins relative to the 
plane of the membrane. Both the one-dimensional structure and the orienta
t ion of proteins can be measured w i t h the methods to be described. W e stress 
that proteins i n these samples are i n the membrane active forms. W i t h 
t ime-resolved measurement, our methods can be extended to study the 
structural dynamics o f membrane proteins. 

Orientational Information 
M e m b r a n e proteins often contain α-helical sections. W e have developed a 
method called oriented circular dichroism ( O C D ; see reference 1), w h i c h can 
be used to determine the orientation of α-helices w i t h respect to the plane of 
the membrane. This method is simple and easy to use compared wi th , for 
example, the N M R method, w h i c h requires isotope labeled samples. Indeed, 
it is the ease of this method that al lowed us to examine alamethicin i n many 
different chemical conditions and that resolved a controversial question about 
the nonconducting state of alamethicin and subsequently l e d to the discovery 
of a new phenomenon of amphiphihc hel ical peptides (2) . 

One-Dimensional Structure 
X-ray lamellar diffractions o f M a y e r membranes have been studied since the 
late 1960s. T h e samples used i n most X-ray measurements were either 
powders (not aligned) or partially aligned multilayers. W i t h uniformly aligned 
multilayers, we can per form lamellar diffraction using the Θ-2Θ scanning 
geometry. I n this way we have routinely obtained high-resolution diffraction 
data. F r o m these measurements, the ζ coordinate (normal to the plane of the 
membrane) of a label atom can be obtained f rom difference electron density 
profiles. F o r example, the ion distribution i n an ion channel can be obtained 
by subtracting the electron density profile o f a sample that contains no ions 
f rom the electron density profile of a sample that does contain ions. I n this 
way we directly measured the monovalent and divalent cation b i n d i n g sites i n 
the gramicidin channel (3) . M o r e recently, we also per formed X-ray scatter
ing w i t h the m o m e n t u m transfer confined i n the xy plane (4). Such scatter
ing curves describe the lateral organizations of proteins and peptides i n 
membranes. T h e in-plane scattering w i l l not be discussed here. 

In the next section, uni formly aligned multilayers of membranes are 
described. T h e t h i r d section illustrates the theoretical basis and applications 
of the method of oriented circular dichroism ( O C D ) . T h e O C D study of 
alamethicin is discussed i n the fourth section and the last section is devoted 
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5. H U A N G Channel-Forming Peptides 85 

to lamellar diffraction of membrane multilayers and the resolution of the ion 
b inding sites i n the gramicidin channel . 

Uniformly Aligned Multilayer Samples 
Hydrated p e p t i d e - l i p i d mixtures can be manually aligned between two 
parallel, flat surfaces. T h e procedures are described i n references 5 and 6. 
F o r O C D and neutron diffraction experiments, we used two silica plates. F o r 
X-ray diffraction experiments, we used a pol ished beryl l ium (Be) plate and a 
silica plate. T h e sample thickness ( 1 - 8 0 μιη) was control led by a spacer 
between two plates. A circular hole was made i n the spacer to provide a 
cavity to h o l d the sample. T h e thicker the sample, the smaller the area of 
monodomain region w i l l be. T h e desirable radius of the cavity is about 8 m m 
for thick (~ 80-μιη) samples. A sample was aligned between two plates by 
hand using the procedure of shearing and compress ion-di la t ion first de
scribed i n reference 5. 

T h e condit ion of a multi layer sample, that is, its degree of alignment (or 
mosaic) and its thermodynamic phase, can be rigorously determined by X-ray 
diffraction. Fortunately, for the purpose of aligning multilayers, the condit ion 
can also be determined qualitatively by visual inspection w i t h a polarized 
microscope. This inspection is possible because the defect structures of the 
l i q u i d crystalline La or smectic A phase of lipids have been classified and 
studied by polarization microscopy (5, 7-9). Indeed i f a l i p i d sample is i n the 
La phase, it is most conveniently ascertained by the appearance of smectic 
defects. T h e defects that are most disruptive to multilayer alignment are oily 
streaks. T h e most effective way to align a sample is to push (rather than 
dissolve) the oily streaks to the periphery. I f polygonal array defects appear, 
either the heating and cooling process described i n reference 4 can be used 
or the sample can simply be left at the La phase temperature for several 
days, i n w h i c h case the defects usually anneal away. 

F o r X-ray diffraction samples, the alignment is examined f rom the silica 
side by using a reflection polarizing microscope. X-ray diffraction was mea
sured from the B e side. F o r electric field experiments, the silica plate is 
coated w i t h i n d i u m t in oxide ( I T O ) to form a th in transparent electrode on 
the inside (10). F o r circular dichroism ( C D ) experiments, it is important to 
remove any possible stress i n the silica plates. Stress removal can be accom
pl ished by temperature annealing at 1150 °C for 6 h , fo l lowed by slow cooling 
at a rate of 10 ° C / h down to 900 °C and subsequent cool ing at a rate of 100 
° C / h unt i l room temperature is reached. 

Thus far, we have aligned the fol lowing l ipids: di lauroyl- , dimyristoyl- , 
dipalmitoyl- , diphytanoyl- , and dioleoylphosphatidylcholine ( D L P C , D M P C , 
D P P C , D P h P C , and D O P C , respectively), dimyristoylphosphatidylglycerol 
( D M P G ) , dipalmitoylphosphatidylethanolamine ( D P P E ) , L -a -phosphat i -
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86 B I O M E M B R A N E E L E C T R O C H E M I S T R Y 

dylcholine f rom bovine brain ( B B P C ) , and D M P C - c h o l e s t e r o l mixtures. T h e 
peptides and proteins incorporated i n multi layer samples include alamethicin, 
meli t t in, gramicidin, magainins, and their synthetic analogues. 

It has been shown (2 , 3, 11, 12) that both the M a y e r structure and the 
state o f a peptide i n a multi layer preparation are the same as i n a vesicle 
sample prepared f rom the same materials. 

Method of Oriented Circular Dichroism 

Theory. Ultraviolet circular dichroism ( C D ) spectroscopy has been 
used routinely i n the analysis o f the secondary structures of proteins. T h e 
principle of this diagnostic method is based o n the experimental fact that the 
C D spectra (below 250 nm) o f polypeptides and proteins are dominated by 
the electronic transitions o f the peptide units and are relatively independent 
of side chains. T h e asymmetric and periodic arrangements of a polypeptide 
give rise to characteristic C D spectra. I n particular, the α-helix conformation 
has a highly distinctive spectrum. A c c o r d i n g to the exciton theory of Moff i t t 
(13) (see review of the theory i n reference 6), the peptide I T - i r * transition 
i n an α-helix is split into components w i t h polarization either perpendicular 
or parallel to the helix axis. This important theory is difficult to prove 
experimentally, because it is difficult to align a sample of α-helices. T h e use 
of long polypeptides i n an electric field l e d to conflicting results (see review 
i n reference 10), because the bending o f long polypeptides was not taken into 
account. T h e theory was finally demonstrated experimentally by the use o f 
membrane-spanning α-helices al igned i n l i p i d multilayers. I n particular, it 
was shown that the C D band of helices at 205 n m is polar ized along the axis 
(6, JO). Thus we may summarize the ultraviolet C D spectra of α-helical 
peptides as follows (2 , 14): Between 185 and 240 n m the peptide spectra are 
dominated by the υ-IT* and η - τ τ * transitions. T h e η - τ τ * transition is 
characterized by a magnetic dipole transition moment directed along the 
carbonyl bond, w h i c h i n a helix gives rise to a negative C D b a n d near 224 n m 
that is approximately Gaussian. T h e ττ-ττ* transition i n a helix splits into 
three. O n e transition has its electric transition dipole polar ized parallel to the 
hel ical axis and gives rise to a negative Gaussian band near 205 n m . T h e other 
two transitions have their electric transition dipoles polar ized perpendicular 
to the helical axis, and their amplitudes strongly depend on the angle 
between the direct ion of the probing light and the hel ical axis. W h e n the 
angle is 0°, these two transitions combine to have the shape of the derivative 
o f a Gaussian centered near 190 n m w i t h the positive amplitude o n the long 
wavelength side, cal led the helix b a n d (15) . O n the other hand, w h e n the 
angle is 90°, the two transitions are degenerate, both positive Gaussians, and 
centered near 190 n m . Thus i f the incident fight is parallel to the helix axis, 
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5. H U A N G Channel-Forming Peptides 87 

its C D , Gy, is given by two components (denoted by Θ): 

G ( = e w ^ „ * ( g H , 1 9 0 n m , II) + θ „ ^ „ * ( - g , 224 n m , II) (1) 

I f the incident light is perpendicular to the helix axis, its C D , G± is given b y 

G ± = e ^ w * ( + g , 1 9 0 n m , ± ) + θ , _ , * ( - g , 205 n m , ± ) 

+ e n ^ w * ( - g , 2 2 4 n m , ± ) (2) 

where, i n the parentheses, the symbol g or g H indicates that the band is a 
Gaussian or the helix form, respectively, and the sign i n front of g stands for 
positive or negative amplitude; the second entry is the wavelength; and the 
t h i r d entry denotes whether the helix is parallel or perpendicular to the light. 

T h e polarization of the 205-nm band (the Moff i t t theory) can be used to 
determine the orientation of α-helices i n a membrane. This determination is 
accomplished by the method of O C D ; that is, the C D spectra of a multi layer 
sample are measured w i t h light incident at various angles w i t h respect to the 
normal of the membrane planes ( J ) . L e t the normal to the plane o f the 
membrane be η (the sign of η is immaterial , as we w i l l see), the direct ion of 
the probing light be k, and the angle between them be a . O C D is the C D 
spectrum as a funct ion of α , θ ( α ) . T h e fol lowing equation is a general 
property of C D spectra (16): 

θ ( α ) = θ ( 0 ° ) c o s 2 α + θ ( 9 0 ° ) s i n 2 α (3) 

Thus, θ(0°) and θ(90°) can be obtained by measuring θ ( α ) at two different α 
angles. Suppose that helices are embedded i n bilayers w i t h their axes inc l ined 
at an angle φ w i t h respect to the normal η and uniformly or randomly 
distributed i n the azimuthal angles around n. U s i n g the general property e q 
3, we can show 

θ ( 0 ° ) = G y c o s 2 φ + G± s i n 2 φ (4) 

θ ( 9 0 ° ) = |G|, s i n 2 φ + σ± (1 - f s i n 2 φ ) (5) 

Equations 3 - 5 are the basis of O C D analysis. 

Applications. W e w i l l discuss two possible applications of O C D . 

Nonhelical Molecules. I f there are no theoretical restrictions o n G (| 
and G± , O C D can be used to distinguish a rotation of a molecule f rom a 
conformational change. ( In this case G , , and G± are, respectively, the C D 
parallel and perpendicular to a molecular axis.) Suppose that the same 
protein molecules are prepared under two different conditions A and B , such 
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that the incl ination angle φ is changed f rom φ Α to φ Β . T h e θ(0°) and 6(90°) 
for states A and Β are given by 

Θ Α (0 ° ) = G„ ο ο 8 2 φ Α + G X 5 ί η 2 φ Α (6) 

Θ Α (90° ) = \G „ s i n 2 φ Α + G x (1 - \ s i n 2 φΑ ) (7) 

Θ Β ( 0 ° ) = G υ c o s 2 φ Β + G x s i n 2 φ Β (8) 

Θ Β ( 9 0 ° ) = |G„ s i n 2 φ Β + G x (1 - \ s i n 2 φΒ) (9) 

These four equations are not independent (even i f one makes use of two or 
more C D bands at different wavelengths). T h e fourth equation is consistent 
w i t h the other three. This is, o f course, only true i f the states A and Β are 
related by a rotation. I n other words, i f states A and Β represent two different 
conformations ( G M A Φ G | ) B , etc.), the fourth equation w i l l not be consistent 
w i t h the other three. T o test i f states A and Β are related by a rotation, one 
may assume an arbitrary value for φ Α and use three equations to solve for 
G,| , G ± , and φ Β . T h e n the fourth equation is used to check for consistency. 
A positive result can be used as a proof that states A and Β differ only by a 
rotation of the molecular axis. O n the other hand, a negative result w o u l d 
indicate that a conformation change occurs between states A and B . 

Another case of interest is that there are two (and only two) possible 
orientations for the molecular axis, and states A and Β represent two different 
mixtures of the molecules i n these two orientations. In this case, O C D w i l l 
satisfy eqs 6 - 9 . O C D cannot distinguish a two-orientation problem f rom a 
rotation problem ( I ) . 

Helices. Because the 205-nm band is polarized along the helix axis, 
O C D can be used to determine the orientation of helices. Assume that the 
190- and 224-nm bands make negligible contributions to the C D amplitude at 
205 n m . T h e n , f rom eqs 4 and 5, we obtain the approximate relation 

θ ( 0 ° ) 2 0 5 n m / θ ( 9 0 ° ) 2 0 5 n m « s i n 2 φ / (1 - I s i n 2 φ ) (10) 

f rom w h i c h the value for the incl ination angle φ can be estimated. F o r a 
more exact analysis, decompose the spectra into the bands described i n eqs 1 
and 2. A n example of such an analysis is given later for the channel-forming 
peptide, alamethicin. 

C D of alamethicin associated w i t h phospholipids shows a typical a -he l i -
cal fo rm. F o r example, C D of alamethicin w i t h dilauroylphosphatidylcholine 
( D L P C ) vesicles is shown i n F igure 1 ( I ) . I f we assume that the mean residue 
eUipticity of α-helices is independent of the length of the peptide and 
compare the C D of alamethicin w i t h that of a standard α-helix (e.g., 
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h Ι ι ι ι ι l . i i t t ι ι i i i ι ι ι ι ι . ι I n 

180 200 220 240 260 
WAVELENGTH (nm) 

Figure 1. CD spectrum of alamethicin in DLPC vesicles. (Reproduced with 
permission from reference 6. Copyright 1988 American Institute of Physics.) 

poly-7-methyl-L-glutamate i n hexafluoro-2-propanol; see reference 10), we 
conclude that about 4 0 % of the residues of alamethicin are helical . However , 
the mean residue elliptieity depends on the length of the peptide w h e n it is 
short. F o r example, synthetic α-helical peptides of 21 amino acids show a 
mean residue elliptieity of about —2 Χ 1 0 4 deg c m 2 / d at 224 n m (17) , 
w h i c h is only about 6 0 % of the standard value for long α helices. Therefore, 
i n fact as m u c h as 6 0 - 7 0 % of alamethicin residues could be α helical . T h e 
nonhelical part of alamethicin apparently contributes little to the total C D 
(18). Thus the O C D of alamethicin i n the membrane w i l l reflect the 
orientation of its α-helical section. 

F igure 2 shows two sets of O C D (I and S) for a multilayer sample o f 
alamethicin i n D P h P C w i t h two different hydration conditions. (The tech
nique of O C D measurement is described i n reference 1.) Moffitt 's theory 
predicts that the negative C D b a n d near 205 n m consists of G± components 
only; that is, G y = 0 for this band. Consequently, we expect the C D ampl i 
tude near 205 n m to obey the α-dependence 

θ ( α ) = GL [ s i n 2 φ + ( l - f s i n 2 φ ) s i n 2 a ] (11) 

I n particular, for helices parallel to the membrane normal ( φ = 0°), θ ( α ) 
increases wi th s i n 2 a , whereas for helices perpendicular to the membrane 
normal ( φ = 90°), θ ( α ) decreases w i t h s i n 2 a . Thus a visual inspection of the 
O C D (Figure 2) is sufficient to conclude that the incl ination angle φ must be 
close to 0° for the spectra I and close to 90° for the spectra S. 

A nonlinear least-squares program was wri t ten to fit the phenomenoiogi-
cal expressions eqs 1 and 2 to the spectra of normal incidence ( a = 0°) i n 
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40 h-

•rt 20 

-20 

π — ι — ι — r π — ι — ι — Γ 

_ Ι I I L· -J I I I 1 L· _ Ι I I L. 

180 200 220 240 
wavelength (nm) 

260 

Figure 2. OCD of alamethicin in aligned multilayers of DPhPC (L:P = 50:1) 
when the sample is in equilibrium with 100% relative humidity (RH) (spectra I) 
and with 50% RH (spectra S). CD was measured with light incident at an angle 
a relative to the normal to the planes of hilayers. The a dependence of spectra I 
indicates that the helical parts of alamethicin molecules are perpendicular to the 
plane of the hilayer, whereas the a dependence of spectra S indicates that the 
helices are parallel to the plane of the hilayer. The solid lines for the a = 0° 
spectra are the least-squares fits; the solid lines for the spectra of oblique angles 
are theoretical constructions from the a = 0° spectra. (Reproduced with 

permission from reference 1. Copyright 1990.) 

Figure 2. E a c h Gaussian band is assumed to have the form 

g = A e x p [ - ( X - X 0 ) 2 / A 2 ] (12) 

w i t h three parameters: amplitude A , peak position λ 0 , and bandwidth Δ . 
T h e helix band has the form (12) 

g H = Α [ 2 ( λ - λ 0 ) ( λ 0 / Δ 2 ) + ΐ ] β χ ρ [ - ( λ - λ 0 ) 2 / Δ 2 ] (13) 

also w i t h three parameters. T h e 0° spectrum of the S state fits very w e l l (see 
Figure 3) w i t h three Gaussian bands as prescribed by the theory (eq 2) for 
helices perpendicular to the light. O n the other band, the 0° spectrum of the 
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5. H U A N G Channel-Forming Peptides 91 

I state w o u l d not fit w e l l w i t h a combination of Gaussian bands; instead it fits 
a combination of a Gaussian and a helix band (see F igure 4), exactly as 
predicted by the Moff i t t theory (eq 1) for helices parallel to the light. T h e 
band parameters obtained f rom our fit (Table I) are i n good agreement w i t h 
the calculated values given by reference 19. Thus we showed that the 
spectrum I, 0° and spectrum S, 0° are indeed G n and G± , respectively. 

W e completed the experimental proof for G |( and G x by constructing 
the right-hand side o f e q 3 using eqs 4 and 5 w i t h φ = 0°, α = 27° and 40°, 
and comparing it w i t h spectrum I, α = 27° and 40° i n F igure 2, respectively; 
similarly wi th φ = 90°, α = 27° and 40° was compared w i t h spectrum S, 
α = 27° and 40°, respectively. W e see that they are all i n good agreement. 
Thus we have demonstrated the fol lowing two points: 

1. T h e α-helical section is perpendicular to the plane of the 
membrane i n state I and parallel to the plane o f the membrane 
i n state S. 

2. There is no change i n the secondary structure between states I 
and S because their spectra are related to each other by 
rotation. 

F inal ly , we can also compare the O C D of a multi layer sample w i t h the 
C D of a vesicle sample. Because the orientations of helices are isotropically 

α 

« 
i 
Ο 

-20 

Τ 

180 200 220 240 260 
wavelength (nm) 

280 300 

Figure 3. Spectrum S, a = 0° of Figure 2 is fitted with eq 2. The hand 
parameters are given in Table I. (Reproduced with permission from reference 1. 

Copyright 1990.) 
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180 200 220 240 260 280 300 
wavelength (nm) 

Figure 4. Spectrum I, a = 0° of Figure 2 is fitted with eq 1. The band 
parameters are given in Table I. (Reproduced with permission from reference 1. 

Copyright 1990.) 

Table I. Band Parameters for C D of α Helix 

CD Bandb 

Band 
Center 
λ (nm) 

Bandwidth 
Δ (nm) 

Amplitude 
of Alamethicin 
A(10~3 deg 
cm2/dmolj 

Amplitude 
of a Helix a 

A(10~3 deg 
cm2/dmol) 

η -> I T * , helix X k (g) 222.3 12.9 -20.37 - 5 1 
helix \\kU) 224.9 11.9 -4 .04 - 1 0 

IT -> I T * , helix _L k (g) 204.8 7.4 -18.65 - 4 6 
ΊΓ -> I T * , helix _L k (g) 190.4 6.4 36.73 92 

helix II k ( g H ) 188.5 10.1 -0 .95 - 2 . 4 

The mean residue elliptieity poly-7-methyl-L-glutamate in hexafluoro-2-propanol solution 
is used as the standard C D for isotropically distributed α-heliees. The C D of alamethicin in 
vesicles is compared to the standard, from which we estimate that 40% of the residues of 
alamethicin are helical. The numbers in the fifth column are the numbers in the fourth 
column divided by 40%. 

g denotes a Gaussian band; g H denotes a helix band. 
SOURCE: Reproduced with permission from reference 1. Copyright 1990. 

distributed i n a vesicle sample, we can take, for example, φ = 0° i n eqs 4 and 
5 (which give θ(0°) = G y and θ(90°) = G±) and average e q 3 over the solid 
angle 2TTG?(COS a ) to obtain the C D for vesicles ( θ ν ) : 

ev = | G „ + | G ± (14) 
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5. H U A N G Channel-Forming Peptides 93 

The spectrum constructed from G |( and G± agrees w e l l w i t h the measured 
vesicle spectrum (Figure 5) and proves that the secondary structure of 
alamethicin is essentially the same, whether the membranes are vesicles or 
multilayers. 

How Does Alamethicin Associate with a Membrane? 
Alamethic in is a natural peptide of 20 amino acids (produced by the fungus 
Trichoderma viride). Since the late 1960s, the channels formed by ala
methic in i n l i p i d bilayers have been studied as a mode l for voltage-gated ion 
channels (20; review i n reference 21; see a fairly complete list o f references 
i n reference 2). Recently the alamethicin channels have been shown to be 
tension dependent (22) . Al though alamethicin is one o f the best character
ized channels, there is a long-standing controversy about w h i c h model best 
describes the experimental data. 

Since the early 1970s, most investigators agree that alamethicin monomers 
form a water-fi l led conducting pore l ike the staves o f a barrel , and this 
assumption is consistent w i t h most ion conduction data ( 2 3 - 2 5 ) . However , 
conduction experiments provided no clues for the nonconduction state, either 

180 200 220 240 260 280 300 
wavelength (nm) 

Figure 5. CD of alamethicin in DPhPC vesicles. The solid line is the construction 
(eq 14) from the OCD spectra of the multilayer sample (Figure 2). The dashed 
and dotted lines are the measured spectra of vesicles with 100:1 and 50:1 
lipid-peptide ratios, respectively. (Reproduced with permission from reference 

1. Copyright 1990) 
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about the location of the molecule (relative to the membrane) or its configu
ration. 

I n the last 10 years, numerous spectroscopic and other methods have 
been used to study the nonconducting state. Such methods include Raman 
spectroscopy (26-28); lH, 2 H , and 3 1 Ρ nuclear magnetic resonance ( N M R ) 
studies (27); infrared attenuated total reflection spectroscopy (29) ; ala-
meth ic in -phosphol ip id cross-finking studies (22); titration and stopped-flow 
analyses using circular dichroism ( C D ) and fluorescence to monitor the 
a l a m e t h i c i n - l i p i d interactions (30); capacitance studies (31); and studies of 
synthetic analogues (31-33). These studies l e d to many different conclusions. 
In particular, there are confl ict ing conclusions as to whether, i n the absence 
of a transmembrane electric field, alamethicin partitions into the apolar 
region of a l i p i d bilayer or adsorbs to the l i p i d - w a t e r interface. Evidence for 
both interfacial interactions and alamethicin insertion into bilayers was found. 
Recent theoretical models (30, 32-35) have avoided the surface state of 
alamethicin. 

W e investigated this problem by O C D (2) . A l a m e t h i c i n - D P h P C mul t i 
layer samples at various p e p t i d e - l i p i d molar ratios (1:10-1:140) were pre
pared as previously described. T h e aligned multi layer samples were placed i n 
a series of humidi ty chambers to be equil ibrated at chosen relative humidities 
( R H ) at room temperature. Samples obviously exchanged water w i t h the 
environment through the gap between the two silica plates. Dependent on 
init ial and final R H , the equil ibration t ime for a sample varied f rom 4 to 20 
days. T h e equi l ibr ium states of the samples were examined by O C D . In most 
cases the samples exhibited spectra either l ike spectra I or l ike spectra S 
(Figure 2). Because spectra I represent helices perpendicular to the plane of 
the membrane, we call such a state the inserted (I) state. O n the other hand, 
spectra S w i l l be called the surface (S) state because they represent helices 
parallel to the plane of the membrane. Samples were either i n the surface 
state or i n the inserted state as shown i n the R H versus L : P (the l i p i d - p e p t i d e 
molar ratio) phase diagram (Figure 6), unless a sample was near the phase 
boundary. N e a r the phase boundary the sample spectrum was a linear 
superposition of spectra I and S. Phase change reversibility was examined by 
exchanging two samples of the same L : P between difference humidi ty 
chambers across the phase boundary. D u r i n g the transition, the spectra were 
linear superpositions of I and S, but once the samples reached equi l ibr ium, 
the init ial spectra were reversed. W h e n a sample changed its state (i.e., 
underwent a phase transition), it took a longer t ime (up to 20 days) to reach 
equif ibr ium, i f the final point was closer to the phase boundary. A n equil ib
r i u m spectrum remained unchanged i n t ime as long as the sample was kept i n 
the same humidi ty chamber. T h e samples were examined under a polarized 
microscope each t ime a C D measurement was made. A l l the data points on 
the phase diagram are i n the La phase of the l i p i d . Except for L : P less than 
10:1, the l i p i d changes to the gel phase for R H below 8 9 % . 
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100% 

96% 

92% 

88% 

84% 

0 40 80 120 160 

DPhPC/alamethicin molar ratio 

Figure 6. The phase diagram for alamethicin in DPhPC on the plane of relative 
humidity (RH) versus the lipid-peptide molar ratio (L:P). A multilayer sample 
of a certain L:P was in turn equilibrated in humidity chambers of various RH; 
in each equilibrium state, the OCD spectrum was measured. If the OCD 
spectrum is spectrum I (Figure 2), indicating that alamethicin is in the inserted 
state, a black circle is shown at the corresponding L:P and RH. If the OCD 
spectra are spectra S, indicating that alamethicin is in the surface state, an open 
circle is shown. A gray circle implies that the OCD spectra are linear 
superpositions of spectra I and S, which indicates that the state of alamethicin is 
a coexistent state. The shaded area for L:P = 10:1 indicates that the sample at 
RH below 89% turned into the gel phase. In all other data points, the samples 
were in the La phase. We define a critical L:P value L:P*. For L:P greater than 
L . P * , the majority of alamethicin molecules are in the surface state; for L:P 
smaller than L . P * , the majority of alamethicin molecules are in the inserted 
state if the sample is in equilibrium at 100% RH. (Reproduced with permission 

from reference 2. Copyright 1991.) 

Thus we discovered a new phenomenon of phase transition for ala
methic in i n a membrane. T h e phase diagram (Figure 6) is characterized by a 
phase boundaiy that ends at a critical l ipid:peptide molar ratio L : P * at 100% 
R H . I f the l i p i d - p e p t i d e ratio is greater than L : P * (that is, at a low peptide 
concentration), alamethicin is always o n the membrane surface i n equil ib
r i u m . F o r L : P smaller than L : P * , alamethicin is always inserted i n the 
membrane i n equi l ibr ium at 100% R H , but i f R H is below the phase 
boundary, alamethicin is again on the membrane surface. Starting f rom the 
critical L : P * , the phase boundary decreases to lower R H for lower L : P . 

ε 

4-* 
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96 BIOMEMBRANE ELECTROCHEMISTRY 

This surprising property of alamethicin is not unique to the l i p i d D P h P C . 
Alamethic in behaves similarly i n dioleoylphosphatidylcholine ( D O P C ) ( F i g 
ure 7). Alamethic in i n L-a-phosphat idylchol ine f rom bovine brain ( B B P C ) at 
L : P ~ 50:1 also shows an I <-» S transition as R H varies. Thus, these features 
appear to be the general characteristics of alamethicin i n l i p i d membranes. In 
fact, our prel iminary investigation indicates that amphipathic helical peptides 
may all have this property. Dif ferent combinations of peptide and l i p i d 
apparently have different values of crit ical L : P * . 

Based on these observations, the conflicting reports about the state of 
alamethicin are understandable i n terms of different investigators using 
different l ipids, different l i p i d - p e p t i d e ratios, and different preparation 
procedures. (It is quite possible that some measurements were made before 
the samples reached equi l ibr ium.) 

In a typical conduction experiment, alamethicin molecules are part i 
t ioned between the aqueous phase and the l i p i d phase. I n the l i p i d phase, the 
p e p t i d e - l i p i d ratio is usually several orders of magnitude smaller than the 
observed P : L * , so the majority of the membrane-associated alamethicin 
molecules are o n the membrane surface, w i t h perhaps a small fraction of 
them inserted i n the bilayer. W h e n a transmembrane potential is applied, the 
inserted molecules (and presumably the number o f channels) increase be
cause the free energy of the inserted state is decreased by the coupl ing of the 

H3 

S3 

> 

DOPC/alamethicin molar ratio 

Figure 7. The phase diagram of alamethicin in DOPC. See Figure 6 for 
explanations. (Reproduced with permission from reference 2. Copyright 1991.) 
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5. H U A N G Channel-Forming Peptides 97 

peptide dipole w i t h the electric field (2). This mechanism of voltage gating 
was i n fact proposed a long t ime ago by Bauman, M u e l l e r , and B o h e i m (21). 

Location of Ion Binding Sites in the Gramicidin Channel 
by High-Resolution Lamellar Diffraction 
There are two frequently used methods for X-ray diffraction of membrane 
systems. In one method, diffraction of an aligned, flat sample is per formed 
w i t h an oscillating camera. In another method, the membrane multilayers are 
aligned on a curved surface to produce powder patterns. T h e diffraction 
patterns obtained by these methods are sometimes intermediate between the 
pattern of a powder and that of a single crystal; consequently the Lorentz 
corrections for such patterns are ambiguous. Also , i n the second method, it is 
difficult to make corrections for the sample absorption (this correction is 
necessary for the first two Bragg orders). W e believe that an alternative 
method of single crystal diffraction (i.e., Θ-2Θ scan) that uses well -al igned 
samples is advantageous for two reasons: (1) the above-mentioned difficulties 
are avoided and (2) high-resolution data are always produced. W e used this 
single crystal diffraction method to solve a long-standing problem of the 
gramicidin channel (3), namely, where are its i o n b inding sites? 

G r a m i c i d i n , a linear pentadecapeptide, is b y far the most extensively 
studied membrane-active peptide that forms a transmembrane ion channel. 
T h e gramicidin channel is a cyl indrical pore formed by two monomers, each a 
single-stranded β 6 3 helix, that are hydrogen-bonded head-to-head at their Ν 
termini (36, 37) . T h e pore selectively facilitates the diffusion of monovalent 
cations across bilayer membranes, but does not transmit anions and divalent 
cations (38). Extensive kinetic data describe the effect o n the channel 
conductivities of a great number of variables inc luding amino acid variation, 
membrane variation, i o n valence variation, and cation variation (38-40). T h e 
relatively simple structure and the wealth of experimental data on its i o n 
conductions make gramicidin an ideal model system to study the principles 
governing ion transport across l i p i d membranes. M a n y molecular dynamics 
computations and simulations have been per formed i n an attempt to under
stand the detailed properties of the channel, such as the free energy profiles 
of ions, the hydrogen-bonding pattern of water, and the i o n and water 
motions (41-43). Despite these extensive studies, there were no direct 
structural measurements on the gramicidin channel. It occurred to us that 
X-ray diffraction of well-al igned gramicidin-containing membrane multilayers 
might resolve the location of the ion b i n d i n g sites i n the channel (3) . 

That the channel has two monovalent cation b inding sites is consistent 
w i t h known experimental data (36, 38). Indeed, the b inding constants for the 
first and second bindings of alkali metal cations have been estimated by 
T l + - 2 0 5 chemical shift studies (44) and N M R relaxation methods (36) . T h e 
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98 BIOMEMBRANE ELECTROCHEMISTRY 

bindings of divalent cations were first inferred f rom the ability of the cations 
to reduce the fluxes of monovalent ions (38); further evidence was obtained 
f rom 1 3 C and 4 3 C a N M R relaxation studies (36, 45). However , the locations 
of all these b inding sites were unknown. A n earlier study on ion- induced 
chemical shifts of carbonyl carbon N M R resonances by U r r y and his collabo
rators concluded that two symmetric b inding sites for monovalent cations are 
each localized between the T i p - 1 1 and T i p - 1 3 carbonyls of one monomer 
(36). However , this same evidence was also used to conclude that the 
gramicidin helix is le f t -handed—a conclusion contradicted by more recent 
N M R studies (37, 46). 

T h e direct measurement of ion locations was per formed by difference 
X-ray diffraction of gramicidin samples w i t h various ions. U n l i k e the C D 
experiment, where the multi layer samples can be as th in as 1 |xm or less, 
X-ray diffraction samples must be at least 10 μχη. T o align thick multilayers, it 
is essential to use two substrates. W e know of no example of a thick ( > 1 0 
|xm) and large ( > 1 0 m m 2 ) s ingle-domain multi layer preparation on one flat 
substrate without the help of a second surface. Furthermore , i f multilayers 
are formed by evaporation or centrifugation of a vesicle solution (either 
method requires only one substrate surface), it w o u l d be difficult to control 
the ion concentration i n the multilayers. O n the other hand, finding a 
substrate suitable for alignment of multilayers as w e l l as for X-ray transmis
sion is not tr ivial either. T h e problem is accentuated b y the fact that the first 
Bragg peak o f membrane diffraction is about 1°, w h i c h means that the X-ray 
path length through the substrate w i l l be 60 times the thickness. This 
problem shows w h y it is necessary to use a polished bery l l ium plate. 

D L P C membranes were chosen for convenience because they are i n the 
La phase at room temperature. G r a m i c i d i n - D L P C multi layer samples aligned 
between a pol ished B e plate and a silica plate produced h igh quality 
diffraction patterns. Typical ly eight Bragg orders were recorded (Figure 8), 
w h i c h is a very h igh resolution for D L P C membranes i n the La l i q u i d - c r y s 
talline phase. B y the same method, 13 Bragg orders were recorded for 
dimyristoylphosphatidylcholine ( D M P C ) - c h o l e s t e r o l multilayers i n the La 

phase (47), w h i c h represents the highest resolution ever recorded for such 
systems (11). D a t a reduction inc luded (1) background subtraction; (2) correc
tions for polarization, the Lorentz factor, scattering volume, B e and specimen 
absorption, the second harmonic (which becomes significant due to the 
absorption by the B e plate) and the atomic scattering factors; and (3) the 
detector vertical slit correction for beam divergence and sample mosaic 
( 0 . 3 - 0 . 5 ° ) (48). 

T h e phases of Bragg reflections were determined by the swelling method. 
T h e reciprocal space is sampled by changing the lamellar spacing (or repeat 
distance) of the multilayers through the hydration variation. I f the bilayer 
structure is unchanging or slowly changing w i t h water content, the scattering 
amplitudes (whose phases are either 0 or I T due to the centrosymmetry of 
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Figure 8. Our typical X-ray diffraction patterns of gramicidin-DLPC multilayers 
with thallium acetate, A, and without salt, B. Eight Bragg orders were recorded. 
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100 BIOMEMBRANE ELECTROCHEMISTRY 

bilayer structures) w i l l fall on a single smooth curve. Examples are given i n 
F igure 9. Once the phases are determined, the structure factors are F o u r i e r 
transformed to obtain the scattering density profiles. T h e scattering density 
profile can be normal ized to the true electron density, p, i f we know the 
composit ion of the sample and the molecular areas (along the plane of the 
membrane) of l i p i d and gramicidin (see the details i n reference 3). F igure 10 
shows the normal ized electron density profiles o f g r a m i c i d i n - D L P C bilayers 
wi th T l + ( p e p t i d e - l i p i d - i o n molar ratios 1:10:1), K + (1:10:1.5), and without 
salt (1:10:0). 

A difference electron density profile is obtained f rom two ρ profiles that 
have the same lamellar spacing D . T h e top two curves i n F igure 11 are two 
examples of the difference profile p ( T l + s a m p l e ) — p(salt-free sample) ob
tained from the data of 42.4- and 43.4-Â lamellar spacings. E a c h profile 
represents a measurement o f the electron density distribution o f T l + . T h e 
distributions indicate that the majority of T l + ions are b o u n d inside the 
channels; each (dimeric) channel binds two T l + ions according to the 
i o n - g r a m i c i d i n ratio. T h e peak positions indicate the locations o f the T l + 

binding sites; the w i d t h of the peak represents the resolution of diffraction, 
~ 5 Â. W e also calculated p ( T l + sample) — p ( K + sample) w h i c h is shown as 
the bottom two curves i n F igure 11. Because K + has a relatively small 
b inding constant (44), excessive amounts o f K + i n the sample are considered 
necessary to ensure that the majority of the b i n d i n g sites are occupied. As a 
result, about one-third or more of K + ions are outside the channel. Conse
quently the apparent peak positions of T l + obtained from p ( T l + sample) — 
p ( K + sample) are shifted slightly toward the center. D u e to its unfavorable 
signal-to-noise ratio, the K + distribution profile was not analyzed further. T h e 
location of T l + b i n d i n g sites was determined solely f rom the difference 
profiles, p ( T l + sample) - p(salt-free sample). 

T h e locations of the two b inding sites are symmetric w i t h respect to the 
center. This is proven by the fact that, although both b inding sites are 
occupied, there is only one sharp peak on each side of the center. (Because of 
the manner of sample preparation, i f two sites were asymmetric, two peaks 
w o u l d appear on each side.) W e measured the peak positions of the differ
ence profiles p ( T l + sample) — p(salt-free sample) obtained f rom using four 
different T l + samples and three different salt-free samples, evaluated at 
various lamellar spacings. F r o m the average, T l + b inding sites are deter
m i n e d to be at 9.6 ± 0.3 Â from the midpoint of the channel. 

F igure 12 shows the profiles o f the g r a m i c i d i n - D L P C bilayers w i t h B a 2 + 

( p e p t i d e - l i p i d - i o n molar ratios 1:10:1) and M g 2 + (1:10:1) at 42.8-Â lamellar 
spacing. T h e central regions of the two profiles are essentially the same, but 
they are substantially different f rom the central regions of the monovalent 
cation samples and the salt-free sample, w h i c h are essentially the same i n the 
central region (Figure 10). F o r this reason, we subtract the M g 2 + profile, but 
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Figure 9. Structure factors obtained from H20 swelling experiments for four 
different Tl+ samples, A, and three different salt-free samples, B. Phases are 
chosen so that the data points fall on a single smooth curve. (Reproduced with 

permission from reference 3. Copyright 1991.) 
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Figure 10. Normalized electron density profiles of gramicidin-DLPC bilayers 
with Tl+ (dotted line), with K+ (dashed line), and without salt (solid line), 
obtained from the structure factors of 43.4-A lamellar spacing. (Reproduced 

with permission from reference 3. Copyright 199 lj 
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Figure 11. Difference electron density profiles. The top two curves are p(thallium 
sample) — p(salt-free sample). The bottom two curves are p(thallium sample) — 
p(potassium sample). Solid lines are obtained from the profiles of 43.4-Â 
lamellar spacing; dotted lines are obtained from 42.4-Â lamellar spacing. 

(Reproduced with permission from reference 3. Copyright 1991.) 
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Figure 12. Normalized electron density profiles of gramicidin-DLPC bilayers 
with Ba2 + (dotted line) and with M g (solid line), obtained from the structure 
factors of 42.8-A lamellar spacing. (Reproduced with permission from reference 

3. Copynght 1991.) 

not the salt-free profile, f rom the B a 2 + profile. However , unlike the case of 
p ( T l + sample) — p ( K + sample), where there are excessive K + ions, we have 
equal numbers of B a 2 + and M g 2 + ions i n the respective samples. 

F igure 13 shows two examples of the difference profile p ( B a 2 + sample) 
- p ( M g 2 + sample) obtained from the data of 42.8- and 44.4-Â lamellar 
spacings. T h e sharp peaks indicate that B a 2 + ions are w e l l localized. W e 
measured the peak positions of the difference profiles p ( B a 2 + sample) — 
p ( M g 2 + sample) obtained f rom using four different B a 2 + samples and three 
different M g 2 + samples evaluated at various lamellar spacings. F r o m the 
average, two symmetric B a 2 + b i n d i n g sites are determined to be at 13.0 ± 0.2 
Â f rom the channel midpoint . 

Based o n the β 6 , 3 hel ical structure of the gramicidin channel, it is quite 
natural to suggest that the i o n b inding site is o n the first turn of the helix 
from the mouth (38). A t the mouth of the channel, the last six carbonyls are 
hydrogen-bonded only to one neighbor. Three unbonded carbonyl oxygens 
are point ing toward the outside of the channel, as is the hydroxy! group of the 
ethanol amine tail . This cluster of negative charges seems to provide a 
b inding site for cations. T h e surprising finding of our experiment is that the 
T l + b inding site, at 9.6 ± 0.3 Â from the channel midpoint , is either near the 
bottom of or below the first turn of the helix (49). 

O n the other hand, B a 2 + ions, at 13.0 ± 0.2 Â f rom the channel 
midpoint , apparently b i n d to the channel near the ends. This location is 
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Figure 13. Difference electron density profiles p(harium sample) — p(magnesium 
sample) at 42.8- and 44.4-Â lamellar spacing. (Reproduced with permission 

from reference 3. Copyright 1991.) 

consistent w i t h the experimental observation that divalent cations do not 
permeate but block the channel (50) . Thus we suggest that the separation 
between two opposite B a 2 + b inding sites (i.e., 26.0 + 0.4 Â) is a good 
measure for the length of the gramicidin channel . T h e molecular basis for the 
selectivity against divalent cations is probably straightforward. T h e gramicidin 
channel is a pore of 4 Â i n diameter separated f rom the hydrophobic 
dielectric m e d i u m only by a single layer o f polypeptide backbone. A cation 
entering the channel must overcome the channel dehydration energy (42) 
and encounters an image potential (51). Both the dehydration energy and the 
image potential are greater for divalent cations than for monovalent cations. 

O u r diffraction experiment revealed some other interesting properties of 
m e m b r a n e - g r a m i c i d i n interactions. It is wel l -known that a pure l i p i d bilayer 
changes its thickness wi th hydration (47). However , i f the M a y e r s contain 
cholesterol at a sufficiently high concentration, this effect is absent (47 and 
references cited therein) and there is a tendency for the hydrocarbon 
thickness of the bilayer to match the thickness of a pair of cholesterol 
molecules (11). F o r this reason, cholesterol is cal led a membrane thickness 
buffer. G r a m i c i d i n is another membrane thickness buffer . In all our samples 
the phosphate peak-to-peak distances across the D L P C - g r a m i c i d i n bilayers 
are virtually identical at 32.1 Â, irrespective of the degree of hydration. The 
assumption that the local hydrocarbon thickness of a l i p i d bilayer tends to 
match that o f an embedded gramicidin channel was the basis of a previous 
study on the effect of membrane thickness on the gramicidin channel l i fetime 
(38, 52, 53). 
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Conformation and Mobility 
of Membrane Proteins in Electric 
Fields 

I. R. Miller1, V. Brumfeld1, and R. Korenstein2 

1Membrane Department, The Weizmann Institute of Science, 76100 
Rehovot, Israel 
2Department of Physiology and Pharmacology, Tel Aviv University, 
Tel Aviv 69978,Israel 

Electric fields affect the movement and the conformation of membrane 
proteins and channel forming polypeptides in the membrane. Diffu
sion potentials, created by a potassium concentration gradient across 
the membrane in the presence of valinomycin, affect the circular 
dichroism (CD) of bacteriorhodopsin reconstituted in lipid vesicles. 
The changes in CD indicate that the applied electric field, irrespective 
of its direction, decreases the helical fraction and increases the frac
tions of the random and β structures. Donnan potentials, created 
across the vesicular bilayer membrane by polyelectrolytes, are used to 
induce the conformational changes in alamethicin. The induced change 
of CD by the electric field across the membrane was not symmetrical 
with respect to the field direction. Tangential electric fields induce 
lateral movements of membrane components. The eletrophoretic move
ment of photosystem I (PSI) along the membrane of hypotonically 
swollen thylakoid vesicles induced by low electric fields (40-80 V/cm) 
is studied by analyzing its electrophotoluminescence (EPL) from the 
different poles of the vesicle. The average apparent electric mobility, 
determined from the time course of the increase of EPL on the 
enriched hemisphere and of the decrease of EPL on the depleted 
hemisphere, was of the order of 3.10-5 cm2/(V s). The distribution of 
PSI reaches a steady state when the diffusional, electrostatic, and 
other counteracting forces balance the electrophoretic driving force. 
The electrophoretic mobility obtained from the steady state conditions 

0065-2393/94/0235-0107$08.54/0 
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108 BIOMEMBRANE ELECTROCHEMISTRY 

was only 5 X 10 -7 cm2/ s. The lateral diffusion coefficient was 
~5 X 10-9 cm2/ s, which was obtained from the diffusional relax
ation after cessation of the electric field. 

MEMBRANE PROTEINS ARE EXPOSED TO ELECTRIC FIELDS that are either 
normal or tangential w i t h respect to the plane of the membrane. T h e fields 
perpendicular to the membrane plane, w h i c h are related to the membrane 
potentials, influence directly the biological activity of the membrane proteins 
inc luding ion channel gating ( I , 2 ) proton translocation (3), and enzymatic 
activity (4-6). T h e effect o f membrane potential o n the biological activity is 
assumed to be through its effect o n the conformation of the membrane 
proteins. In spite of the plausibil ity of this assumption, only prel iminary 
attempts have been made to demonstrate directly that the membrane poten
tial does indeed affect the conformation of the membrane proteins (7, 8). I n 
the case of voltage gating, the change i n conformation is assumed to be 
minute; it consists o f charge shifts wi th in the channel formed b y the protein 
( I , 2 ) . Such a small conformational change hardly could be detected by 
spectral changes that involve the whole molecule. Despite these prevail ing 
ideas, one has to be m i n d f u l that the very high fields of ~ 3 3 0 k V / c m or a 
membrane potential of 100 m V may affect membrane proteins w i t h their 
large dipole moments. Transient conformational changes of charged (9 ) and 
noncharged polypeptides i n solutions were induced by electric field pulses 
(10). T h e observed change was i n the direct ion of the conformation w i t h the 
higher effective dipole moment. T h e electric potential gradient across the 
membranes may affect the membrane protein either directly or by transfer
r ing sections of the membrane protein f rom the hydrophobic phase into the 
hydrophil ic phase or vice versa. 

T h e sporadic tangential electric fields that may originate along the 
surface of the membrane f rom surface reactions and result i n local changes i n 
charge are considerably weaker than the cross membrane fields; they may, 
however, suffice to mobi l ize other charged membrane components and serve 
as a means for lateral communicat ion or signal transduction. In this respect, 
the protein complexes o f the photosynthetic membrane are o f special inter
est. T h e majority of thylakoid membrane proteins are organized i n five 
integral membrane spanning complexes: photosystems I and II (PSI and 
PSII) , fight harvesting complex II, cytochrome b6-f complex, and adenosine 
triphosphate ( A T P ) synthetase complex (11). These proteins are responsible 
for coupled fight harvesting, proton and electron transport, and A T P synthe
sis. Spatial segregation o f P S I and PSI I exists between the oppressed and the 
nonoppressed regions and, at the same time, P S I and PSI I are functionally 
l inked through the lateral mobil i ty of plastoquinone and of plastocyanin. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

23
5.

ch
00

6

In Biomembrane Electrochemistry; Blank, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 



6. MILLER ET AL. Membrane Proteins in Electric Fields 109 

However , under short-term environmental stresses (e.g., sudden increase i n 
light intensity) there is a lateral redistribution of some of the complexes (12). 
T h e efficient conversion of light energy into electrochemical dr iving force by 
the mult icomponent protein-complex system relies on the lateral interactions 
of the complexes. Thus , the understanding of the diffusional and the elec
trophoretic mobil i ty of these components i n the plane of the photosynthetic 
membrane is essential for the elucidation of the dynamic process and the 
mechanism of the photosynthetic process. 

T h e lateral mobil i ty of proteins and lipids i n natural and artificial l i p i d 
bilayer membranes was determined by different methods. F o r long-range 
mobility, fluorescence recovery after photobleaching (13-15) and elec
trophoresis of membrane components (16) were employed. W e employed 
the electrophoresis method for determination of the eletrophoretic and 
diffusional mobilities of PSI i n the plane of hypotonically inflated, spherical 
thylakoid vesicles. T o monitor the redistribution of P S I particles, we made 
use of the spatial characteristics of the contribution of PSI particles to 
electrophotoluminescence ( E P L ) (17, 18). T h e contribution of PSI I to E P L 
was el iminated by heat treatment of the chloroplasts (19) . T h e E P L origi
nates f rom the P S I particles at the hemisphere of the vesicles at w h i c h the 
induced electrical field destabilizes the photoinduced charge separation (18). 
T h e electrophoretic and diffusional mobilities were measured i n vesicular 
suspensions to avoid immobi l izat ion for microscopic visualization (20). T h e 
photosynthetic membranes are devoid of cytoskeletal elements that might 
interfere w i t h the lateral mobil i ty. 

Experimental Details 
Reconstitution of Bacteriorhodopsin in Lipid Vesicles and Application of 

Diffusional Membrane Potential. Purple membrane fragments were obtained 
from Halobactenum halobium bacteria that were cultured according to Bêcher and 
Cassim (21) and then kept at —20 °C. The purification of membrane fragments also 
was done according to the method of Becher and Cassim (21). The final absorption 
and circular dichroism (CD) spectra of the purified fragments were in good agree
ment with previous results (22, 23), which indicate a high degree of purity. The 
equivalent protein concentration of the stock suspension of purple membrane frag
ments was 1.8 mg/mL as determined from absorption data with an extinction 
coefficient corrected for scattering of 63,000 c m - 1 M - 1 at 568 nm (24) and a 
molecular weight of 26,000 Da (25). 

The purple membrane fragments that contained dark-adapted bacteriorhodopsin 
were used to form reconstituted vesicles with a mixture of phospholipids that 
contained 80% egg phosphatidyl choline and 20% bovine phosphatidylserine (Lipid 
Products, Nuttfield, England). The lipids in chloroform and methanol solutions were 
mixed to the desired composition, dried in a stream of nitrogen, placed in a 0.1-torr 
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110 BIOMEMBRANE ELECTROCHEMISTRY 

vacuum for 3 h, and then vortexed in the buffer solution at a total concentration of 5 
mg/mL. The lipid suspension was then sonicated in a circular bath sonicator (Labora
tory Supplies Co.) until the suspension became clear. 

The pure phospholipid dispersion was then mixed with purple membrane frag
ments to a final lipid concentration of 0.4 mg/mL and a protein concentration of 
about 0.045 mg/mL (a molar ratio of about 300 lipids per bacteriorhodopsin). The 
final mixture was frozen in liquid nitrogen and thawed. Large unilamellar vesicles 
(~ 0.12-0.3 fim) were obtained after a final short (1 min) sonication. The vesicle 
suspension was unaffected by centrifugation at speeds at which purple membrane 
fragments tend to precipitate. 

The absorbance of bacteriorhodopsin at the experimental concentrations (40-50 
mg/mL) varied between 0.6 and 0.8 in a 1-mm-thick cell at 198 nm, which allowed a 
correct C D measurement down to this wavelength. Transmembrane potentials were 
maintained by K + gradients across the membrane in buffer solutions (7) as follows. 

Typical buffers were 2- or 20-mM phosphate ( K 2 H P 0 4 and N a 2 H P 0 4 ) buffers 
with a 0.3-M K 2 S 0 4 (which will be called Κ buffer) or 0.3-M N a 2 S 0 4 (which will be 
called Na buffer). Some vesicles were prepared with Κ buffer (having inside 0.3-M 
K 2 S 0 4 ) and some with N a buffer (having inside 0.3-M N a 2 S 0 4 ) . From each kind of 
vesicle, half were dialyzed against Κ buffer for 24 h at 4 °C and half against N a buffer 
under the same conditions. Finally, we obtained vesicle suspensions with high K + 

inside and N a + concentration outside, high N a 4 " inside and high K + outside, and 
control suspensions having equal concentrations (either high N a + or high K + ) inside 
and outside. The diffusion potential was obtained by adding valinomycin (10 ~ 7 M ) to 
both the samples. In the controls without ion gradient the C D was measured in the 
presence of 10 ~ 7 - M valinomycin. 

Incorporation of Alamethicin into l i p i d Vesicle Membranes and Generation of 
Donnan Potential Gradient across the Membrane. Alamethicin from Tricho-
derma vinde was purchased from Sigma and used without further purification. 

Small sonicated unilamellar vesicles were prepared from egg phosphatidyl choline 
(Lipid Products, Surrey, England) in a solution containing 2 X 1 0 ~ 5 - M N a C l and 
0.1-M glucose by sonication in a bath sonicator (Laboratory Supply Company, 
Hicksville, NY) until a clear dispersion was obtained. After vesicle preparation, small 
aliqouts of alamethicin in methanol (10 mL) were added to ~ 1.8 m L of vesicle-con
taining solution. The final lipid concentration was 1 mg/mL and the final polypeptide 
concentration was 150 μg/mL. The polypeptide to lipid ratio was about 1:20. The 
Donnan potentials across the membrane were established as follows (8). 

After 5 min, during which the alamethicin equilibrated with the lipid bilayer and 
its C D spectrum did not change, different amounts of 0.1 Ν (normality equals 
molarity in monomelic units) of degree of polymerization ~ 100,000, sodium poly-
aerylate (PA~) solution were added. Free alamethicin in the presence of salt tends to 
interact with P A - to form gels. Lack of gelation with added P A ~ indicates that the 
alamethicin is incorporated into the membranes. The final polyacrylate concentrations 
were between 0 and 0.1 N . The concentrations of N a + and glucose added up to 0.1 M 
to maintain isotonicity. Due to the permeability of alamethicin channels to small ions, 
different polyacrylate concentrations resulted in different Donnan potentials across 
the membrane. 

To reverse the field direction, we prepared big phosphatidyl choline (PC) vesicles 
by injection of P C solution in pentane into a solution containing 0.1-M sodium 
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polyacrylate. After vesicle formation, the polyacrylate from outside the vesicles was 
removed by treatment with excess (about 10 equivalent) anion exchange resin (Bio-Rad, 
Richmond, C A ) for 4 h. The collected residue suspension was then centrifuged twice 
at 2500 g to remove the remaining resin. The final polyacrylate concentration outside 
the vesicles was measured by precipitation with C a C l 2 and by measurement of the 
light scattering at 350 nm of the resuspended precipitate. For calibration we used 
precipitates obtained from polyacrylate solutions at different concentrations. 

C a C l 2 also induced a partial aggregation of the vesicles due to its interaction with 
lipids, which produced a background light scattering. To correct this background, we 
subtracted the scattering from vesicles in glucose solution without polyacrylate and 
with C a 2 + added. After the ion-exchange resin treatment, the vesicles were dialyzed 
for 12 h against solutions containing 2 X 1 0 " 5 N a C l and 1 0 _ 1 - M glucose or 0 .03-M 
N a C l 2 and 0 .04-M glucose. The alamethicin was added 10 min before any measure
ment. After the ion-exchange treatment, only 0.5-mg/mL phospholipid remained in 
the sample as determined by phosphate measurements. The remaining phospholipid 
was taken into account when alamethicin was added so that a 1/20 polypeptide to 
lipid ratio was obtained. 

A n alternative method to obtain a negative inside Donnan potential across the 
vesicular membrane involves preparation of the vesicles as in the first case (i.e., in 
glucose solution) and the addition of polyethylene imide ( P E I + ) instead of sodium 
polyacrylate after incubation with alamethicin. The polyethylene imide concentrations, 
as well as the polypeptide to lipid ratio, were approximately equivalent to the 
polyacrylate. 

The Donnan potential, Δψ, was calculated from the Donnan equilibrium and 
fulfilled the requirement for electroneutrality where the anion and cation distribution 
between the inside and the outside of the vesicle is determined by the potential 

RT a+ut RT ar 
Δψ - l n - ^ = l n - ^ (1) 

zF ain F aout 

where a and ζ are the activity and charge of the permeable ionic species involved, R 
is the gas constant, Γ is temperature in kelvins, and F is the Faraday constant. 

When we add different quantities of 0.1 N / N a v P A v ~ (where ν is the number of 
charges on the polyion) to the vesicular suspension prepared in salt concentration C 
(here C = 2 X 1 0 " 5 M ) and 0 . 1 - M glucose to maintain equal inside-outside osmotic 
pressure, the requirements of equilibration [ N a + ] o u t [ C l ~ ] o u t = [ N a + ] i n [ C l ~ ] i n at elec
troneutrality demand a flux of neutral N a C l into the vesicles. The increase in osmotic 
pressure due to the increase in N a C l concentration in the vesicles is negligible and the 
vesicular volume remains constant. The Donnan potential at equilibrium then be-

RT / [ P A ] + C - A C RT C + (vjvj AC 
Δψ = In- 7 = In ^ (2) 

Ψ zF C + (vjvi) A C zF C - A C 

where / = 0.2, the P A counterion osmotic factor or activity coefficient in the 
absence of salt, is taken to be the effective counterion contribution to the activity 
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(26-28) and [ P A - ] is the polymer concentration in monomelic units. A C is the 
decrease in salt concentration in the outer solution due to equilibrium after addition 
of the polyacrylate and it is calculated by equating the logarithmic terms. vQ/ v{ is the 
outer to inner volume ratio (200) as determined from the measured internal volume 
and the lipid concentration. ΔΨ was similarly calculated for P E I + outside the 
vesicles. 

In the case when P A " was inside the vesicles and the salt concentration was in 
the outer phase, C 0 was obtained by equilibrium dialysis and the Donnan potential is 
given by 

RT / [ P A ] + A C RT C 
Δψ « — I n - = — I n — (3) 

zF C F ΔC 

The equation of the membrane potential to the Donnan potential is an idealiza
tion that assumes that no segment of the polysalts penetrates the membrane. 

Preparation of Thylakoid Vesicles. Broken (class C) chloroplasts from peas 
(Pimm sativum) and tobacco (Nicotiana tobacum) were prepared according to the 
method of Avron (29). The chloroplasts were resuspended in a medium containing 
0.4-M sucrose and 10-mM tris(hydroxymethyl)aminomethane (Tris; p H 7.5), and 
stored at liquid nitrogen temperature in the same medium supplementated with 30% 
v/v of ethylene glycol (30). The chloroplasts (6-mg/mL chlorophyl) were heat 
inactivated for 3 min 51 °C and then diluted by 1:500 with a double-distilled water 
that was adjusted to p H 7.7 with Tris buffer. Large thylakoid vesicles were formed 
due to the swelling process under these hypotonic conditions. The size distribution of 
the thylakoid vesicles was determined as previously described (18). 

Membrane Potential Determination by the Potential-Sensitive Fluorescent 
Dye 3,3'-Diethyl thiodicarboxycyanine. The 3,3'-diethylthiodicarboxycyanine 
( D i s C 2 ) dye (31) was obtained (from Molecular Probes Inc., Eugene OR) in methanol 
solution and was added to vesicle suspensions that contained ~0.2-mg/mL lipid to a 
final concentration of 10 ~ 8 M . The fluorescence of the dye in the presence of lipids 
was about half that observed in the absence of lipids. The canonic dye is sensitive to 
potentials that are negative inside and it interacts with negatively charged surfaces and 
polymers; it was used only in compliance with these conditions. Moreover, because of 
these interactions the quantitative values of the results are in some doubt. It was very 
useful to follow the kinetics of the development of the potential across the membrane 
as the Donnan equilibrium was established. The negative potential inside the vesicles 
indicated by fluorescence quenching was maintained by the positive Donnan potential 
in the outer phase that contained the added P E I + (polyethylene imine). The rate of 
progress toward Donnan equilibrium and establishment of the membrane potential 
(increase in F0/F) increases with increasing concentration of added alamethicin 
(Figure 1). 

C D Measurement. The C D spectra were obtained with a spectropolarimeter 
(JASCO 500) using a 0.2-mm path length cylindrical cuvette. At least 16 scans 
between 190 and 200 nm at a scan speed of 20 nm/mm were performed during each 
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Figure 1. Time dependence of fluores
cence quenching of the potential-sensitive 
dye DisC2 in the presence of 0.1-mg/mL 
CD vesicles in 2 X 10 ~ 5-M NaCl upon 
addition of 0.1-M PEI+ and different 
amounts of alamethicin to the outer phase. 
The excitation wavelength was 620 nm 
and emission wavelength was 670 nm. 

0 2 4 6 8 10 (Reproduced with permission from refer-
t(min) ence 8. Copyright 1990 Elsevier.) 

measurement. No scattering corrections were necessary because all measurements 
were performed on small vesicles, which do not distort the C D spectra of protein 
(32). 

Electrophotoluminescence Measurements. Electrophotoluminescence ( E P L ) 
measurements were performed as described previously (15). Voltage pulses were 
applied by a pair of parallel stainless steel electrodes with an adjustable gap. The 
experimental protocol consisted of preillumination with a 120-ms light pulse filtered 
by a Corning 4-96 glass (approximate wavelength band 390-600 nm). After a dark 
time of 10 ms, the external electric field pulse was applied and the resulting 
luminescence, filtered by a cutoff filter (Schott R G 665), was monitored on a fast 
oscilloscope (Tektonix 2403A) interfaced to a compatible computer ( I B M PC). In all 
cases the amplitude of a particular E P L signal was taken at its maximum. 

Before opening the illumination shutter, we applied a long electric prepulse on 
the same electrodes that are used for the electric stimulation of luminescence. Thus, 
we were able to study the effect of an electric prepulse on the E P L signal. To avoid 
electrode polarization, the electrophoretic driving force consisted of a train of 1-ms-
long electrical pulses at a relatively high frequency (usually 200 pulses/s). To detect 
possible polarization of the electrodes, we continuously monitored the current shape 
and amplitude produced during the prepulse. 

The prepulse amplitudes generally used were 40, 60, and 80 V/cm. To determine 
the electrophoretic mobility, the vesicle suspension (0.8 mL) was inserted into a 1-cm 
path length spectrophotometric cell that contained the parallel electrodes spaced 2 
mm apart and equilibrated at 10 °C, and the reference E P L of nonexposed vesicles to 
the prepulse was measured. After the exposed samples were allowed to equilibrate in 
the dark for 60 s, a train of 1-ms prepulses, 4 ms apart, was applied for time periods 
1-8 s. Following the prepulse the new E P L amplitude was measured. The amplitude 
of the E P L in the direction of the prepulse and opposite to it, as shown in Figure 2, 
was studied as a function of the length of the prepulse and its amplitude. 

The back diffusion from the enriched to the depleted hemisphere was deter
mined by measuring the E P L from the two hemispheres at different times after 
prepolarization by 6-8-s prepulse trains. A l l the experiments were carried out in 
normal low-viscosity and high-viscosity media achieved by 4 % 500-kDa dextran 
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(Sigma, St. Louis, M O ) in the solution. The results were not affected by the higher 
viscosity, which indicates that the mobility is determined by the membrane viscosity 
only and that even for the low-viscosity medium the rotational diffusion of the whole 
vesicles is too slow to affect the results. 

Results 
Electric Field Effect on CD of Baeteriorhodopsin. F igure 3 

shows the effect of val inomycin o n the far U V C D spectra o f the bacteri
orhodopsin i n l i p i d vesicles. In the presence of a potential gradient, irrespec-

A Polarization by low electric field prepulses 

Charge separation upon illumination and 
induced luminescence by high electric 
field pulse (EPL) 

Figure 2. Scheme of the experimental procedure. A, Ehctrophoretic propagation 
of PSI particles along the surface of the vesicle that causes accumulation on one 
pole and depletion on the other one. B, EPL from the depleted or the enriched 
(electrode signs in brackets) hemispheres. (Reproduced with permission from 

reference 20. Copyright 1989 Biophysical Society.) 
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C EPL traces 

115 

No prepolarization Emission from Emission from 
hemisphere enriched hemisphere depleted 
by prepulses by prepulses 

Figure 2. —Continued. C, EPL traces without prepulse {left), from the enriched 
hemisphere (middle), and from the depleted hemisphere (right). 

tive of direction (with high K + inside and high N a + outside or w i t h high N a + 

inside and high K + outside), the C D signal at ~ 2 1 0 n m is smaller i n the 
presence of val inomycin than i n its absence. T h e contribution of val inomycin 
at 1 0 " 7 M on the C D spectra is small and is taken into account by deducting 
the change i n the C D spectra of the controls w i t h equal ionic composit ion on 
both sides of the membrane, upon addition of 1 0 " 7 - M val inomycin. 

Preparation and dialysis of the vesicles i n buffers that contained 20-m M 
K 2 H P 0 4 and N a H 2 P 0 4 instead of 2 m M , w h i c h produced smaller concen
tration ratios of K + across the membrane yie lded results that were similar, 
but the effects were smaller. F igure 4 shows the effect of the electrical 
potential on the C D intensity of bacteriorhodopsin reconstituted vesicles. T h e 
potentials on the abscissa are calculated assuming unity for K + transport 
number ; the sign refers to the polarity of the interior of the vesicles. 

T h e potentials inferred f rom fluorescence potential- induced quenching 
of 3,3'-diethylthiodicarbocyanine iodide are smaller than the potentials com
puted assuming the Nernst potential . 

I n F igure 3 the C D spectra i n the presence and i n the absence of 
val inomycin as w e l l as the difference spectra are presented. The corrected 
difference spectra obtained by subtraction of the difference spectrum i n the 
absence of an i o n gradient (Figure 3b and d , curves ΔΘ) f rom the difference 
spectrum i n the presence of an ion gradient (Figure 3a and c, curves ΔΘ) are 
also presented [Figure 3a and c, curves Δ ( Δ θ ) ] . Taking into account the 
accumulated error, the values of Δ(ΔΘ) are reliable wi th in 1 0 - 1 5 % through 
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X(nm) 

Figure 3. CD spectrum of bacteriorhodopsin reconstituted vesicles in the far UV 
region. The lipid protein weight ratio is ~10:1. a, Inside 0.6-MK+ ions and 
2-mM Na+ ions; outside 0.6-M Na+ ions and 2-mM K+ ions, b, 0.6-M K+ ions 
outside and inside, c, Inside 0.6-M Na+ ions and 2-mM K+ ions; outside 0.6-M 
Κ ions and 2-mM Na+ ions, d, 0.6-M Ν a* ions outside and inside. Solid lines 
denote without valinomycin; dotted lines denote with valinomycin. Curve ΔΘ 
shows differences between valinomycin and valinomycin-free spectra. Curve 
Δ(Δθ) shows differences between the difference spectra in a and b (respectively, 
in c and d) that show the total field effect. The combined error was < 500 (deg 
cm2) /dmol at 210 nm. (Reproduced with permission from reference 7. Copyright 

1988 Biophysical Society.) 
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Δ ί θ ] 2 1 0 

117 

4>ealc(mV) 

Figure 4. The dependence of the ellipticity of bacteriorhodopsin reconstituted in 
vesicles on the electric diffusion potentials. The ordinate is the decrease of the 
CD signal at 210 nm induced by 10~7-M valinomycin. The abscissa is the 
electrical potentials calculated by the Nernst equation. The sign indicates the 

polarity inside the vesicle. 

most of the range. T h e decrease of the negative ell ipticity between 205 and 
235 m m indicates that the appl ied membrane potential, irrespective of its 
direction, decreases the helicity of the protein. F o r this evaluation, we used 
fitting methods that employ the basis spectra for the α helix, random coils, 
and β forms presented either by C h e n et al . (33) or b y C h a n g et al . (34). 
The C D spectra of the bacteriorhodopsin reconstituted i n vesicles without 
any diffusion potential nearly agreed w i t h the publ ished spectra of the 
protein reconstituted i n dimyristoyl phosphatidylcholine ( D M P C ) (17) . T h e 
spectra of bacteriorhodopsin embedded i n l i p i d vesicles differ to some extent 
f rom those i n purple membrane fragments because of the difference i n the 
scattering and the consequent optical flattening (7) . U s i n g a nonlinear least 
squares technique w i t h basis spectra f rom C h e n et al . (33), we got 7 4 % α 
helix and 1 7 % random coi l without any field and only 6 7 % α helix and 2 6 % 
random coi l w h e n the field, regardless of polarity, is applied. U s i n g the basis 
spectra f rom C h a n g et al . (34), we obtained 6 8 % α helix, 2 3 % β sheets and 
β turns, and 9 % random coi l without appl ied electrical field. Analysis of the 
modif ied spectra w i t h applied Nernst potential of 146 m V and irrespective of 
the field direction yie lded 6 1 % α helix, 2 4 % random coi l , and 1 5 % β and β 
structure. 
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Electric Field Effect on CD Spectra of Alamethicin Added to 
PC Vesicles. T h e ell ipticity of alamethicin at 208 n m i n methanol is 
approximately twice that i n aqueous solution (5) . W h e n l i p i d vesicle are 
added to the aqueous solution, a greater than twofold increase i n ell ipticity is 
observed at - 2 2 3 n m from 7 Χ 1 0 3 to about 17 Χ 1 0 3 (deg c m 2 ) / d m o l . 
T h e ratio of the ellipticities at 222 and at 208 n m depends on the local 
alamethicin concentration or o n the alamethicin to l i p i d ratio (35, 36). 
Sodium polyacrylate has a small effect on the C D spectrum i n an aqueous 
solution but no effect at al l i n the presence o f vesicles i f there is no 
membrane potential (8) . 

F igure 5a shows the C D spectra o f alamethicin for different electric 
potentials either positive inside the vesicles (polyacrylate added to vesicles 
w i t h low salt content and w i t h alamethicin embedded i n the membrane) or 
positive outside ( P A ~ i n the vesicles). W h e n the polyacrylate concentration 
outside increases, we may notice the decrease i n the absolute value o f the C D 
signal at 220 n m and the appearance o f a shoulder at shorter wavelengths. 
W h e n the potential is positive outside o f the vesicle, the effect is reversed; 
that is, the C D band at around 220 n m is increased. T h e effect does not 
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Figure 5. a, CD spectra of alamethicin embedded in PC vesicles prepared in 
2 X 10~5-M NaCl (alamethicin concentration 150 μg/mL; lipid concentration 
1 mg/mL; polypeptide to lipid molar ratio 1:20) in the presence of added or 
entrapped PA ~. The solid line indicates no PA ~ (identical spectra were obtained 
with 0.1-M PA~ inside the vesicles and 0.1-M NaCl outside; Donnan potential 
« 2 mV); the dashed line indicates 0.03-M PA~ outside the vesicle; the dotted 
line indicates 0.1-M PA~ outside the vesicles; the dash-dot line indicates 0.1 
PA~ inside the vesicles. PA~ outside exchanged for Cl~ and dialyzed against 
2 X 10~5-M NaCl and 0.02-M glucose, b, CD spectra of polyethylene imide-
affected alamethicin vesicles. The solid line indicates 150-^g/mL alamethicin 
embedded in PC vesicles prepared in 2 X 10~5-M NaCl (lipid concentration 1 
pig/mL); the dashed line indicates the same vesicles with 0.1-M polyethylene 
imide added to the outer phase. (Reproduced with permission from reference 8. 

Copyright 1990 Elsevier.) 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

23
5.

ch
00

6

In Biomembrane Electrochemistry; Blank, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 



6. MILLER ET AL. Membrane Proteins in Electric Fields 119 

depend o n the way the field is created, namely, by P A " i n the vesicles or 
polyethylene imide ( P E I + ) i n the outer phase, as shown i n F igure 5b. 

F igure 5b shows the P E I + effect o n the C D spectra: increasing helicity 
at 222 n m wi th increasing concentration. Cascio and Wallace (35) showed 
that the C D spectra depend on the l i p i d to alamethicin ratio. T h e effect of 
potential o n the C D spectrum remained practically the same w h e n the l i p i d 
to alamethicin molar ratio was changed wi th in an order of magnitude. T h e 
similarity of the results i n F igure 5a and b indicates that the conformation of 
alamethicin is a function of membrane potential and its direct ion only, 
irrespective of the experimental condit ion under w h i c h the potential has been 
generated. 

I n F igure 6, the change i n ellipticity, ΔΘ, is presented under different 
experimental conditions as a function of the calculated transmembrane 
potential. T h e experimental points obtained under the different conditions 
are a continuous curve. Table I shows the secondary structure calculated 
f rom the ell ipticity at different potential differences across the membrane. 
T h e evaluation of the alamethicin conformation was per formed similarly to 
that of bacteriorhodopsin under the influence of electric field, namely, by 
fitting the basis spectra for a helix, random coi l , and β forms presented either 
by C h e n et al . (33) or by C h a n g et al . (34). There is a t rend toward β 
structure as the positive inside potential increases and toward helicity at 
opposite polarity. 

T h e quantitative estimates presented i n Table I are to be taken w i t h 
caution because the e lhpt ic i ty-conformation relation derived for globular 
proteins is probably not ful ly applicable to alamethicin that contains 8 
α-aminoisobutyric acids (aibs) out of 20 amino acids. T h e aib residues, 

τ 1 1 1 1 r 

Δψ (mV) 

Figure 6. The molar ellipticity of alamethicin as a function of Donnan potential 
calculated from eq 2. The experimental points were obtained by PA~ addition 
outside the vesicles (Φ), by preparing the vesicles with 0.1-M PA~ and then 
dialyzing against NaCl (Oj, or by adding PEI+ outside the vesicles (A). See 
text for details about generating the electric field. (Reproduced with permission 

from reference 8. Copyright 1990 Elsevier.) 
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Table I. Alamethicin Conformation at Different Membrane Potentials 

θ Unordered 
ΔΨ (deg cm2)/dmol a helix β structure β turn (%) 

89 12,900 48 40 3 9 
72 14,400 63 16 5 16 
55 15,700 68 13 4 15 

0 16,800 74 8 5 12 
- 8 9 18,100 79 10 6 5 

- 1 7 3 18,400 81 8 5 6 

NOTE: The polarity corresponds to the inner phase of the vesicles. 

particularly near the C terminal (35, 3 7 ) tend to form a less dichroic 3 1 0 

helix rather than a α-helix, and thus the helicity derived f rom the measured 
ell ipticity may be underestimated. Moreover , depending o n direction, the 
transmembrane electric field may help to insert the polypeptide into the l i p i d 
bilayer w i t h concomitant aggregation and pore formation (38) or to extract it. 
Thus, it may modulate the environmental effect o n polypeptide conforma
t ion. E n h a n c e d insertion of alamethicin into the membrane is equivalent to 
an effective increase i n the polypeptide to l i p i d ratio that brings about an 
increase i n el l ipticity around 223 n m . 

Mobility of PSI in the Plane of the Vesicular Thylakoid 
Membrane. F igure 7 shows the relative change i n E P L and their depen
dence on prepulse amplitude, duration, and polarity. T h e relative change i n 
E P L is defined as the difference between the E P L i n the presence of the 
prepulse ( E P L ) and i n its absence ( E P L 0 ) , d iv ided by E P L 0 . F o r parallel 
polarization, (i.e., the same polarities of the prepulse and the luminescence 
stimulating pulse) we observe a decrease i n the E P L , whereas the E P L 
increases wi th the prepulse w h e n polarization is i n the antiparallel direction. 
These effects increase w i t h the prepulse duration unt i l saturation is ap
proached. The saturation t ime decreases as the field strength increases and 
varies f rom integrated polarization t ime of ~0 .5 s at 60 V / c m to ~0 .8 s at 
40 V / c m . Tak ing into account that P S I has to move a distance of the order of 
1 0 " 3 c m dur ing this t ime (average particle diameter of 10 ~ 3 cm), we obtain 
values of the order of 3 X 1 0 " 5 c m 2 / ( V s) for the electrophoretic mobil i ty. 

T h e E P L signal increases w i t h the amplitude o f the prepulse u p to 60 
V / c m . A t ~ 8 0 V / c m a maximal effect is observed, after w h i c h increasing the 
prepulse amplitude causes decrease i n the relative change of the E P L . This 
observation may suggest that at high fields the electrophoretic currents 
induce convective surface turbulance that abolishes the concentration gradi
ents or that long exposure to these fields induces some electroporation. This 
phenomenon seems to start at approximately 80 V / c m . F igure 8 shows that a 
fivefold increase i n the aqueous viscosity does not affect the electrophoretic 
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1 , , , , , , r 

I I I I I I I I I 

0 1 2 3 4 5 6 7 8 
t(sec) 

Figure 7. Accumulation of PSI on one pole (the relative change in EPL, 
[EPL — EPL0]/EPL0, obtains positive values when the EPL-stimulating pulse 
is in the opposite direction to prepulse) and its depletion on the other pole 
([EPL - EPL0]/EPL0 obtains negative values when the EPL-stimulating pulse 
is in the parallel direction to the prepulse) as a function of pulse train duration 
time t. EPL0 is the electric field-stimulated luminescence without prepulse 
train; EPL is the electric field-stimulated luminescence in the presence of the 
prepulse train. Prepulse amplitudes are 40 (Φ), 60 (O), and 80 ( Π) V/cm. 
Prepulse train characteristics: pulse length, 1 ms; pulse spacing, 4 ras (200 Hz). 
(Reproduced with permission from reference 20. Copyright 1989 Biophysical 

Society.) 

τ 1 1 1 1 ι Γ 

t ( s e c ) 

Figure 8. Accumulation of PSI on one pole (EPL inducing pulse and prepulse 
antiparallel) and its depletion on the other pole (EPL inducing pulse and 
prepulse parallel) as a function of prepulse train duration time. Prepulse field 
amplitude is 80 V/cm in the presence of 4% dextran (O) and in its absence 
(Φ). (Reproduced with permission from reference 20. Copyright 1989 

Biophysical Society.) 
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mobil i ty of the photosystem. T h e t ime dependence of E P L enhancement on 
one pole and its lowering on the other pole is the same i n the presence and i n 
the absence of dextran. Thus , one may conclude that the electrophoretic 
mobil i ty is only a function of the hydrodynamic resistance of the membrane. 

F igure 9 illustrates the relaxation o f E P L after turning off the electrical 
field at 40 and 80 V / c m . T h e field free diffusional relaxation at 80 V / c m is 
also shown i n the presence o f dextran. T h e t ime dependence o f the E P L after 
termination of the prepulse indicates that the diffusional recovery is indepen
dent of the polarizing field intensity or of the viscosity of the solution. 

Quantitative Interpretation of the Electrophoretic Mobility 
and of the Back Diffusion Results. A uni form electric field Ε i n a 
conducting fluid is distorted near the cel l , and the tangential field at the cel l 
surface, E 0 , that produces the electrophoretic dr iv ing force is 

E e = / E s i n 0 (4) 

where / is a numerical factor that represents the field distortion (1.5 for a 
nonconducting sphere) and θ is the polar angle. This electrophoretic dr iving 
force propels the negatively charged P S I complex along the membrane 
surface unt i l opposing forces (e.g., diffusional, electrostatic, or elastic) stop 
the process. T h e native P S I complex corresponds to the 10-12-nm-diameter 

0.91 1 1 » » » r 

t (min) 

Figure 9. Diffusional relaxation of prepolarization. The time course of 
repopulation of the depleted poles by PSI. The depletion accomplished by 
prepulses of the amplitudes 40 (Ο), 60(φ), and 80 (θ) V/cm in the absence of 
dextran and 80 (m) V/cm in the presence of 4% dextran. (Reproduced with 

permission from reference 20. Copynght 1989 Biophysical Society.) 
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particles observed on freeze-fracture micrographs of thylakoid membranes 
(39) ; it consists o f a PSI complex of ~ 8 -nm diameter surrounded by 
associated light-harvesting pigment proteins. F o r the case where only back 
diffusion counteracts the electrophoretic mobil i ty, the flux of these charged 
membrane components across a unit length of a circle at angle θ is (40) 

(dN\ D dT« 
—~ = m Γ η fE sin θ 

I dt / β 9 J r 
(5) 

where Γ θ is the surface concentration of the components at angle Θ, and m 
and Ό are the electrophoretic mobil i ty and the diffusion coefficient of the 
moving components, respectively. A t equi l ibr ium, dN/dt = 0 and 

D 
mfEQ sin θ dd = —d In Γ θ (6) 

Af ter integration, a simple expression for the ratio of the equi l ibr ium concen
trations at the two poles is obtained: 

However , E P L is not measured f rom the poles only, but f rom a large fraction 
of the two hemispheres. T h e ratio of the total number of PSI complexes i n 
the enriched to that i n the depleted hemisphere Γ 0 is 

J Ή / 2 L 0 l 

Γ 0 / 0 ^ 2 Γ θ Γ 2 8 ί η θ ί ί θ 

Because f rom e q 5, Γ θ = Γ 1 / 2 exp - ( α cos θ ) , where α = rmfE/D, the 
ratio is 

Γ_ e x p ( a ) — 1 

Γ 0 1 - exp - ( a ) 

Taking D = 5 X 1 0 " 9 c m 2 / s results i n the electrophoretic mobil i ty equal to 
4 X 1 0 " 7 c m 2 / ( V s) assuming that the measured E P L is f rom the poles only 
and is equal to ~ 8 X 1 0 " 7 c m 2 / ( V s) i f the E P L is f rom the entire 
hemispheres. T h e real value should be between these two extreme values. In 
either case, the value is nearly 2 orders o f magnitude smaller than estimated 
from the t ime required to y ie ld saturation: ~ 3 X 1 0 " 5 c m 2 / ( V s). E q u a t i o n 
6 may be grossly incorrect i f strong repulsive electrostatic forces become 
involved at saturating prepulse. 
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124 BIOMEMBRANE ELECTROCHEMISTRY 

T h e init ial concentration distribution obtained f rom reference 11 for the 
different values of α can be obtained f rom e q 7 for different values of E. 
T h e equation for the diffusional relaxation is given by 

θ Γ ( θ , ί ) D 

dt r 2 sin θ θθ 

Solving e q 9 according to Poo (16, 37) yields 

sin θ 
θ Γ ( θ , ί ) 

(9) 

°L 2 a e x p a ( l - cos Θ) 
Γ ( Μ ) = Σ ^ : - Κ ϊ Ρ | ( ο ο β β ) β χ ρ 

_ 0 exp 2a — 1 

Dl(l + l)t 
(10) 

where P ; (cos Θ) is Legendre polynomial of order / and Kts are constant 
coefficients. Solution of e q 9 w i t h approximations similar to those adapted by 
Poo renders an exponential dependence of ( Γ θ _ 0 — Γ Ε _ 0 ) on t ime that is 
depicted for different values of D i n F igure 10. T h e 1-min lag per iod 
obtained experimentally is not reproduced by calculations carried out for 
different values of D and a . T h e curve that represents the experimental 
points is shifted by 1.2 m i n along the t ime coordinate as shown i n F igure 10. 

T h e lag per iod before back diffusion starts is just l ike the whole diffusion 
t ime course; it is practically identical for al l the prepulse amplitudes. T h e lag 
per iod is also independent of the viscosity of the aqueous solution. It is 
possible that the photosystems aggregate w h e n compressed under the i n f l u 
ence of the electrical field, i n w h i c h case the lag t ime c o u l d be identif ied w i t h 
disaggregation t ime. Because contact between particles is a necessary condi 
t ion for aggregation, elastic as w e l l as electrostatic forces are probably 
invoked to stop electrophoretic motion. 

Discussion 
The experimental data presented i n this chapter suggest that electric fields 
affect the conformation, the location, and the dynamic behavior of membrane 
proteins; thus the proteins may modulate their reactivity and their perfor
mance i n carrying out specific functions. L o c a l potential transients generated 
by electrochemical and photoelectrochemical processes may induce move
ment o f membrane components to facilitate formation or cancellation of 
active centers. A charge generated i n the membrane at a distance o f 200 n m 
from a protein complex of an electrophoretic mobi l i ty of 10 ~ 6 c m 2 / ( V s) w i l l 
instantaneously accelerate the complex to a velocity o n the order of ~ 5 X 
10 ~ 3 cm/s . I f the generated interaction is attractive, the coll ision between 
the complex and the charged site w i l l occur w i t h i n 2 ms. It may be proposed 
that the transient generation of charges serves as a means of communicat ion 
between membrane components wi th in the plane of the membrane. 
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τ 1 1 » 1 » 1 1 r 

t (min) 

Figure 10. Diffusional relaxation calculated by eq 10 taking EPLt proportional 
to Γθ β 0 1 (at the depleted poles of the vesicles) for the following values of D 
and a: D = 3 Χ 10~9, a = 0.375, dashed line; D = 5 Χ 1 0 ~ 9 , a = 0.8, 
dotted &ne; Ό = 5X 10~9, a = 0.375, solid line; D = β X 1 0 ~ 9 , a = 0.375, 
dash-dot line. The rectangles encompass the experimental points from Figure 9 
after multiplying the ordinate by 1.25 to account for the incomplete recovery by 
setting EPLt = œ = EPL0 (without prepulse). (Reproduced with permission from 

reference 20. Copyright 1989 Biophysical Society.) 

There is m u c h more awareness of the possible effect of the electric fields 
normal to the plane of the membrane on the structure and o n the funct ion of 
membrane proteins. However , no such relation was experimentally docu
mented. There is an appreciable amount of information o n the potential 
dependence of channel conductance, w h i c h is assumed to be caused by shifts 
of charged groups w i t h i n the channel (41). These shifts correspond to small 
changes i n conformation that c o u l d not be detected b y methods sensitive to 
the secondary structure of the proteins. In the present and i n some previous 
reports (7, 8), we have shown that membrane potentials of comparable 
magnitude to the physiological membrane potentials are sufficient to m o d u 
late the secondary structure of membrane proteins. T h e effect may be direct 
or indirect . The indirect effect shifts part of the molecular fraction immersed 
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in the hydrophobic membrane layer to a more polar environment. Transient 
electric fields of comparable intensity to fields that occur in natural mem
branes were shown to affect the conformation of polypeptides in homoge
neous solutions (9, JO). The fields in biological membranes are long lasting 
and equifibrium distribution of the protein fractions between the different 
phases with the corresponding equilibrium conformations are obtained. In 
the case of channel-forming polypeptides, the degree of polypeptide insertion 
into the lipid membrane with the corresponding channel formation also 
depends on the membrane potential and its sign (42, 43). The conformation 
of the polypeptide is expected to depend on the degree of insertion. In the 
present experiments with alamethicin adsorption from the aqueous solution 
into the outer side of the vesicle, the degree of helicity increases when the 
potential is negative inside and it decreases quite strongly when the potential 
is negative outside. It follows from this observation that the negative inside 
field across the membrane facilitates insertion of alamethicin whereas the 
field in the opposite direction prevents insertion and leaves a larger part of 
the alamethicin at the membrane-water interface. A larger degree of inser
tion corresponds to a higher effective polypeptide to lipid ratio, which yields 
a higher ellipticity around 223 nm and an increased degree of helicity. 
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7 
Coupling between Bilayer Curvature 
Elasticity and Membrane Protein 
Activity 

Sol M. Gruner 

Department of Physics, Princeton University, Princeton, NJ 08544 

A summary is given of investigations that show that lipid-water 
mixtures near lamellar-nonlamellar phase boundaries are under an 
elastic curvature stress that may couple to conformational changes of 
imbedded membrane proteins. Lamellar-nonlamellar phase transi
-tions are shown to be the result of geometrically frustrated competing 
free energies associated with a spontaneous tendency for lipid layers to 
bend and with the hydrocarbon packing configurations in the core of 
the lipid layers. Experimental procedures for measuring the magnitude 
of the curvature energy and for altering the competition between 
curvature and packing are described. Mechanisms whereby frustrated 
bilayer curvature elasticity may couple to membrane protein confor
mations are outlined, and experiments that indicate a correlation 
between elastic curvature stress and protein function are summarized. 

T H E STRUCTURE, M E C H A N I S M O F OPERATION, A N D LIPID INTERACTIONS o f 

integral membrane proteins have not been thoroughly described. E v e n 
though membrane proteins represent a large fraction of al l proteins, it is 
surprising that, w i t h only a very few exceptions, little detailed information is 
available. This lack of information is not due to a lack of interest i n 
membrane proteins; rather, it is a direct consequence of the experimental 
difficulties of manipulating large amphiphi l ic molecules, w h i c h generally 
require, at all times, the presence of both polar and nonpolar environments. 
Consider , for example, a comparison of what is known about the structure of 
aqueous versus integral membrane proteins. T h e detailed structures of many 

0065-2393/94/0235-0129$08.18/0 
© 1994 American Chemical Society 
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130 BIOMEMBRANE ELECTROCHEMISTRY 

water-soluble proteins are k n o w n because these proteins are relatively easy to 
crystallize and can, therefore, be subjected to X-ray crystallographic analysis. 
B y contrast, membrane proteins are very difficult to crystallize. O n l y recently 
have membrane protein-detergent cocrystals suitable for X-ray analysis be
come available for a few proteins. As a result, membrane protein structures 
are only now appearing. T h e acquisition of detailed information about the 
structure and physical properties of the l i p i d bilayer matrix, w h i c h comprises 
roughly half the mass of a typical biomembrane, is l imi ted due to the lack of 
either fully l i q u i d or ful ly crystalline order and the difficulty of chemical 
manipulation o f amphiphiles. 

In the absence of essential information about membrane components, it 
is generally assumed that functional themes appropriate to aqueous proteins 
can be extended to membrane proteins. This extension is not necessarily val id 
because the l i p i d bilayer introduces an environmental anisotropy external to 
the proteins that has no simple analog i n aqueous proteins. Another conse
quence of the lack o f information is the simplistic view that the l i p i d bilayer 
consists s imply o f two sheets o f head groups that sandwich a fluid, oily matrix. 
This v iew ignores the importance o f the l i q u i d crystalline nature of the bilayer 
that endows the bilayer w i t h elastic properties that do not occur i n a true 
l i q u i d . T h e possible coupl ing of these elastic stresses to protein function has 
been largely ignored, again because of the lack of an analogous situation w i t h 
the better known aqueous proteins. 

T h e purpose of this chapter is to summarize some recent developments 
i n the physics of l i p i d bilayers that demonstrate the existence of curvature-
elastic stresses i n bilayers and to review mechanisms whereby the resultant 
forces may couple to membrane protein conformations (see also references 
1 - 3 for reviews). A consequence of these forces is that membrane proteins 
may have mechanistic themes that are qualitatively different f rom themes 
operative i n aqueous proteins. Moreover , because these forces are directed 
generally parallel to the membrane surface, the actual conformational m o 
tions to w h i c h the forces couple may ultimately be s impler to understand 
than the complex conformations of aqueous proteins. 

A t first it might seem contradictory that the addit ion of another macro-
molecular component, namely, the l i p i d bilayer, could simplify understanding 
of the protein mechanism. Indeed, many membrane proteins have substantial 
mass that protrudes into the aqueous space and that is l ikely to be as complex 
i n operation as soluble proteins. However , many integral membrane proteins 
share a c o m m o n structural theme, namely, a core of almost parallel, bilayer-
spanning helices or sheets. T h e structural order of these helices is a direct 
consequence of the amphiphi l ic environment introduced b y the l i p i d bilayer. 
T h e discussion that follows w i l l focus on mechanistic forces as they apply to 
this c o m m o n core, and not to large aqueous protrusions. B y contrast, aque-
ously soluble proteins are structurally more diverse and, i n the absence of a 
c o m m o n structural theme, cannot be approached i n the same manner. 
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Another distinction between aqueous and membrane proteins is that the 
l i p i d bilayer introduces an anisotropy into the protein environment that 
results i n a specific distribution of l ine tensions directed parallel to the 
membrane-water interface (4). These tensions may act against or w i t h 
certain conformational motions of the protein core and, thereby, result i n an 
exchange of free energy w i t h the bilayer matrix dur ing the protein conforma
tional cycle ( J , 5) . T h e l i p i d bilayer matrix is, then, effectively an extension of 
the elastic cage provided by the bulk of the protein. T h e fine tensions vary 
w i t h depth through the bilayer i n a manner that is controlled pr imari ly by the 
l i p i d composit ion. B y reconstituting the membrane protein i n bilayers of 
varied composition, it should be possible to continuously alter the elastic 
response of the protein. This approach provides an important and, to date, 
little explored, experimental handle for the evaluation and testing of models 
of protein mechanisms. Aqueous proteins cannot be readily modulated i n this 
way because, i n contrast to bilayer l i p i d compositional variation, the essential 
properties of water are difficult to change perturbatively. 

A detailed understanding of the modes of interaction of an integral 
membrane protein w i t h the embedding l i p i d bilayer requires knowledge of 
the physical forces present wi th in the bilayer matrix. A distinction must be 
made here between l i p i d effects that are chemically specific and localized to 
b inding sites on the protein and distributed forces that are mediated b y the 
extended physical properties of the l i p i d matrix. M a n y membrane proteins 
have chemically specific l i p i d requirements; indeed, this is the main concern 
of the bulk of the biochemical literature on l i p i d - p r o t e i n interactions. L i p i d 
interactions associated wi th a b inding site w i l l not be discussed here. Instead, 
a fundamentally physical approach w i l l be taken whereby the l i p i d matrix w i l l 
be described phenomenologically as an elastic cont inuum that is capable of 
distributed energy storage. It w i l l be shown that l i p i d bilayers that are near 
lamel lar -nonlamel lar mesomorphic transitions o n the phase diagrams are i n a 
state of geometrically frustrated elastic stress and the mesomorphic transi
tions may be used to probe this stress. T h e magnitude of the stress may be 
sufficiently large to significantly alter the energetics of conformational changes 
of proteins i m b e d d e d i n the bilayers. 

Biomembrane Lipid Diversity 
T h e biological importance of concepts derived f rom studies of l i p i d mesomor-
phism follows not f rom the relatively rare biological occurrence of nonlamel-
lar phases, but f rom the prevalence of mesomorphically prone molecules i n 
biomembrane bilayers. Scientists have long been puzzled by the large n u m 
ber of structurally similar but chemically distinct l ip ids—usual ly h u n d r e d s — i n 
biomembranes. A typical b iomembrane l i p i d consists of one of roughly a 
dozen polar head groups attached to two hydrocarbon chains. E a c h hydrocar-
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b o n chain is anywhere f rom a few to 24 or so carbons long. In addition to 
length, the hydrocarbon chains may vary i n the degree of short side branches, 
i n the extent and type of carbon-carbon double bonds, and i n the chemical 
linkages whereby the chains are attached to the polar head groups. A l t o 
gether, different combinations o f head groups, chains, and linkages encom
pass thousands of chemically distinct l i p i d species, many of w h i c h exhibit 
dramatically different mesomorphic behavior. 

Al though the l i p i d compositions of biomembranes are generally complex, 
they are hardly random. Membranes f rom a given organelle i n a given type o f 
ce l l have a characteristic l i p i d composit ion under a given set of environmental 
conditions (6) . F o r example, al l else being equal, the l i p i d compositions of 
the visual pigment disks o f the retinal rod outer segment cells i n the eyes of 
two people w o u l d be relatively similar. L ikewise , the l i p i d compositions of the 
mitochondrial bilayers i n those same cells w i l l be similar for the two indiv idu
als. However , these characteristic membrane l i p i d compositions are organelle 
specific. F o r example, the l i p i d compositions o f the disk and mitochondrial 
membranes are very different, even wi th in the same cel l . 

T h e constraints of similarity are not absolute i n that the l i p i d species 
present vary somewhat wi th factors such as diet, environmental conditions, 
and age. Experiments w i t h bacteria (for w h i c h the range of available l i p i d 
precursors can be extensively altered) have shown that whole groups of l ipids 
can be removed w h i c h results i n characteristic readjustments o f the ratios of 
the remaining lipids (7) . A comparison of the range of biomembrane l i p i d 
variation w i t h the very l imi ted range of environmentally induced variability of 
protein or nucleic ac id pr imary sequences encountered wi th in a given i n d i 
vidual is useful. In the cases o f protein or nucleic acid, fundamental informa
tion is encoded i n the primary sequences, w h i c h are preserved against 
environmental changes. B y contrast, b iomembrane l i p i d compositions con
form to organelle-specific rules that are dominated by the adjustment of 
collective properties of the l i p i d mixture, as w e l l as the specific l i p i d require
ments of different membranes. It is the collective properties that are of 
interest here. The cellular mechanisms that control biomembrane l i p i d 
composit ion appear to operate to optimize poorly understood parameters of 
the l i p i d mixture wi t h in a substantial range of substitutional plasticity. T h e 
overlap of al lowed ranges of physical parameters and of specific l i p i d require
ments sets the limits of compositional variation that can be tolerated by a 
given membrane. 

W h a t physical parameters are adjusted by the organism? Experiments 
wi th bacteria suggest that the amount of charged l i p i d species, bilayer 
thickness, and degree of " f l u i d i t y " (i.e., the state of gel versus l i q u i d crys-
tallinity) of the l i p i d chains are control led. However , this set is not l ikely to be 
exhaustive because there are many compositions wi th in the resource range of 
the bacteria that are not observed but that w o u l d y ie ld fluid membranes of a 
suitable charge and thickness. 
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W i t h i n the last decade, scientists have recognized that roughly 2 5 - 5 0 % 
of the lipids i n a typical biomembrane do not form stable bilayer phases w h e n 
they are puri f ied and hydrated under normal cellular conditions (8). The 
prevalence of "nonlamel lar -prone" lipids i n biomembranes has stimulated 
research o n the phase behavior of l ipids and has l e d to suggestions that 
nonlamellar-prone lipids participate i n essential cellular functions (2, 8). This 
theory has been supported by experiments that suggest that at least some 
cells have metabolic mechanisms that act to regulate the nonlamellar-prone 
lipids i n the bilayers (7, 9, 10). 

Several explanations have been proposed for the prevalence of nonlamel
lar-prone l i p i d species i n biomembranes. O n e possibility is that overt non-
lamellar phases have functional importance. Al though nonlamellar l i p i d phases 
have been observed i n cells, their occurrence is sufficiently rare that it is 
unlikely that this is an explanation for the general prevalence of nonlamellar-
prone l i p i d . Another suggestion is that nonlamellar-prone l i p i d promotes the 
transient, local destabilization of bilayers dur ing cellular events, such as 
endocytosis and membrane fusion, where the topology of the bilayer neces
sarily changes. Al though there is evidence that nonlamellar phases enhance 
fusion i n pure l i p i d systems ( I I ) , biological fusion, w h i c h occurs under 
carefully controlled conditions, involves several proteins and proceeds v ia a 
poorly understood mechanism. It w i l l be difficult to evaluate the role of 
nonlamellar-prone l i p i d unt i l more is known about the biological process. 

Another possibility is that nonlamellar-prone lipids modify the physical 
properties of bilayers i n such a manner as to modulate the activities of 
important membrane proteins ( I , 5, 12). Investigation of lamel lar -nonlamel -
lar phase transitions l e d to the conclusion that the addit ion of nonlamellar-
prone l i p i d to stable bilayers creates a frustrated curvature stress wi th in the 
bilayer leaflets. If sufficient nonlamellar-prone l i p i d is added, the curvature 
stress overwhelms competing positive free energy contributions present i n 
the nonlamellar phases and the phase transition occurs. However , just short 
of the phase transition, the magnitude of the stress may be sufficiently large 
to have significant effects upon certain protein conformations. I f this is, 
indeed, the case, then regulation of this stress w o u l d be important to optimal 
functioning o f the organism and w o u l d provide a rationale for both the 
prevalence and regulation of the nonlamellar-prone l i p i d components. T h e 
experiments that l e d us to this conclusion are summarized i n the next section. 

Lipid Curvature Elasticity 
T h e theory of mesomorphic phase transitions, developed at Princeton, has 
been extensively described i n the literature ( I , 3) and w i l l only be briefly 
summarized here. (Charvol in and colleagues independently developed similar 
ideas at about the same t ime. See reference 13 for a summary.) T h e basic 
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134 BIOMEMBRANE ELECTROCHEMISTRY 

idea is that l i p i d monolayers, w h i c h are the fundamental construction units 
for al l l i q u i d crystalline l i p i d mesomorphs (F igure 1), have a spontaneous 
tendency to b e n d to a wel l -def ined curvature, C 0 * . T h e use o f interfacial 
curvature to classify l i p i d mesomorphs is an o l d idea (14), and the notion of 
an elastic curvature energy is inherent i n several treatments of l i p i d meso-
morphism (e.g., see reference 15). W h a t was missing was an explanation for 
the sudden change i n interfacial curvature that results w h e n a system 
undergoes a lamel lar -nonlamel lar phase transition, such as the La-Hn 

transition (F igure 1). O n e possibility, o f course, was to assume that i n each 
phase the interfacial curvature is close to the spontaneous curvature (i.e., the 
monolayers are always elastically relaxed w i t h respect to bend) and that the 
spontaneous curvature is a sensitive function of a transition variable, such as 
temperature. Transitions occur because of discontinuous changes i n the 
spontaneous curvature. T h e difficulty w i t h this approach is that consideration 
of the molecular interactions responsible for the spontaneous curvature does 
not reveal any obvious reason w h y C 0 should discontinuously change f rom a 
flat value to a highly curved value at the La-Hu transition temperature. 

Some background phenomenology of the La-Hu phase transition w o u l d 
be useful here. T h e most c o m m o n biomembrane l ipids that undergo the 
La-Hu phase transition are unsaturated phosphatidylethanolamines ( P E s ) 
and monoglycosyldiacylglycerols ( M G D G s ) . E a c h of these lipids has a struc
turally similar analog that is quite stable i n bilayer form over a wide range o f 
conditions. F o r example, M G D G s , w h i c h are probably the most c o m m o n 
lipids found i n plant cells, are usually found mixed w i t h enough diglycosyldia-
cylglycerols ( D G D G s ) to form bilayers under growth conditions of the plant. 
A similar situation occurs i n animal cells, where P E s and the structurally 
similar phosphatidylcholines (PCs) form the majority l i p i d constituents of 
most cel l membranes. F o r this reason, we chose to study the phase behavior 
of P E s and P C s . 

Because these lipids are electrically neutral, the dominant interactions 
between bilayers are algebraically decaying, attractive van der Waals forces 
and an exponentially decaying hydration repulsion. These interactions lead to 

ttmtm swum* tmttitt iiituiii 
ω L a 

mm Ίΐηαιίι 
(b) L β (c) L,. 

Figure 1. Cross section through a number 
of lipid-water phases. Frozen (gel) chain 
phases (h, c), lamellar phases (a, b, c), 
and hexagonal phases (d, e) are shown. 
The L A (a) and H N (d) phases are most 

relevant for this chapter. (d) H , (e) H j 
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7. GRUNER Bilayer Curvature Elasticity and Membrane Protein Activity 135 

a wel l -def ined potential energy m i n i m u m at small ( < 20-Â) separations (16). 
T h e separations are renormalized to slightly larger lengths by undulat ion 
forces (17, 18), but this shift is small because l i p i d bilayers have a large 
rigidity compared to surfactant bilayers. A n important consequence o f the 
energy m i n i m u m w i t h respect to bilayer separation is that multiple-bilayer 
assemblies of P E s and P C s w i l l swell to a l imi ted degree upon the addition o f 
water; thereafter, additional water pools as a coexisting bulk water phase. 

Whenever La-Hn transitions are observed thermotropically, the La 

phase is always the lower temperature phase. T h e fact that the Hn phase, 
w h i c h has two-dimensional symmetry, occurs at higher temperatures than the 
one-dimensional La phase indicates that the lattice entropy is not the 
dominant entropy contribution wi th in the system. Instead, the dominant 
entropy sources are the large number of configurations available to the l i p i d 
hydrocarbon chains and (probably to a lesser extent) to the water. T h e shape 
of the mean molecular volume available to the l i p i d hydrocarbon chains 
changes dramatically at the transition, w h i c h suggests that the hydrocarbon 
entropy increases at the transition. This hypothesis is supported b y recent 
deuterium N M R studies of the chain order parameter profile that indicate 
that the Hn chains are more disordered than the La chains (19, 20). 

Changes i n lattice dimensions provide important keys for understanding 
the La-Hu transition. As an La phase is heated, the mean molecular area at 
the l i p i d - w a t e r interface increases. This increase is due to the thermal 
thinning of the l i p i d hydrocarbon chain layer. L u z z a t i and co-workers demon
strated long ago (see reference 21) that long-chain l i q u i d crystalline lyotropes 
have a negative coefficient of thermal expansion along a direct ion normal to 
the head-group surface. Excitat ion of a gauche rotamer about a carbon-carbon 
b o n d i n the chains requires only about 0.02 eV, w h i c h is a bit less than 
thermal energy (kT) at room temperature. Increasing temperature excites 
gauche rotamers, w h i c h allows the chains to access a larger number of 
configurations (22) and results i n a decrease i n the mean length of the chains, 
very m u c h as observed wi th normal polymers. T h e geometric constraints of 
the lamellar phase are that the molecular area times the layer thickness yields 
the molecular volume. Because thermal th inning occurs as a near-constant 
volume process, a progressive increase i n the interfacial area w i t h tempera
ture results. This increase presumably is associated w i t h an increased expo
sure of hydrophobic area to water and a concomitant free energy cost. 

As the La-Hn transition proceeds, the mean interfacial molecular area 
drops and the mean area at the chain e n d of the molecule increases (2, 23). 
Effectively, the molecular volume has been subjected to a torque due to an 
expansive chain pressure relative to a net cohesive interaction near the head 
groups (4). This torque is conveniently described as a spontaneous curvature, 
C 0 (4, 17), to a specific radius of curvature, R0 = 1 / C 0 , at w h i c h point the 
net torque is almost zero. A l l Hu phases swell only to a l imi ted degree. I n a 
transition i n coexistence w i t h excess water, there is generally a change i n the 
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136 BIOMEMBRANE ELECTROCHEMISTRY 

water concentration i n the l i p i d phase. T h e change was formerly thought to 
be such that the Hn phase was less hydrated than the La phase, but 
counterexamples are now known. A more consistent picture is that the degree 
of hydration is dominated by relaxation of the curvature of the monolayers 
toward the spontaneous curvature; that is, most o f the water is s imply drawn 
i n to fill an aqueous cavity of a specific radius. This notion is especially 
reasonable i f we consider that the cavity may be 25 Â or more i n radius. A 
head-group hydration interaction that could reach that far into a water 
volume and stil l be strong is difficult to envision. T h e energetics of removing 
this water w i l l be discussed i n succeeding text. 

T h e hexagonal lattice basis length decreases rapidly w i t h temperature 
(Figure 2). This decrease may be understood predominantly as a simple 
consequence of the geometry and the cont inued thermal thinning of the l i p i d 
monolayers w i t h increasing temperatures (24). T h e La lattice is a one-di 
mensional phase, whereas the Hu lattice is two-dimensional . A consequence 
of the additional degree o f dimensional freedom is that the interfacial 
molecular area and the hydrocarbon layer thickness may vary independently 
for a given molecular volume. Insofar as the interfacial area and molecular 
volume change only slightly w i t h temperature, this means that the geometry 
acts as an amplifier that translates small changes i n the hydrocarbon thickness 

- i — ι — Γ 

80 

7 5 

•σ 70 

50 100 

Temperature ("0 

Figure 2. Temperature dependence of the basis vector length, d (see Figure 5), 
of the fully hydrated H u phase of DOPE is shown by the open squares. The 
line is the fit to the data under the assumption of a linear dependence of the 
monolayer thickness with temperature. (Reproduced from reference 24. 

Copyright 1989 American Chemical Society.) 
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7. GRUNER Bilayer Curvature Elasticity and Membrane Protein Activity 137 

into large changes i n the lattice dimension. This is il lustrated by the s impl i 
fied numerical example shown i n F igure 3: Assume a molecular volume of 
V = 1250 Â 3 and a l i p i d thickness of L = 20.0 Â. L e t L increase by 1 % to 
20.2 Â, perhaps by lowering the temperature. This change of Δ L = 20.0 Â is 
difficult to measure by the l imi ted resolution X-ray diffraction obtainable 
f rom l i p i d l i q u i d crystals. N o w consider the same change i n a cyl indrical 

(a) 

V=!250A 3 

AL = 02 A { 
82 L = 20.0A=> A = 62.5 A' 

20.2 Â => A = 61.9 A z 

(b) 

ÙL = 0.2 A 
20.0 A 
20.2 Â 

R = 40.0 A 
R = 42.5 Â 

Figure 3. The cylindrical geometry of the H n phase acts as a geometric 
amplifier for small changes in the thickness of the lipid monolayers. In the 
lamellar phase (a), a very small change of thickness, z l L = 0.2 Â, of the 
monolayers results in very small changes in the measurable dimensions, such as 
the mean molecular area A . By contrast, in a cylinder (b), the same change in 
monolayer thickness leads to a change in the radius of the water core, xlR, of 
2.5 Â and a change in the lattice repeat of d = 5 Â . These large changes are 

very easily measured by X-ray diffraction. 
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138 BIOMEMBRANE ELECTROCHEMISTRY 

geometry, as shown i n F igure 3b. H e r e , the interfacial area, A , and volume 
are uncoupled, so we may change L without changing either V or A. G i v e n 
A , V and L of the molecular volume t i l ing the cylindrical wal l , it is trivial to 
show that the change i n inner radius is of magnitude Δ β = |40.0 Â — 42.5 
Â| = 2.5 Â. T h e lattice basis change is about 5 Â, w h i c h is 20 times the 
change i n L and is easily measured by X-ray diffraction. F igure 2 shows the 
fit o f a slightly more sophisticated version of this approach to the actual 
change i n lattice basis for an excess water phase of an unsaturated phos-
phatidylethanolamine ( P E ) (24) under the assumption that the l i p i d layer 
thickness decreases linearly w i t h a measured coefficient of 0.0139 Â / °C. This 
example illustrates that most o f the water s imply fills the cyl indrical core 
volume and varies i n response to a very small, nearly linear thermal th inning 
of the l i p i d wal l . 

T h e preceding example also illustrates that most of the water is probably 
not involved i n chemical hydration of the l i p i d head groups; indeed, most of 
the water molecules are many water diameters removed f rom contact wi th a 
head group. Therefore, osmotic withdrawal of m u c h of the water can be 
per formed without chemically dehydrating the head groups. I n this case, the 
energetic cost of water removal is pr imari ly i n bending the cylinder to a 
smaller radius; that is, a monolayer bending energy. I f an Hu phase is put 
into osmotic equi l ibr ium w i t h a hydrophil ic polymer solution, the lattice basis 
length falls as the osmotic pressure of the polymer solution increases. H e r e , 
chemical work is performed to extract water f rom the Hn cores. B y measur
ing the change i n core water volume per l i p i d molecule versus the osmotic 
pressure, the magnitude of the chemical work needed to achieve a given 
radius can be determined. Assume, for the moment, that the monolayer 
bending energy, Δ Ε , is given by (25) 

AE = ( K 0 / 2 ) ( l / R - 1 / B 0 ) 2 (1) 

H e r e , K0 is a rigidity of the monolayer, R is the radius of the cylinder, and 
R0 is the spontaneous monolayer radius of curvature. I f e q 1 describes the 
osmotic work of water extraction, then (23) 

PR2 = (2K0/A)(1/R0 - 1/R) (2) 

where Ρ is the osmotic pressure required to achieve radius R and molecular 
area A . N o w , i f e q 1 is consistent w i t h the bending energy, a graph of PR2 

versus the measured values of 1/R should be a straight l ine. This experiment 
was per formed for Hn phases of dioleoylphosphatidylethanolamine ( D O P E ) 
and D O P E - d i o l e o y l p h o s p h a t i d y l c h o l i n e ( D O P C ) mixtures (the prefix D O 
stands for dioleoyl chains, w h i c h are 18 carbon chains w i t h a cis double b o n d 
i n the middle) ; the results are shown i n F igure 4 (23, 26). R was chosen near 
the middle of the chains where the molecular area changes little wi th changes 
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1/Rpp (x 10 * 6 cm"1 ) 

Figure 4. A test of the fit of eq 2 (lines) to data from osmotically dehydrated Η π 

phases. The open squares are for DOPE and the filled squares are for a mixture 
of roughly DOPE.DOPC = 3:1 in the presence of 12 wt% tetradecane. The fit 
yields R 0 = 30.9 Â and K c = 1.7 X 10~12 erg for DOPE and R 0 = 37.5 A 
and KC = 1.2X10~12 erg for the DOPE-DOPC-tetradecane mixture. 

(Reproduced from reference 23. Copyright 1990 American Chemical Society.) 

i n the water content. W i t h reference to e q 2, the intercept y ie lded R0 and 
the slope yie lded 2K0/A, w h i c h is just the bending modulus, Kc, o f a bilayer 
w i t h a freely sl iding glide plane between the monolayers. 

Several important conclusions may be drawn f rom this experiment. First , 
as seen i n F igure 4, the data are consistent w i t h an energy dependence such 
as given by eq 1. H i g h e r osmotic pressures that correspond to removal of al l 
but 8 0 % or more of the water are not shown on F igure 4 because the points 
deviate significantly f rom the straight l ine fit. This deviation may represent 
the point at w h i c h true chemical dehydration of the head groups or steric 
factors comes into play. W i t h reference to e q 2, the slope of the l ine yields 
2K0/A, w h i c h is just the rigidity of a bilayer. T h e derived values of bilayer 
rigidities were i n the range of 1 - 2 X 1 0 ~ 1 2 erg, w h i c h compares favorably to 
values derived by other means on P C bilayers (27) , especially given that 
ambiguity i n the exact placement of R leads to rather large error bars o n the 
rigidity. Equat ion 2 indicates that the osmotic pressure goes to zero at 1/R0, 
so the consistency of fit o f F igure 4 suggests that the ful ly hydrated Hn 

phase is nearly elastically relaxed. 

Equat ion 2 may now be extrapolated to fully flat (1/R = 0) to estimate 
the bending energy locked into the monolayers of a lamellar bilayer. O f 
course, this is just a crude estimate because there is no expectation that e q 2 
is val id over such a large range of extrapolation. T h e result is an energy of 
about kT per l i p i d at room temperature. This value suggests that a protein 
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interacting w i t h many l i p i d molecules at its periphery may have a potential 
energy store of several times kT to draw upon. 

O n e important part of this experiment w h i c h I have not yet ment ioned is 
that the D O P E - D O P C mixture contains a small amount of tetradecane, 
without w h i c h the system normally does not form Hn phases at room 
temperature. K i r k et al . (28) modeled the La~Hu transition as a set o f 
geometrically frustrated free energies. Specifically, for electrically neutral 
systems, a phase-invariant spontaneous curvature was assumed to compete 
pr imari ly w i t h free energies associated wi th the opt imal packing of the l i p i d 
chains. T h e hydrocarbon chain environment in a lamellar phase is invariant 
w i t h respect to translation parallel to the l i p i d - w a t e r interface and is assumed 
to represent a low free-energy state. I n the Hn phase, however, there is a 
six-fold periodic variation of environment (Figure 5) as one rotates axially 
about the l i p i d tubes. In particular, the strongest anisotropy, and a corre
spondingly large free-energy cost is assumed to associate w i t h the existence of 
the stipled, triangular-like region between three adjacent l i p i d tubes (F igure 
5). T h e ratio of volumes of this interstitial region to the total l i p i d hydrocar
b o n volume may be taken as a rough measure of the free-energy cost o f 
packing the chains i n the anisotropic environment. 

T h e frustration that drives the La-Hu phase transition now becomes 
clear: In the La phase, just be low the La-Hn transition temperature, the 
monolayers have a high free energy because they are strongly bent away f rom 
the desired value o f curvature representative of the Hu phase, but the free 
energy of the chains of the l i p i d hydrocarbon is low. I f the l i p i d were i n an 
Hn phase of radius R = R 0 , the curvature energy w o u l d be low, but the 
hydrocarbon chain energy, due to the chain anisotropy, w o u l d be high. As 
temperature increases, R0 decreases, w h i c h increases the curvature cost of 
remaining flat as w e l l as decreases the relative volume of the interstitial 
triangle; that is, the energetic cost of packing chains i n the Hu geometry. A t 
some sufficiently high temperature, the sum of the curvature and packing 
free energies i n the lamellar geometry w i l l exceed that i n the Hn geometry 
and the phase transition w i l l occur. 

Several predictions fol low f rom this transition energetics scenario. I f the 
hydrocarbon packing energy could somehow be el iminated, the Hn phase 
w o u l d be expected to extend to low temperatures without appreciable discon
tinuities in the Hn tube radius. O n e way to remove most of the hydrocarbon 
packing energy w o u l d be to add an o i l , such as dodecane or tetradecane. T h e 
o i l , w h i c h is hydrophobic, w o u l d not be anchored to the l i p i d - w a t e r inter
face, and w o u l d be free to preferentially partit ion among the l i p i d chains so 
as to reduce chain stress; that is, i n the interstitial triangle region. K i r k and 
G r u n e r (29) demonstrated that the addit ion of just 5 - w t % dodecane reduced 
the La-Hu transition temperature of a 3:1 D O P E - D O P C mixture by about 
55 °C. Moreover , comparison of the lattice sizes of the system w i t h and 
without dodecane above the normal transition temperature, T b h , shows that 
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Figure 5. A cross section through a H N 

phase that illustrates that the interstitial 
areas (stipled) break the axial symmetry 
of the H J J tubes. The water cores 
(hatched) are in the center. A few lipids 
are shown in the leftmost cylinder for 
orientation. Lipid hydrocarbon chains fill 
the interstitial as well as the annular 
regions. Deviations from the mean hydro
carbon chain-segment density or in the 
mean extended length of the chains corre
spond to an entropically expensive set of 

chain configurations. 

dodecane has only very small effects on the size. Because the monolayer 
thickness changes by less than 1 Â i n these experiments, the lattice size, to a 
good approximation, is proportional to the water core radius plus a constant. 
Also , a graph of the lattice size i n the presence of dodecane versus tempera
ture has no apparent discontinuities at T b h , w h i c h indicates that T b h has no 
special significance for the smoothness of the underlying spontaneous curva
ture of the system. 

T h e ability of alkanes and other hydrophobic chains to reduce the 
La-Hn transition temperature has now been tested i n many ways, w h i c h 
include the predict ion that the addition of a few percent of extra-long chain 
lipids to a mixture that is otherwise chain homogeneous, w o u l d lower the 
transition temperature (30 ; see also references 5 and 23). 

This picture of the transition also identifies a quantitative feature that 
distinguishes nonlamellar-prone lipids f rom chemically similar lamellar-prone 
l ipids, namely, the relative magnitudes of the spontaneous curvatures. So, for 
example, whereas D O P E forms an Hu phase wi th tightly cur led tubes at 
relatively low temperatures, D O P C forms lamellar phases, except at very high 
temperatures. T h e reason is that the Hn tubes that result at lower tempera
tures involve intolerably large chain packing energies. However , the underly
ing spontaneous curvatures becomes apparent w h e n alkane is added, i n w h i c h 
case D O P C w i l l form an Hu phase at lower temperatures. T h e transition 
temperature i n the absence of alkane correlates w i t h both the size of the ΗΌ 

tubes obtained w i t h alkane and the amount of alkane required to include the 
Η ii phase (the required amount of alkane is given roughly by the volume of 
the interstitial region). E v e n saturated chain P C s w i l l form Hn phases w i t h 
sufficient alkane (31, 32). These Hu phases may have radii o f hundreds of 
angstroms ( M . W . Tate and S. M . Gruner , unpubl ished results). F o r different 
lipids that have about the same chain length and that are w e l l mixed w i t h i n a 
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monolayer, the resultant spontaneous curvature, w h i c h arises f rom colligative 
interactions of the layer, is expected to vary systematically w i t h the stoichiom-
etry. F o r example, i f D O P C and D O P E are mixed, the transition temperature 
and the size of the resultant Hn tubes at a given temperature both increase 
systematically w i t h D O P C fraction. I n fact, the curvature o f the l i p i d - w a t e r 
interface varies l inearly w i t h the stochiometry ( M . W . Tate and S. M . 
Gruner , unpubl ished results). 

In summary, the energetics of bending the monolayers of an H n phase 
are w e l l described as work done against a spontaneous curvature. T h e value 
of this curvature is a well-behaved, colligative property that is very sensitive 
to the stochiometry o f the components. T h e energy per l i p i d of a system near 
the La-Hu transition at room temperature (i.e., w i t h a water core i n the 
vicinity o f 20-Â radius) that is naively extrapolated to a flat geometry is 
comparable to the thermal (kT) energy. This comparison suggests that the 
frustrated curvature energy i n bilayer leaflets just below the transition is quite 
significant. A description o f the La-Hu transition as pr imari ly a competi t ion 
between frustrated curvature and chain packing has been used successfully to 
qualitatively predict the effects o f alkanes and long-chain l ipids. T h e same 
description also has provided, incidentally, a coherent basis for understanding 
l i p i d cubic phases ( I , 33). F inal ly , recent X-ray and neutron scattering results 
have directly demonstrated that the alkane i n the Hn phase preferentially 
partitions into the interstitial region and that the magnitude of the difference 
of the interstitial chain density f rom the average density rises dramatically as 
the transition temperature is approached f rom above (34-36). These results 
confirm the essential features of the curvature versus packing model . 

Before proteins are considered, it is important to explicitly state some 
limitations of the use o f the spontaneous curvature. T h e spontaneous curva
ture is a result o f the distribution of lateral tensions, s(z)7 as a function of 
depth, z, through the monolayer. F o r a monolayer to remain flat, as i n the 
case of a bilayer leaflet, one must have (17) 

KCC0= -fzs(z)dz (3) 

where Kc is a monolayer bending modulus . Thus, the product KCC0 is given 
by the first integral moment of the lateral tension profi le . Physically, the 
lateral tension profile (i.e., the stress-depth distribution) is expected to couple 
to protein conformations. W e have chosen to speak i n terms o f the expressed 
curvature of the Hu phase because this is a quantity that can be readily 
measured and because the foregoing experiments indicate that the bilayer 
leaflets just below the phase transition have a substantial tendency to cur l to 
this ultimate curvature. However , it is clear f rom e q 3 that specification of a 
given value of C 0 does not uniquely specify s(z); there are, i n fact, an infinite 
number of profiles for any given value of C 0 . Obviously, w e ideally wish to 
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know s(z). Unfortunately, an experimental method whereby s(z) may be 
uniquely determined has yet to be developed (e.g., see reference 4). 

T h e change i n curvature that occurs dur ing the La~Hn transition is large 
and typically results i n radii o f curvature comparable to the thickness of the 
monolayer. It is unl ikely that the stress profile remains constant over this 
large change of curvatures. In addition, interactions that depend on the global 
geometry of the water cavity, such as van der Waals and electrostatic forces, 
have not yet been adequately taken into account. These interactions may very 
w e l l contribute to the work required to change the size of the Hu tubes. 
H e n c e , w e cannot confidently extrapolate to a quantitative value of the 
frustrated energy locked into the monolayer leaflets of a general bilayer just 
below the La-Hu phase transition temperature. T h e use of spontaneous 
curvature, especially i n concert w i t h measurements of the rigidity, is justified, 
but only as a qualitative indicator of trends. This prob lem should not, 
however, deter examination of the implications of various assumed values of 
the frustrated energy, especially given that experiments suggest significant 
effects on protein activities. 

Effects on Proteins 
F o r many decades, biochemists have sought to understand the interactions 
between intrinsic membrane proteins and the imbedding l i p i d bilayer. T h e 
most commonly considered interaction, for w h i c h there is strong evidence, is 
the site-specific b inding of particular l ipids . Another k i n d of interaction, 
w h i c h is stil l under debate, is a relatively nonspecific coupl ing between the 
protein and the "boundary l i p i d " ; that is, the l i p i d molecules that are i n 
immediate proximity to the protein. A t h i r d possibility relevant to the case 
considered here is interaction w i t h the elastic stress field of the l i p i d matrix. 
This interaction differs f rom the other two types of interactions i n that the 
stress field originates w i t h the large-scale collective interactions of many 
l ipids. Al though the field is certainly communicated to the protein by nearest 
neighbor l ipids, the field involves many lipids that are many nearest neighbor 
distances removed f rom the protein. A n appropriate analogy w o u l d be to 
consider the forces exerted on an object i m b e d d e d i n a copper sheet as the 
sheet is cooled. T h e compressive forces are communicated to the i m b e d d e d 
object by the immediately adjacent copper, but m u c h of the force originates 
w i t h contractions i n the sheet as a whole . 

It is straightforward to imagine protein conformational changes that 
couple to the stress of a frustrated monolayer elastic curvature. T h e experi
ments described i n the preceding sections demonstrate that there is an 
energetically significant elastic stress locked into the leaflets of a lamellar 
bilayer near to a lamel lar -nonlamel lar phase transition. Experimentally, 
"bilayers near to a lamel lar -nonlamel lar transit ion" means that relatively 
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small shifts i n temperature or composit ion i n the l i p i d phase diagram w o u l d 
lead to a crossover to an inverted nonlamellar phase i n w h i c h the curvature 
stress is relaxed. 

N o w , the ultimate source o f the monolayer curvature stress is a mismatch 
between the l i p i d polar and nonpolar cross-sectional molecular areas. This 
mismatch leads to a tendency for the head groups to p u l l together and reduce 
their cross-sectional area and for the nonpolar regions to spread apart w i t h 
larger cross-sectional areas. A n y process that leads to a net reduction of the 
polar area of the monolayer relative to the nonpolar area relaxes the stress. 
Imagine a membrane protein that has, say, two conformational states that 
differ i n their relative cross-sectional area i n the polar and nonpolar parts of 
the monolayer. T h e conformation that involves an increase of the protein area 
i n the polar region relative to the nonpolar region is acted u p o n b y the 
curvature stress i n that the net relative area left for the l i p i d head groups has 
decreased whereas the relative area of the nonpolar region has increased. I n 
other words, the l i p i d matrix has done work on the protein. B y contrast, the 
return to the other conformational state involves a net increase of the 
available l i p i d polar area relative to the nonpolar area, w h i c h means that the 
protein must do work o n the l i p i d matrix. 

There are many conformational geometries that may per form the re
quired changes. F o r the sake of i l lustration, a suitable geometry is an axial 
rotation of an α-helical bundle that comprises, say, a channel or membrane 
pore. T o visualize this concept, grab a bundle of pencils (which represent 
bilayer-spanning α-helices) i n your left hand such that half the length of the 
pencils protrudes f rom the top of your hand and only an i n c h or so protrudes 
f rom the bottom of your hand. N o w , wrap your right hand around the shorter 
protrusion and twist the bundle . T h e upper e n d of the bundle w i l l splay 
apart. T h e net bundle area at the very top (i.e., i n the upper monolayer polar 
region) has an increased area relative to the middle of the bundle i n the 
nonpolar region. I f the upper monolayer is curvature stressed so that it tends 
toward an Hn phase, then splaying the bundle amounts to moving w i t h the 
force field appl ied to the protein. T h e reverse twist acts against the force 
field. 

C o n v i n c i n g experimental tests of such a conformational mechanism have 
yet to be performed. Ideally, we w o u l d l ike to show that a suitable probe 
molecule, w i t h two k n o w n conformational states w i t h differing polar versus 
nonpolar areas, has an activation energy between the states that depends on 
the magnitude of the frustrated curvature stress. Al though we are unaware of 
a suitable probe molecule, the required characteristics o f the molecule are 
clear. A demonstration of a shift i n activation energies of such a molecule 
w o u l d be a convincing plausibil ity argument for a similar mechanism i n 
proteins. 

O f course, a direct demonstration of the effects of l i p i d monolayer 
curvature on membrane proteins is desirable. Biochemists have long been 
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aware that the activity of many reconstituted integral membrane proteins 
varies w i t h the composit ion of the l i p i d bilayer. In particular, many re
searchers have noted that behavior is different i n protein reconstituted i n P C 
relative to native l i p i d extracts {see, for example, reference 37), w h i c h tend to 
be r ich i n nonlamellar-prone l ipids. T h e difficulty here, is performance of a 
clean experiment that isolates l i p i d curvature effects f rom other l ip id-depen-
dent effects, such as specific l i p i d b inding , charge dependence, and require
ments on the bilayer thickness. Typical ly, the focus of reconstitution studies is 
on a specific protein, i n w h i c h case the concern of the investigators is to 
obtain a l i p i d mixture that promotes activity and not to study the systematics 
of l i p i d variation. I n cases where l i p i d systematics have been studied, a 
specific l i p i d b inding site is usually assumed and the relative efficacy of 
different head groups or l i p i d chains is investigated. O n l y a few studies have 
systematically examined the possibility o f physical effects related to the 
mesomorphic behavior of the l ipids. 

Because of the difficulties involved i n per forming membrane protein 
reconstitutions, few studies that have investigated the physical effects o f l i p i d 
composit ion have been subjected to critical, repeated evaluation b y other 
groups. L i t t le impetus exists to repeat difficult measurements simply to see i f 
they are right or wrong, w h i c h is unfortunate because assays of the function 
of reconstituted membrane proteins are subject to many systematic errors of 
interpretation. F o r example, assays of channels or pumps typically involve 
measurement of leakage out of vesicles. This leakage may w e l l correlate w i t h 
the l i p i d composit ion. Another pitfal l is that the membrane composit ion must 
be measured carefully, because, for mixed l i p i d systems, the actual l i p i d 
stoichiometry of the reconstituted vesicles frequently differs f rom the stoi-
chiometry of the starting material: Vesicles of different sizes may also have 
different l i p i d stoichiometries; residual detergent may affect membrane 
leakage, protein function, and the degree of curvature stress; the fraction of 
proteins that survive the reconstitution procedure may be a function of the 
lipids used. T h e lack of crit ical réévaluation of reconstitution experiments 
must be borne i n m i n d dur ing consideration of the literature o n the subject. 

W h a t studies have been performed? O n e of the more interesting of the 
few studies that exist was the examination of the activity of the C a 2 + 

adenosinetriphosphatase (ATPase) of sarcoplasmic ret iculum membranes that 
were reconstituted into bilayer vesicles of different, defined l i p i d composi
tions (38). This survey found that the activity, w h i c h may be defined as the 
number of C a 2 + p u m p e d across the bilayer per adenosine 5'-triphosphate 
( A T P ) hydrolyzed, correlated strongly w i t h the Hu tendencies of the i m b e d 
ding l i p i d bilayer. F o r example, activities were high i n compositions rich i n 
either D O P E or M G D G , both of w h i c h readily form low-temperature Hu 

phases. B y contrast, activities were low i n D O P C or D G D G , as w e l l as i n 
other l ipids that do not readily form Hu phases. Decreasing the amount of 
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H i r t e n d i n g l i p i d species i n vesicles of mixed l i p i d composit ion decreased the 
activity i n al l cases. 

T h e striking result of the foregoing study (38) was that the activity o f the 
protein correlated w i t h the phase tendency of the l i p i d and not w i t h the 
chemical similarity of the l i p i d molecules. This result suggests that the effect 
was not due to specific b inding interactions. F o r example, D O P E and D O P C 
are both dipolar phospholipids that differ only i n that three head-group 
hydrogens i n D O P E are replaced by methyl groups, yet these molecules had 
very different effects o n the protein activity. These molecules are both very 
different f rom the chemically similar l ipids M G D G and D G D G , both of 
w h i c h have head groups that consist of hexose sugars. However , only M G D G , 
the H n - p r o n e l i p i d of this pair, promoted high activities. Note , however, that 
this study (38) is subject to the crit icism that the effects of residual detergent 
and composition-dependent ionic leakage were not ful ly evaluated, so the 
results do not provide unambiguous support for or against the l i p i d curvature 
model . Similar, but not identical , studies on the l i p i d dependence of the 
C a 2 + A T P a s e (39, 40) have also suggested that the protein funct ion varies 
w i t h the mesomorphic tendencies of the l i p i d (see references 12 and 41 for 
overviews). 

Other proteins that have activities that correlate w i t h the mesomorphic 
tendencies of the l i p i d bilayer include the vertebrate photoreceptor protein 
rhodopsin (42) and a dolichylphosphomannose synthase (43). T h e paucity of 
other examples reflects the lack o f systematic studies. M e m b r a n e protein 
reconstitutions are generally difficult to perform, especially i f the l i p i d 
composit ion is to be varied, and, therefore, are unlikely to be undertaken 
without good reason. Studies o f correlations w i t h l i p i d mesomorphic tenden
cies, stimulated by research such as that reported here, are now under 
consideration by several b iochemical groups. Certainly, m u c h more work is 
needed i n this area. 

T h e importance of l i p i d mesomorphic tendencies o n cel l membrane 
function has also been suggested by studies i n w h i c h the l i p i d composit ion of 
cells has been varied. Such experiments are problematic because cells main
tain regulatory apparatus that makes it difficult to alter the biomembrane 
l i p i d composit ion i n a control led manner. Furthermore , for eukaryotes, it is 
hard to obtain the pure membrane fractions of a single organelle membrane 
such as are required for meaningful determinations of the l i p i d compositions 
of particular membranes. In the case of bacteria, it is diff icult to obtain pure 
plasma membrane fractions without ce l l wal l contamination. However , my
coplasmas w i t h only a single plasma membrane allow unambiguous determi
nation of the overall plasma membrane composit ion. 

The detailed studies per formed by L i n d b l o m , Wieslander, and co-workers 
on the l i p i d adjustments of the mycoplasma Acholeplasma laidlawii A are 
especially interesting (see references 44 and 7 for reviews of these and 
related experiments). Acholeplasma laidlawii A incorporates exogenous fatty 
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acids into its membrane lipids i f it is grown i n otherwise l ipid-depleted media . 
This incorporation provides a mechanism for alteration of the membrane l i p i d 
composit ion. T h e organism still maintains the plasticity to choose the ratios of 
fatty acids incorporated from among the exogenously available acids and to 
attach the head groups o f its choice . F o r example , L i n d b l o m 
et al . (10) demonstrated that w h e n two major membrane l i p i d head groups 
were grown on different ratios of exogenous oleic and palmitic acids, the 
ratios of the head groups and the ratios of the palmitic to oleic chains actually 
incorporated both varied by almost a factor of 10. E v e n so, the transition 
temperature f rom the lamel lar -nonlamel lar phases of the l i p i d extracts was 
approximately constant. In view of the discussion i n earlier sections, this 
result strongly suggests that the cells compensate for fatty acid changes by 
head-group changes w i t h the result that the membrane l i p i d spontaneous 
curvature is stabilized. T h e response of the Β strain of the organism is quite 
different and does not conform to this picture (see reference 7). 

Conclusion 
Study of the phase behavior of l i p i d systems has l e d to the conclusion that the 
l i p i d bilayers of many biomembrane systems may be under significant curva
ture stress and that this stress may couple to conformational change i n 
membrane proteins i n a novel, energetically significant way. This conclusion 
has l e d to the suggestion of a number of concrete, although difficult, 
experiments to test i f curvature stress modulat ion is active w i t h respect to a 
well -def ined class of conformational changes of membrane probes and m e m 
brane proteins. Clearly, more questions have been raised than have been 
answered, but at least the questions that have been raised are highly directed 
at specific physical mechanisms whereby l i p i d bilayers interact wi th m e m 
brane proteins. I f experiment successfully proves that membrane elastic 
curvature modulates protein function, then we w i l l not only have gained 
insight into the way proteins operate, but w i l l also have a better understand
ing of the rationale beh ind the l i p i d compositional diversity of biological 
membranes. 
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Characterization of Potentiometric 
Membrane Dyes 

Leslie M. Loew 

Department of Physiology, University of Connecticut Health Center, 
Farmington, CT 06030 

Dye indicators of membrane potential have been available for the past 
20 years and have been employed in numerous studies of cell physiol
ogy. "Fast" dyes are able to follow changes in the millisecond 
range—fast enough to monitor individual electrical events in excitable 
cells and tissue. Fast dyes include compounds with styryl, oxonol, and 
merocyanine chromophores that are engineered to stain the plasma 
membrane. Generally fast dyes have small sensitivities to voltage 
changes but are very useful for detecting voltage transients or map
ping voltage differences along the surface of a cell. "Slow" dyes can 
measure voltage changes that may accompany hormonal responses in 
nonexcitable cells or the level of activity in energy-transducing or
ganelles. Slow dyes have delocalized charges, as in the cyanine or 
rhodamine chromophores, and usually operate via a potential-depen
dent redistribution between the extracellular medium and the cytosol. 
Techniques based on these indicators can be used to monitor both 
spatial and temporal variations in membrane potential with resolu
tions not possible with the more traditional electrode-based method
ologies. 

P O T E N T I O M E T R I C M E M B R A N E DYES are employed to study cel l physiology. 
T h e pioneering work of C o h e n and his co-workers ( 1 - 3 ) l e d to the availabil
ity of a large number of organic dyes whose spectral properties are sensitive 
to changes i n membrane potential. T h e applications of these dyes to a variety 
of problems i n cel l biology and neuroscience were reviewed i n a series of 
chapters i n a recent book (4). T h e aim of this chapter is to review the 
characteristics of these dyes as determined i n model and ce l l membranes. 

0065-2393/94/0235-0151$08.54/0 
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T h e size of the voltage-dependent signal, although certainly important, is by 
no means the only factor to be considered i n choosing a dye. T h e intent here 
is to identify the important parameters of dye chemistry that enable it to be a 
useful and practical indicator of potential. Some br ie f generalities about the 
structures and physical properties of the various dye chromophores that form 
the backbones of potentiometric dyes are also introduced. This information 
should provide a basis for better init ial selection of suitable dyes for a given 
experimental application and help take some of the mystery out of the 
chemistry of potentiometric dyes. 

Particular emphasis w i l l be placed on electrochromic and Nernst ian 
redistribution dyes developed i n our laboratory. Several of the methods used 
to test and analyze dye response to changes i n membrane potential w i l l be 
detailed. 

Dye Design 

Initially, the pr imary method for finding good potentiometric dyes was trial 
and error. Large numbers of dyes were screened on the squid giant axon by 
C o h e n and his colleagues (1-3). T h e resultant database revealed several 
broad rules that could be used to design new generations of probes. F o r 
example, the large class of azo dyes are not particularly suitable because of 
their photoinstability and their propensity for toxic and photodynamic damage 
to biological preparations. T h e azo dyes require some hydrophobic ap
pendages to promote interaction w i t h the membrane, but alkyl groups longer 
than about eight carbons impart too m u c h insolubil ity for some applications. 
T h e database also indicated that several different molecular mechanisms are 
employed by different dyes to produce potential-dependent spectral changes. 
T h e varied chemistry underlying the activity of these dyes is intrinsically 
fascinating. 

A simple yet extremely useful classification of potentiometric dyes that 
emerged from these studies (5 ) is based on the speed of their response to 
voltage changes. " F a s t " dyes are able to fol low changes i n the mil l isecond 
range—fast enough to monitor individual electrical events i n excitable cells 
and tissue. " S l o w " dyes can measure voltage changes that may accompany 
hormonal responses i n nonexcitable cells or the level of activity i n energy-
transducing organelles. Interestingly, i n addition to identifying the range of 
applications accessible to potentiometric indicators, this classification also 
divides the existing potentiometric indicators into realms o f mechanism and 
sensitivity. 

Fast Dyes. Generally, the mechanisms underlying the fast dye re
sponses involve potential-dependent intramolecular rearrangements or small 
movements of the dye f rom one chemical environment to another. These 
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reactions have the requisite speed but usually do not produce very large 
changes i n the spectra of the dye. T h e largest reported fluorescence response 
to an action potential was greater than 2 0 % relative to the resting fluores
cence level (6). Typically, however, good fast dyes respond w i t h fluorescence 
changes of only 2 - 1 0 % per 100 m V and transmittance changes of 0 . 0 2 - 0 . 1 % 
per 100 m V . A sampling of some of the best fast dyes is inc luded i n Chart I, 
w h i c h w i l l be referenced i n the fol lowing discussion. 

A great deal of effort has been invested to develop fast dyes that employ 
an electrochromic ( 7 - 9 ) mechanism. Briefly, electrochromism is possible i f 
there is a large shift i n electronic charge w h e n a chromophore is excited f rom 
the ground to the first excited state; i f the direction of charge movement fies 
parallel to an electric field, the energy of the transition w i l l be sensitive to the 
field amplitude. Thus, i f the chromophore is oriented so that the charge 
redistribution is perpendicular to the membrane surface, an electrochromic 
dye should be an indicator of membrane potential . These ideas are summa
rized i n F igure 1. The reason this mechanism is attractive is that it lends itself 
to a theoretical molecular orbital treatment (9 ) that aids i n the design of 
appropriate targets for organic synthesis. T h e aminostyrylpyridinium chro
mophore best fits the cri terion of a large charge shift u p o n excitation and can 
easily be modif ied w i t h sidechains that assure an appropriate orientation i n 
the membrane. Variations on this chromophore have been the targets of 
synthetic efforts i n our lab (10-12) and i n Grinvald's lab (6, 13). Chart I 
includes two examples: d i 4 - A N E P P S (JO) and R H 4 2 1 (6) , w h i c h have been 
particularly successful i n a variety of applications. Note that the potentiomet
ric responses of these dyes i n different biological preparations may be 
complex superpositions of several mechanisms w i t h only a minor contribution 
f rom electrochromism (14). Nevertheless, the styryl dyes have emerged as 
the most popular fast fluorescent potentiometric indicators. A m o n g their 
special attributes are relatively good photostability, a h igh fluorescence quan
t u m y i e l d for the membrane-bound dyes, and almost no fluorescence f rom 
aqueous dye. 

Absorbance measurements are often desirable, especially for complex 
preparations w i t h nonexcitable satellite cells, because the large background 
fluorescence f rom the membranes of these uninvolved cells attenuates the 
relative fluorescence response w i t h a corresponding degradation of the signal-
to-noise ratio; a transmitted light signal is used i n absorbance and is not 
significantly affected by background staining. T h e oxonol class of dyes now 
has emerged as the most sensitive for detecting fast potential-dependent 
absorbance changes, although some merocyanine dyes, the earliest class o f 
successful fast indicators, are also still i n use. T h e oxonol chromophore is 
defined by its delocalized negative charge. T h e mechanism for the potential-
dependent response has been determined for several of these probes; it 
involves a movement between a b inding site on the membrane surface and an 
aqueous region adjacent to the membrane (15, 16). T h e merocyanine chro-
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ν 
DI-4-ANEPPS 

JPW-211 

JPW-1120-2 

WW-401 

JPW-1034 

RGA509 

Chart I. A representative sampling of good fast dyes. The name of the general 
chromophore is given in the box above each structure. The common names of 

the dyes are listed under each structure. 
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I Styryl I 

RH-421 

Chart I.—Continued. 
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Figure 1. An electrochromic dye undergoes an internal charge migration upon 
excitation (tap). In the presence of the electric field produced by a potential 
drop across the membrane, the energy required for the excitation is altered 

(bottom) resulting in a spectral shift. 

mophore is characterized by neutral and zwitterionic resonance structures. 
Merocyanines are often highly solvatochromic and can theoretically respond 
to membrane potential via electrochromism. However , the only thorough 
experimental investigations o f merocyanine mechanisms per formed to date 
have been w i t h just one dye, M - 5 4 0 (Chart I). These studies indicated that 
dye reorientation possibly coupled w i t h aggregation at the membrane surface 
underlies the potentiometric response of this early member of the merocya
nine family of potentiometric dyes (2 , 17, 18). 

Probes can be designed w i t h variable overall charge and hydrophobici ty 
as appropriate for different applications. T h e rationale for these ideas w i l l be 
illustrated for the styryl dyes, o f w h i c h Joe W u s k e l l i n this laboratory has 
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made many variants. Structures of some of these probes are shown i n Char t 
II . D i - 4 - A N E P P S is a good general purpose fast probe that has several 
beneficial attributes (based on both publ ished (JO, 1 9 - 2 6 ) and unpubl ished 
results i n this laboratory as w e l l as those o f L . B . C o h e n , B . M . Salzberg, G . 
Salama, J . Pine, J . D i x , P . Schrager, W . W e b b , D . Gross, D . Zecevic, J . Jalife, 
J . M . Davidenko, W . M i i l l e r , and H . Windisch) . D i - 4 - A N E P P S is reasonably 
consistent i n giving a relative fluorescence change of « 1 0 % per 100 m V i n a 
variety of different ce l l types and experimental protocols, and it can be used 
i n a dual wavelength ratiometric excitation mode to normalize out artifacts 
due to uneven staining or photobleaching (27) . As w i t h other styryls, only the 
membrane-bound dye displays appreciable fluorescence. In several experi
mental protocols, it has been persistent for hours under continuous perfusion 
w i t h dye-free m e d i u m . Decreasing the size of the chromophore as i n di-4-
A S P P S results i n a blue shift of the spectral characteristics of the response of 
about 30 n m ; unfortunately a 4 0 % reduction i n sensitivity also occurs. A 
decrease i n the chain length of the hydrocarbon tails as i n d i - 2 - A N E P P S 
increases the water solubility of the dye. This is necessary for thick tissue 
preparations where the dye must penetrate through many cel l layers; the 
more water-soluble dyes, of course, w i l l give less persistent staining of the 
preparation. T h e opposite situation w i l l pertain to a dye l ike d i - 8 - A N E P P S , 
where low solubility requires a high molecular weight surfactant like Pluronic 
F127 ( B A S F Corporation) to promote staining (28, 29) . In addition to 
persistence, we discovered that another attribute of d i - 8 - A N E P P S is a very 
slow rate of internalization. I n several ce l l types, d i - 4 - A N E P P S was incorpo
rated into intracellular organelles over times as short as 10 m i n ; d i - 8 - A N E P P S 
is retained exclusively o n the plasma membrane over periods of hours. 
D i - 4 - A N E P E P and d i - 4 - A N E P E Q represent dyes w i t h varying head-group 
charges. These charges can subtly change the location of b o u n d dye i n the 
membrane w i t h the effect of sometimes significant improvements i n sensitiv
ity. General ly it is true that positively charged dyes are especially w e l l suited 
for experiments that require microinjection to localize dye to just one cel l i n a 
complex preparation (30, 31). 

Slow Dyes. S low dyes generally operate by a potential-dependent 
partit ioning between the extracellular m e d i u m and either the membrane or 
the cytoplasm. This redistribution of dye molecules is effected via the 
interaction of the voltage w i t h the ionic charge on the dye. U n l i k e fast 
potentiometric indicators, slow redistribution dyes must be charged. Three 
chromophore types have yie lded useful slow dyes: cyanines, oxonols, and 
rhodamines. E a c h of these chromophores has special features that suit 
different kinds of experimental requirements. A set of important slow dyes is 
depicted i n Chart III . 

T h e cyanine class of symmetrical dyes w i t h delocalized positive charges 
was originally introduced by A l a n Waggoner and has provided extraordinarily 
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DI-4-ANEPPS 

JPW-211 

JPW-1063 

Di-4-ANEPEQ 

JPW-1064 

Di-4-ANEPEP 

Chart IL A collection of styryl dyes engineered to meet specific experimental 
demands. 
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JPW-1113 

Di-2-ANEPPS 

JPW-1153 

DI-8-ANEPPS 

DI-4-ASPPS 

Chart II.—Continued. 
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TMRE 
JPW-179 

Rhodamine-123 

^ ^ ^ ^ ^ ^ ^ 

Di-0-C6(3) 

Chart III. A representative sampling of good slow dyes. 
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Oxonol-Vl 

Bis-oxonol 
DiS-BaC2(3) 

Chart III.—Continued. 
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sensitive probes for potential changes i n populations o f nonexcitable cells (5 , 
32-34). A large number of these dyes w i t h varying hydrocarbon chain 
lengths, numbers of methine groups i n the br idging polyene, and heterocyclic 
nuclei are available. D e p e n d i n g on the nature of the dye and its concentra
t ion, potential-dependent uptake can effect either an increase or a decrease 
i n fluorescence intensity. In general, the fluorescence of these dyes is 
enhanced up on membrane b inding; thus accumulation of dye leads to fluo
rescence enhancement. However , at h igh dye : l ip id ratios many of the dyes 
have a tendency to aggregate, w h i c h results i n fluorescence self-quenching. 
Self-quenching occurs i n the case of di-S-C2(5) (Chart III), w h i c h can lose 
9 8 % of its fluorescence when a cel l or vesicle preparation is polarized to 100 
m V (32, 35, 36) . D i - 0 - C 6 ( 3 ) has less tendency to aggregate and displays an 
increased fluorescence quantum y i e l d as it binds to the plasma and organelle 
membranes. T h e l ipophil ic i ty o f d i - 0 - C 6 ( 3 ) is responsible for its use as a stain 
for mitochondria and endoplasmic reticula (37) . However , dye association 
w i t h intracellular organelles can lead to cytotoxicity or misinterpreted fluo
rescence changes (38) . 

A n i o n i c oxonols also show enhanced fluorescence u p o n b inding to m e m 
branes, but, because of their negative charge, b inding is promoted by 
depolarization. M o r e importantly, the negative charge lessens intracellular 
uptake of oxonol dyes, w h i c h solves some of the difficulties encountered w i t h 
the cyanines. Oxonols are, however, less sensitive than the cyanines. Oxonol 
V I , depicted i n Chart III , is among several similar oxonols developed by 
Chance et al . (39 , 40) for dual wavelength absorbance measurements on 
energy-transducing organelle suspensions. Bis-oxonol and its relatives w i t h 
barbituric acid nucle i have been used i n fluorescence experiments on cel l 
suspensions (41-43). 

T h e membrane potential o f individual cells can be monitored w i t h a 
fluorescence microscope. F o r this purpose, however, it is preferable to use a 
permeable redistribution dye w i t h spectral characteristics that have m i n i m a l 
environmental sensitivity. Thus, the fluorescence intensity w i l l reflect the 
degree of Nernst ian accumulation of dye only and can, therefore, be readily 
interpreted. T h e plasma membrane potential can be distinguished f rom the 
organelle membrane b y s imply using the microscope to identify appropriate 
regions of the cel l (44). Rhodamine-123 (Chart III) was introduced as a 
mitochondrial stain by C h e n and co-workers (45-47); it has been used 
largely i n qualitative studies of mitochondrial membrane potential and has 
been especially effective i n flow cytometry applications. 

O u r laboratory (44) has synthesized two rhodamine dyes, T M R E (Chart 
III) and T M R M , that are very similar to rhodamine 123 except the free 
amino groups are substituted w i t h methyl substituents. This substitution 
makes the dyes more permeable than rhodamine 123 and also blocks any 
poorly reversible hydrogen-bonding interactions w i t h anionic sites i n the 
mitochondrial inner membrane and matrix. These qualities combined w i t h 
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the general environmental insensitivity of rhodamine fluorescence and the 
low tendency of T M R E and T M R M to aggregate, makes them good " N e r n s -
t ian" indicators of membrane potential . That is to say, the ratio of fluores
cence intensities measured i n two compartments separated by a membrane 
(viz. F 1 / F 2 ) , w h e n properly corrected for background dye binding, can be 
inserted into the Nernst equation to provide a direct measure of the potential 
difference between the compartments ( A V m ) : 

RT F , 
A V = I n — (1) 

F F 2
 W 

R is the ideal gas constant, Τ is the absolute temperature, and F is Faraday s 
constant. This approach was successfully applied to the plasma membrane 
potential of several different cel l types (44) and was used to fol low changes i n 
mitochondrial membrane potential via digital imaging microscopy (48). A l 
though ordinary wide-f ie ld microscopy is successful i n monitor ing these 
kinetic events, the actual magnitude of mitochondrial membrane potential 
cannot be quantitated because it is not possible to obtain an accurate measure 
of fluorescence intensity that emanates f rom such a small compartment w i t h 
the broad depth of field set by the microscope optics. This l imitat ion can be 
overcome i f confocal microscopy is employed w i t h its very narrow depth of 
field. Al though this approach has been successfully demonstrated (48-50), 
the high excitation light intensities necessitated by the technique (at least i n 
the current generation of confocal microscopes) limits its usefulness for 
measurements on l iving cells. Thus, single measurements can be performed, 
but the accumulation of large image sets for either kinetics or three-dimen
sional reconstructions leads to fading of the dye or phototoxic effects on the 
cel l . 

Dye Characterization 
T o determine i f a dye w i l l be a useful potentiometric probe i n biological 
applications, information on its chemical , physical, spectral, and toxicological 
properties must be gathered i n addition to data on the sensitivity to m e m 
brane potential. A number of model membrane systems are employed to 
characterize dye properties as w e l l as some simple biological preparations. 

Lipid Vesicles. L i p i d vesicles are composed of l i p i d bilayers that 
separate the bulk aqueous m e d i u m from an entrapped aqueous compartment. 
T h e y are easily prepared by mixing phosphol ipid w i t h the appropriate aque
ous buffer. T h e vigor of the mixing operation determines the number and 
size distribution of bilayers that comprise each vesicle. F o r example, extensive 
sonication of egg phosphatidylcholine produces an optically clear suspension 
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of unilamellar vesicles w i t h an average diameter of about 250 Â (51). This 
simple mode l system can be used to assess the spectral properties o f 
membrane-bound dyes and their b i n d i n g affinities. I n addit ion, it is possible 
to generate w e l l control led membrane potentials across the vesicle m e m 
branes and thereby calibrate the spectral response of a potentiometric probe. 

A fixed dye concentration can be titrated w i t h aliquots of l i p i d vesicles 
and the fluorescence or absorption spectra can be monitored. Almost al l dyes 
that are sensitive to membrane potential w i l l display a significant difference 
i n the spectra of membrane-bound versus free aqueous forms. (Notable 
exceptions are the Nernst ian rhodamine dyes.) A l o n g w i t h the spectral 
characteristics of the membrane-bound dyes, these experiments provide 
information on the b inding equi l ibr ia . A thorough analysis of such data (39) 
can be used to generate both b inding constants and b inding numbers (i.e., 
the number of b i n d i n g sites per vesicle). W e use the fluorescence of a 1-μ M 
dye solution titrated w i t h l i p i d vesicles to determine the ratio of the dissocia
t ion constant to the b i n d i n g number , Kd/n, to serve as a convenient 
quantitative measure of the relative affinities of potentiometric dyes: 

C + KA/n 

Fc is the fluorescence of the dye i n a l i p i d vesicle suspension w i t h a l i p i d 
concentration o f C ; F 0 and Fœ are the l imi t ing dye fluorescence readings i n 
the absence of l i p i d and at very high l i p i d concentrations, respectively. T h e 
fluorescence as a funct ion o f l i p i d concentration is fitted to this equation via 
nonlinear regression. T h e results o f such measurements for a series of styryl 
dyes (10), as w e l l as the spectral characteristics of the dyes i n several 
solvents, are given i n Table I. A s expected, the membrane affinity of the dyes 
increases w i t h the length of the chromophore or the number of carbons i n 
the appended hydrocarbon chains. Also noteworthy is the striking increase i n 
fluorescence quantum yie ld for the membrane-bound dyes; this is probably 
due to the wel l -ordered immobi le environment of the membrane, w h i c h 
inhibits nonradiative decay processes that require molecular motion i n the 
excited state. 

T h e kinetics of dye b i n d i n g to the membrane is of practical importance. 
Contrary to expectation, the rate of association w i t h the bilayer is not directly 
related to the b i n d i n g affinity. Indeed, dyes w i t h the longest hydrocarbon 
chains have the slowest b i n d i n g kinetics (29) , w h i c h is presumably due to the 
presence of stable oligomeric aggregates o f the dye i n aqueous solution. T h e 
rate of dissociation o f a monomer f rom these aggregates is rate l imi t ing w h e n 
the hydrocarbon chains are longer than three or four carbons. A nonionic 
macromolecular detergent, P luronic F127, can be used as a catalyst for 
staining cells w i t h these sluggish dyes. Interestingly, dyes w i t h long hydrocar-
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b o n tails flip across the l i p i d bilayer at slower rates than slower dyes and are 
required for many cel l types to prevent rapid internalization. 

T h e vesicle system can support a val inomycin-mediated K + di f fusion 
potential, w h i c h affords a quick and simple means for calibrating a potentio
metric dye response. The potential can be generated by adding val inomycin, a 
highly K + - se lec t ive ionophore, to a vesicle suspension i n w h i c h the inner and 
outer potassium concentrations are unequal . This unequal concentration can 
be achieved most s imply by preparing the vesicles i n a solution at one [ K + ] 
and di lut ing the vesicles into a solution prepared w i t h a different [ K + ] . T h e 
membrane potential can be calculated directly f rom the Nernst equation (eq 
1). This approach was originally appl ied to the cyanine dyes by Waggoner and 
H o f f m a n and their colleagues for both l i p i d vesicles and erythrocytes (32) . I n 
general, the effectiveness of a dye i n a ce l l suspension can be assessed w i t h a 
l i p i d vesicle experiment; however, possible complications (such as the accu
mulat ion of dye by mitochondria and other organelles) require that such 
comparisons be made wi th care. 

Spherical Lipid Bilayer. Spherical or hemispherical 2 - 4 - m m -
diameter l i p i d bilayers can be prepared by applying hydrostatic pressure to a 
hydrocarbon solution of l i p i d that covers the t ip of an electrolyte-filled tube 
suspended i n the electrolyte (52) . This model membrane is particularly 
convenient for determination of the response of a membrane-bound dye to a 
directly applied voltage (16, 17). A diagram of the implementat ion of this 
method for screening potentiometric dyes is shown i n F igure 2 (21). In this 
latest version of an apparatus that has continuously evolved over the last 13 
years, we induce a membrane potential by applying voltage to a pair of 
external parallel plate electrodes. Ear l ier versions applied the voltage directly 
to the membrane via a voltage-clamp circuit connected to an electrode inside 
the tube (53). 

This apparatus can be used to determine the sensitivity of a dye as w e l l as 
to gain insight into the dye mechanism. Dragsten and W e b b (17) used 
polarized light and signal averaging of the fluorescence response to a voltage 
pulse to show that the mechanism of M - 5 4 0 (Chart I) involved a voltage-driven 
reorientation of the molecule along the membrane surface coupled to an 
orientation-dependent dye aggregation. A series of fast oxonol dyes were 
examined and showed absorbance changes w i t h magnitudes that were depen
dent o n the offset applied to a train of voltage pulses (15, 54, 55). This 
observation was interpreted as evidence for the voltage-dependent occupation 
of two sites near the membrane surface ( " o n - o f f " mechanism). W e used the 
spherical bilayer to investigate the mechanism of the styryl dyes (10, 12, 53, 
56). A square wave voltage appl ied to the membrane provided the reference 
for a lock- in amplifier that was able to extract a small voltage-dependent 
optical signal f rom a large background. This signal permitted us to determine 
the complete wavelength dependence of the absorbance and fluorescence 
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response. A n example of a fluorescence excitation response spectrum for 
d i - 4 - A N E P P S is given i n F igure 3. A detailed investigation of the wavelength, 
polarized light, voltage, and dye concentration dependences of the potentio
metric response l e d us to conclude (35, 56) that many of the styryl dyes 
operated via an electrochromic mechanism (although this is not the dominant 

Table I. Spectroscopic and Binding Properties of Charge-Shift Probes 

Structure and \± A £ , Kd/n 
No. Abbreviation Solvent0 (nm) loge (nm) φ (mg/mL) 
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cor* Ν 

( d i - 4 - A S P M C ) 

( d i - 4 - A S P ) 

Λ Λ 

W 

0 0 , 
( d i - 4 - A S P I 

Λ Λ Λ 

V W 

( d i - 6 - A S P P S ) 

NS03" 
j / W N 

V W 

( d i - 6 - A S P B S ) 

Λ Λ Λ 

V W 

( d i - 6 - A S P ) 

A 492 4.7 625 0.04 
Β 525 4.8 595 0.3 0.10 
C 482 4.6 635 0.003 
D 467 4.6 595 0.3 
A 492 4.7 615 0.04 
Β 517 4.7 600 0.3 0.13 
C 478 4.5 635 0.005 
D 465 4.5 597 0.3 
A 490 4.7 620 0.03 
Β 519 4.7 600 0.4 0.09 
C 487 4.6 
D 465 4.5 602 0.2 
A 487 4.4 612 0.05 
Β 511 4.3 578 0.15 0.20 
C 480 4.3 630 0.003 
D 468 4.2 602 0.2 
A 486 4.6 614 0.06 
Β 509 4.5 580 0.5 0.13 
C 484 4.4 630 0.004 
D 467 4.4 602 0.3 
A 490 4.6 615 0.5 
Β 518 4.7 600 0.02 
C 476 4.5 625 0.002 0.07 
D 467 4.4 595 0.3 
A 507 4.7 630 0.01 
Β 523 4.8 605 0.07 0.07 
C 498 4.6 640 0.001 
D 482 4.6 607 0.1 
A 496 4.8 624 0.04 
Β 526 4.9 600 0.3 
C 468 4.6 635 0.002 0.015 
D 467 4.5 595 0.3 
A 495 4.8 622 0.05 
Β 519 4.8 600 0.5 
C 469 4.5 630 0.003 0.010 
D 465 4.5 595 0.3 
A 490 4.7 615 0.03 
Β 518 4.9 605 0.06 0.012 
C 476 4.6 630 0.003 
D 462 4.4 595 0.2 
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Table I.—Continued 

Structure and 
henta 

\abs 
y-max 
(nm) loge 

\em 

y-max 

(nm) Φ 
Κ ^ 3 η 

(mg/mL) 

A 565 4.7 692 
Β 587 4.8 665 0.2 
C 500 4.4 0.06 
D 533 4.5 665 
A 475 4.5 610 0.003 
Β 507 4.5 605 0.003 0.3 
C 460 4.3 
D 450 4.1 584 0.04 
A 498 4.7 625 0.05 
Β 524 4.7 545 0.5 
C 485 4.5 640 0.004 0.08 
D 471 4.4 605 0.3 
A 485 4.6 715 
Β 521 4.5 
C 467 4.4 0.04 
D 463 4.2 690 
A 482 4.6 
Β 532 4.6 - 7 5 0 0.02 
C 
D 461 4.4 670 
A 493 4.5 745 
Β 542 4.4 675 
C 470 4.1 0.03 
D 468 4.3 640 
A 495 4.6 745 
Β 542 4.6 675 
C 0.04 
D 467 4.5 640 
A 427 4.5 600 0.002 
Β 423 4.1 587 0.04 1.9 
C 410 4.4 
D 
A 440 4.5 588 0.3 
Β 462 4.5 560 0.1 0.3 
C 422 4.5 599 0.02 
D 421 4.3 566 0.3 
A 523 4.5 640 0.03 
Β 553 4.7 620 0.5 No binding 
C 496 4.4 655 0.003 

No binding 

D 

11. 

12. 

13. 

14. 

so3~ vw 
( d i - 6 - A S Q P S ) 

( d i - 4 - A M S P P S ) 

so3- "-t>Nw 
( d i - 4 - A B P P S ) 

so3- vv-K=rN
w 

( d i - 4 - A P P P S ) 

Λ Λ 

( d i - 4 - A S T E P P S ) 

16. 

17. 

18. 

19. 

20. 

( d i - 4 - A N E P P S Î 

so3- w w 

( d i - 4 - A N E P B S ) 

( 4 - I N E P P S ) S03^ 

( 2 - C A R E P B S ) 

so3 

( J U L E P P S ) 

a Solvent A, ethanol; B, chloroform; C, water; and D, lipid vesicles. 
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MICROMETER 
SYRINGE 

MICRO- n 
MANIPULATOR Ut 

Pt ELECTRODE 

EXCITATION, 
LIGHT. 

I?v7\| WAVEFORM 
ANALYZER 

CUVETTE 
(2cmx Icmx4cm) FILTER 

LIGHT GUIOE 

PHOTO-
MULTIPLIERl 

Figure 2. Apparatus for measuring potential-dependent spectral changes from a 
stained spherical lipid bilayer. (Reproduced with permission from reference 21. 

Copynght 1989 Biophysical Society.) 

mechanism i n some biological membranes that have been investigated; cf. 
reference 14). 

Squid Axon and Other Excitable Cell Preparations. Over 
1000 fast dyes have been screened on the voltage-clamped squid giant axon 
by C o h e n and co-workers (1-3). A stabilized direct current (dc) light source 
is focussed onto the dye-stained axon and both fluorescence and transmit-
tance changes i n response to the voltage-clamp pulse are recorded via signal 
averaging. In addit ion to the tabulation of dye sensitivities, the axon system 
has been used for a more l imi ted number o f dyes to determine mechanistic 
information (2 , 14). M a n y of the same experiments per formed w i t h the 
spherical bilayer can be repeated on the axon, thereby affording a direct 
comparison of dye behavior o n a model and a natural membrane. 

T h e size of the signal depends on a number of factors i n addit ion to the 
sensitivity of the bound-dye spectra to membrane potential . A l ight-depen
dent toxicity, termed photodynamic damage, has been documented and 
tabulated i n the axon (3) and can severely l imit the usefulness of a dye. T h e 
efficiency w i t h w h i c h a dye penetrates through the glial cells encasing the 
axon and then binds to the excitable membrane is clearly critical . T h e 
extinction coefficient and, for fluorescence, the emission quantum yie ld are 
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Fluor*»o*r»oe 12/3/83 Emi**ton F i l t e n 610nra 
DI-4-ANEPPS 250 Hz Tim. Con.fcanfci 10S«o 
T r i a l #2 TMPi 100mV Soar. Spe.di 25 nm/min 

0.8 1 

Wavelength (nm) 
Figure 3. Relative fluorescence change as a function of excitation wavelength for 
a spherical bilayer stained with di-4-ANEPPS. (Reproduced from reference 10. 

Copyright 1985 American Chemical Society.) 

other important factors. Recognit ion that these issues can be as significant as 
the relative spectral response prompted C o h e n and his colleagues ( 1 - 3 ) to 
use the signal-to-noise ratio as the primary cri terion for the merit of a dye on 
the squid axon. T h e signal-to-noise ratio incorporates al l o f the qualities that 
make a dye a useful potentiometric indicator, but also includes some of the 
idiosyncracies specific to the squid axon and its apparatus. Thus, neither the 
relative response obtained w i t h the spherical bilayer model membrane nor 
the signal-to-noise ratio obtained wi th the squid axon are perfect measures of 
the general effectiveness of a dye. Furthermore , there is no guarantee that 
the mechanism of a dye response w i l l be conserved f rom one preparation to 
another. Some very striking cases where the characteristics of a potentiomet
ric response change i n different species or ce l l types have been reported (14, 
57). St i l l , i n the majority o f cases, the squid axon results do correlate w e l l 
w i t h the ability of a fast dye to monitor membrane potential changes i n other 
excitable cel l preparations. 
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Thus, although the tabulated squid axon data are extremely valuable for 
identifying a set of dyes that may prove suitable i n a given experimental 
application, many investigators incorporate a testing and calibration phase 
into their research plans to find the opt imal dye for their particular purpose. 
F o r example, Salama screened many dyes on his perfused heart preparation 
to find a dye w i t h persistence and stability i n addit ion to large potentiometric 
sensitivity (58-60). G r i n v a l d screened a number of styryl dyes on neuroblas
toma cells under the microscope and found some compounds w i t h extraordi
narily large sensitivities (6, 13) that have proven to be unique to that 
particular system. G r i n v a l d et al . (30) found dyes that are opt imized for 
intracellular injection of a single neuron wi t h in a network. A book edited by 
this author includes a series of chapters w i t h other examples of preparation-
specific dye optimization (4). 

Quantitative Microscopy of Individual Nonexcitable Cells. 
T h e slow dyes that change their spectral characteristics as a result o f 
potential-dependent accumulation are w e l l suited for cells i n suspension. 
However , the complexity o f these mechanisms makes it very difficult to 
interpret the change i n dye fluorescence wi t h in a single cel l . Accordingly, we 
set out to find dyes that display a rapid, reversible, potential-dependent 
intracellular accumulation w i t h no accompanying spectral perturbation (44). 
As previously discussed, the dyes T M R E (Chart III) and T M R M emerged 
f rom this investigation and have proven useful i n a wide variety of cul tured 
cells. 

Fast dyes often are directly sensitive to the local electric field, rather than 
the potential difference between the two compartments separated b y the 
membrane. Therefore, fast dyes are capable of indicating differences i n 
membrane potential along the surface of a single cel l . Such membrane 
potential maps were first obtained ( J9 , 61, 62) by using a digital video 
fluorescence microscope system to obtain and analyze images of cul tured 
cells stained w i t h d i - 4 - A N E P P S (Chart II). A defined variation i n membrane 
potential along the surface was generated by imposing a uni form external 
electric field across the cel l . This field induces a membrane potential that, for 
spherical cells, varies according to a simple cosine dependence. This ap
proach produces a predictable membrane potential based o n a solution of 
Laplace's equation that is very convenient for screening fast dyes i n a variety 
of cul tured cells. T h e approach also has been used to calibrate the change i n 
the ratio of d i - 4 - A N E P P S fluorescence excited by two wavelengths (27). This 
technique overcomes problems associated w i t h uneven dye staining and 
gradual fading of dye emission intensity. M o s t of the dyes i n Char t II can be 
used to map membrane potential i n this manner. T h e choice of appropriate 
dye usually depends on b inding and solubility requirements for a given cel l 
type and experimental protocol . 
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Summary 
Potentiometric dyes have become widely accepted tools. Hundreds of papers 
i n w h i c h such dyes are routinely used are publ ished each year. However , the 
proper and opt imal implementat ion of this technology requires an apprecia
t ion of the physical, chemical , and spectral properties of a dye, i n addition to 
its voltage sensitivity. Some knowledge of the potentiometric mechanism also 
is needed for the intelligent use of a dye. This chapter has attempted to 
provide this information, but this knowledge can only help narrow the field to 
a manageable selection of candidates for a particular application. T h e final 
choice of the best dye w i l l depend on appropriate experiments to test the 
candidates. 

Acknowledgment 
This work was supported by the U . S . Publ ic H e a l t h Service Grant G M - 3 5 0 6 3 . 

References 
1. Cohen, L. B.; Salzberg, B. M.; Davila, H. V.; Ross, W. N.; Landowne, D.; 

Waggoner, A. S.; Wang, C. H. J. Membr. Biol. 1974, 19, 1-36. 
2. Ross, W. N.; Salzberg, B. M.; Cohen, L. B.; Grinvald, Α.; Davila, Η. V.; 

Waggoner, A. S.; Wang, C. H. J. Membr. Biol. 1977, 33, 141-183. 
3. Gupta, R. K.; Salzberg, Β. M.; Grinvald, Α.; Cohen, L. B.; Kamino, K.; Lesher, S.; 

Boyle, M. B.; Waggoner, A. S.; Wang, C. J. Membr. Biol. 1981, 58, 123-137. 
4. Loew, L. M. Spectroscopic Membrane Probes; CRC Press: Boca Raton, FL, 1988. 
5. Cohen, L. B.; Salzberg, Β. M. Rev. Physiol. Biochem. Pharm. 1978, 83, 35-88. 
6. Grinvald, Α.; Fine, Α.; Farber, I. C.; Hildesheim, R. Biophys. J. 1983, 42, 

195-198. 
7. Platt, J. R. J. Chem. Phys. 1956, 25, 80-105. 
8. Liptay, W. Angew. Chem. Int. Ed. Engl. 1969, 8, 177-188. 
9. Loew, L. M; Bonneville, G. W.; Surow, J. Biochemistry 1978, 17, 4065-4071. 

10. Fluhler, E.; Burnham, V. G.; Loew, L. M. Biochemistry 1985, 24, 5749-5755. 
11. Hassner, Α.; Birnbaum, D.; Loew, L. M. J. Org. Chem. 1984, 49, 2546-2551. 
12. Loew, L. M.; Simpson, L.; Hassner, Α.; Alexanian, V. J. Am. Chem. Soc. 1979, 

101, 5439-5440. 
13. Grinvald, A. S.; Hildesheim, R.; Farber, I. C.; Arglister, J. Biophys. J. 1982, 39, 

301-308. 
14. Loew, L. M.; Cohen, L. B.; Salzberg, B. M.; Obaid, A. L.; Bezanilla, F. Biophys. 

J. 1985, 47, 71-77. 
15. George, E. B.; Nyirjesy, P.; Pratap, P. R.; Freedman, J. C.; Waggoner, A. S. J. 

Membr. Biol. 1988, 105, 55-64. 
16. Waggoner, A. S.; Wang, C. H.; Tolles, R. L. J. Membr. Biol. 1977, 33, 109-140. 
17. Dragsten, P. R.; Webb, W. W. Biochemistry 1978, 17, 5228-5240. 
18. Verkman, A. S.; Frosch, M. P. Biochemistry 1985, 24, 7117-7122. 
19. Gross, D.; Loew, L. M.; Webb, W. W. Biophys. J. 1986, 50, 339-348. 
20. Ehrenberg, B.; Farkas, D. L.; Fluhler, E. N.; Lojewska, Z.; Loew, L. M. Biophys. 

J. 1987, 51, 833-837. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

23
5.

ch
00

8

In Biomembrane Electrochemistry; Blank, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 



172 BIOMEMBRANE ELECTROCHEMISTRY 

21. Lojewska, Ζ.; Farkas, D . L . ; Ehrenberg, B.; Loew, L. M. Biophys. J. 1989, 56, 
121-128. 

22. Müller, W.; Windisch, H.; Tritthart, H. A. Biophys. J. 1989, 56, 623-629. 
23. Loew, L. M.; Cohen, L. B.; Dix, J.; Fluhler, Ε. N.; Montana, V.; Salama, G.; Wu, 

                         J.-Y. J. Membr. Biol. 1992, 130, 1-10. 
24. Davidenko, J. M.; Pertsov, Α. V.; Salomonsz, R.; Baxter, W.; Jalife, J. Nature 

(London) 1992, 355, 349-351. 
25. Rosenbaum, D. S.; Kaplan, D. T.; Kanai, Α.; Jackson, L.; Garan, H.; Cohen, R. J.; 

Salama, G. Circulation 1991, 84, 1333-1345. 
26. Chien, C.-B.; Pine, J. Biophys. J. 1991, 60, 697-711. 
27. Montana, V.; Farkas, D. L.; Loew, L. M. Biochemistry 1989, 28, 4536-4539. 
28. Davila, H. V.; Salzberg, B. M.; Cohen, L. B.; Waggoner, A. S. Nature New Biol. 

1973, 241, 159-160. 
29. Lojewska, Z.; Loew, L. M. Biochim. Biophys. Acta 1987, 899, 104-112. 
30. Grinvald, Α.; Salzberg, B. M.; Lev-Ram, V.; Hildesheim, R. Biophys. J. 1987, 51, 

643-651. 
31. Parsons, T. D.; Kleinfeld, D.; Raccuuia-Behling, F.; Salzberg, B. M. Biophys. J. 

1989, 56, 213-221. 
32. Sims, P. J.; Waggoner, A. S.; Wang, C.-H.; Hoffman, J. F. Biochemistry 1974, 13, 

3315-3330. 
33. Waggoner, A. S. Annu. Rev. Biophys. Bioeng. 1979, 8, 847-868. 
34. Waggoner, A. S. In The Enzymes of Biological Membranes; Martonosi, A. N., Ed . ; 

Plenum: New York, 1985. 
35. Loew, L. M.; Benson, L.; Lazarovici, P.; Rosenberg, I. Biochemistry 1985, 24, 

2101-2104. 
36. Loew, L. M.; Rosenberg, I.; Bridge, M.; Gitler, C. Biochemistry 1983, 22, 

837-844. 
37. Terasaki, M.; Song, J.; Wong, J. R.; Weiss, M. J.; Chen, L. B. Cell 1984, 38, 

101-108. 
38. Korchak, H. M.; Rich, A. M.; Wilkenfeld, C.; Rutherford, L. E.; Weissmann, G. 

Biochem. Biophys. Res. Commun. 1982, 108, 1495-1501. 
39. Bashford, C. L.; Chance, B.; Smith, J. C.; Yoshida, T. Biophys. J. 1979, 25, 

63-85. 
40. Smith, J. C.; Chance, B. J. Membr. Biol. 1979, 46, 255. 
41. Brauner, T.; Hulser, D. F.; Strasser, R. J. Biochim. Biophys. Acta 1984, 771, 208. 
42. Labrecque, G. F.; Holowka, D.; Baird, B. J. Immunol. 1989, 142, 236-243. 
43. Mohr, C. F.; Fewtrell, C. J. Immunol. 1987, 138, 1564-1570. 
44. Ehrenberg, B.; Montana, V.; Wei, M.-d; Wuskell, J. P.; Loew, L. M. Biophys. J. 

1988, 53, 785-794. 
45. Johnson, L. V.; Walsh, M. L.; Chen, L. B. Froc. Natl. Acad. Sci. U.S.A. 1980, 77, 

990-994. 
46. Johnson, L. V.; Walsh, M. L.; Bockus, B. J.; Chen, L. B. J. Cell Biol. 1981, 88, 

526-535. 
47. Chen, L. B. Annu. Rev. Cell Biol. 1988, 4, 155-181. 
48. Farkas, D. L.; Wei, M.; Febbroriello, P.; Carson, J. H.; Loew, L. M. Biophys. J. 

1989, 56, 1053-1069. 
49. Loew, L. M.; Farkas, D. L.; Wei, M.-D. In Optical Microscopy for Biology; 

Herman, Β.; Jacobson, Κ., Eds.; Wiley-Liss: New York, 1990. 
                         50. Loew, L. M. In New Techniques of Optical Microscopy and Microspectrophotom

                                    etry; Cherry, R. J., E d . ; The Macmillan Press: London, 1991. 
                                      51. Huang, C. Biochemistry 1969, 8, 344-352. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

23
5.

ch
00

8

In Biomembrane Electrochemistry; Blank, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 



8. L O E W Characterization of Potentiometric Membrane Dyes 173 

52. Tien, H. T. Bilayer Lipid Membranes; Marcel Dekker: New York, 1974. 
53. Loew, L. M.; Simpson, L. Biophys. J. 1981, 34, 353-365. 
54. George, Ε. B.; Nyirjesy, P.; Basson, M.; Ernst, L. Α.; Pratap, P. R.; Freedman, 

                           J. C.; Waggoner, A. S. J. Membr. Biol. 1988, 103, 245-253. 
55. Nyirjesy, P.; George, Ε. B.; Gupta, R. K.; Basson, M.; Pratap, P. R.; Freedman, 

                          J. C.; Raman, K.; Waggoner, A. S. J. Membr. Biol. 1988, 105, 45-53. 
56. Loew, L. M.; Scully, S.; Simpson, L.; Waggoner, A. S. Nature (London) 1979, 

281, 497-499. 
57. Ross, W. N.; Reichardt, L. F. J. Membr. Biol. 1979, 48, 343-356. 
58. Morad, M.; Salama, G. J. Physiol. 1979, 292, 267-295. 
59. Salama, G.; Johnson, R. G.; Scarpa, A. J. Gen. Physiol. 1980, 75, 109-140. 
60. Salama, G.; Lombardi, R.; Elson, J. Am. J. Physiol. 1987, 252, H384-H394. 
61. Gross, D.; Loew, L. M.; Ryan, Τ. Α.; Webb, W. W. In Ionic Currents in 

Development; Nuccitelli, R., Ed.; Alan R. Liss: New York, 1986. 
62. Gross, D.; Loew, L. M. In Methods in Cell Biology; Wang, Y.; Taylor, D. L., Eds.; 

Academic: New York, 1989; Vol . 30. 

RECEIVED for review M a r c h 14, 1991. ACCEPTED revised manuscript Septem
ber 1, 1992. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

23
5.

ch
00

8

In Biomembrane Electrochemistry; Blank, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 



9 
Water at the Macromolecular Surface 
Solvation Energy and Functional Control 

V. Adrian Parsegian1, R. Peter Rand2, Marcio Colombo3,4, and 
Donald C. Rau3 

1Laboratory of Structural Biology, Division of Computer Research and 
Technology, National Institutes of Health, Bethesda, MD 20892 

2Biological Sciences, Brock University, St. Catharines, Ontario L2S 3A1, 
Canada 

3Laboratory of Biochemistry and Metabolism, National Institute of Diabetes, 
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The contribution of hydration to the energetics of molecular conforma
tion and assembly has been recognized for a long time, but has been 
difficult to measure. We use osmotic stress to measure the forces and 
energies in molecular assemblies. The same strategy can be used to 
measure the contribution of water to the chemical free energy change 
of individually functioning molecules. We describe, as examples, the 
contribution of water to the gating of membrane channels to the 
binding of oxygen to hemoglobin; and to the forces between bilayer 
membranes, within nonbilayer lipid assemblies, and on macromolecu
lar surfaces. From the magnitude of their energies we conclude that 
hydration-dehydration reactions play an important but neglected role 
in molecular function. 

T T H E M E A S U R E M E N T O F I N T E R M O L E C U L A R FORCES and of the solvation of 

biomolecules can give new physical insight into the control of cellular 
processes. O u r aim i n this chapter is to illustrate the role of such measure
ments i n molecular function. It has been known for some t ime that the forces 
encountered w h e n macromolecules or membranes approach contact are 

4 Current address: Department of Physics, IBILCE-UNESP, Sao Jose de Rio Preto, Sao Paulo, 
Brazil 15054 

0065-2393/94/0235-0177$08.00/0 
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generally exponentially varying "hydrat ion forces" coming f rom the energy 
needed to remove water f rom between membranes or between macromolecu-
lar surfaces. Qui te recently, it became apparent that "al losterism", changes i n 
the functioning form of proteins, might entail substantial changes i n the 
number of water molecules devoted to solvating the protein surface. I f data 
f rom the systems examined so far are typical, that is, i f molecular 
hydrat ion-dehydrat ion is a part of functional control , then measured hydra
t ion energies can be an important but neglected part of molecular function. 

O u r first task is hnguistic: to present i n tandem the mathematical forms 
that describe interaction forces together w i t h the expressions for the chemical 
free energies acting to change macromolecular conformation. W i t h this 
vocabulary we then review several examples of measured forces and confor
mation reactions. W e conclude by comparing the magnitude of energies 
derived f rom forces w i t h the energies needed to change properties o f 
proteins or of l i p i d assemblies. 

The Language of Hydration Forces 
T h e hydration pressure, F ( in dynes per centimeter squared or force per unit 
area), acts between parallel membranes and varies exponentially w i t h a decay 
distance λ ( I - J O ) so that one may write 

F = F 0 e x p ( - d w / X ) 

T h e base 10 logarithm of the fitted coefficient F 0 can be f rom 9 to 12 w i t h 
F 0 i n dynes per centimeter squared, λ can be f rom 1 to 2.5 Â (6) , and dw is 
membrane separation. W h e n pressure F is integrated, it becomes an energy 
per unit area, E, and 

Ε = \P 

w i t h respect to infinite separation, an energy that can be o n the order o f 100 
e r g / c m 2 for polar surfaces brought to anhydrous contact. 

It is instructive to convert these hydration energies of contact into 
chemical units. F o r example, over a 1 X 1-nm patch of membrane the energy 
of 100 e r g / c m 2 becomes 

100 e r g / c m 2 Χ 1 0 " 1 4 c m 2 = 1 0 ~ 1 2 e r g / n m 2 

I f we divide by thermal energy units kT = 4 X 1 0 " 1 4 erg, this energy 
becomes 

25fcT/nm 2 
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Recal l ing that kT per particle is equivalent to 0.6 k c a l / m o l of particles, we 
have 

15 k c a l / ( m o l · n m 2 patch of membrane) 

T h e area 1 n m 2 is on the order of the area occupied by one or two 
phosphol ipid molecules i n membranes. T h e energy, 15 kca l/mol , is already 
on the order of the high-energy bonds involved i n the product ion-ut i l iza t ion 
of adenosine triphosphate. 

Between parallel linear molecules i n wel l -def ined arrays, exponential 
variation is again observed (11-13). T h e work of transfer of water f rom such 
an array is expressed i n terms of a chemical potential of water or, equiva-
lently, of an osmotic stress I I o s m o n the lattice as a function of a lattice 
parameter such as lattice interaxial distance d{: 

n o s m =n o exp(-d 1 A) 

W h e n there is purely repulsive interaction between parallel l inear 
molecules, the decay distance λ can range f rom 2.5 to 3.5 Â. Usual ly the 
molecules pack into a hexagonal array. T h e osmotic stress on the lattice can 
be converted to a force per unit length / between parallel molecules. 
Specifically ( I I ) , 

/ K ) = n o s mK)(4/^3) 

Because i n most cases λ << d{, both force per unit length and osmotic stress 
essentially vary exponentially. 

F o r either the two- or the three-dimensional geometry of molecular 
arrays, the free energy of assembly, A G , is measured as the integral of 
osmotic stress versus solvent volume V : 

AG = / n o s m dV 

Note that the temperature derivative of I I o s m gives the temperature deri 
vative of free energy and is thus a measure of the entropy changes w i t h 
molecular separation (14). 

Chemical Free Energies 
T o derive the relation between the hydration energies of these structural 
arrays and the hydration energy of a single molecule undergoing a transition 
reaction between states, the free energy changes must be translated f rom 
force measurements into the terms of free energies that are inferred f rom 
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simple reactions. F o r the simplest possible case of Y being reversibly con
verted to Z , 

Υ <± Ζ 

we speak of an equi l ibr ium constant Κ as 

K = [ Z ] / [ Y ] 

the ratio of the concentrations of the reactants, and a "standard free energy 
of reaction" 

A G = -RT In Κ 

T h e reaction might be the allosteric switching of a protein between two 
states, w h i c h is often writ ten 

Τ ?± R 

for the tense (T) and relaxed (R) states, or the opening (O) and closing ( C ) of 
a transmembrane ionic channel 

C «± Ο 

If, for example, the transition between states incurs association w i t h small 
molecules, L , the free energy of transition is changed by an amount equal to 
the number η of associated smaller molecules times the chemical potential of 
the small species: 

Y + nh <± Ζ 

K=[z]/([Y][Ln 
A G = — RT In Κ = -RT l n [ Z ] / [ Y ] + nRT l n [ L ] 

A G = -RT In K z / Y + nRT l n [ L ] 

where we have explicitly writ ten the Z / Y ratio i n the equi l ibr ium relation 

KZ/Y = [ Z ] / [ Y ] 

M o r e precisely, the function RT ln[L] should really be the variable part 
of the chemical potential of species L and the concentration [L] should be the 
activity, aL, of substance L . T h e relation is then 

A G = -RT In K z / Y + nRT In aL 
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H i g h e r activity of L drives the molecule to state Ζ because the standard 
free energy A G is constant and independent of concentration. 

This consideration of single molecules and their change i n state i n an 
Y / Z transformation can be combined w i t h the idea of pressure volume work. 
It is immediately apparent that there can be an identifiable hydration part to 
a molecular transition; it w i l l be felt by the protein as an osmotic sensitivity to 
the equihbr ium balance of two states. Specifically, for 

Y ^ Z 

A G = -RT In Κ 

I f the two states have different associated water volumes Vz and Vy, then 
there is a part of A G that is r i o s m (V z — V ) and a change i n equi l ibr ium 
constant Κ that is 

e x p ( - I I o s m ( V z - V , , ) / R r ) 

T h e associated volume change (Vz — Vy) can be measured directly through Κ 
as a function of system I I o s m . Bo th molecular arrays and individual molecules 
can be described i n parallel language. 

Force Measurements 
W e turn now to the actual measurement of swelling pressures and free 
energies, together w i t h more specific enumeration of the biological systems 
that have now been characterized. 

Because the swelling of any material i n water is an osmotic process (i.e., a 
transfer of water between the system of interest and a reference phase of 
known water activity), it is most natural to study hydration by controll ing 
water activity. T h e osmotic stress method, amply described elsewhere ( J5) , 
was first used for direct force measurement between assembled molecules 
(1), but increasingly has been used to change the state of functioning 
proteins. It is now possible to observe the change i n configurational mot ion of 
interacting molecules as a function of molecular separation wherein entropie 
forces of configuration couple w i t h direct interactions to enhance the action 
of each (16) . I n brief, the system of interest is brought into thermodynamic 
equihbr ium w i t h a separate "reservoir" phase that has a volume i n excess of 
the system under observation and that has water activity, p H , temperature, 
and small solute activities al l strictly control led. This thermodynamically 
equil ibrated system can then also be observed further w i t h every available 
experimental approach. 

It should be obvious that measurements of forces between materials that 
are h e l d onto rigid surfaces (17 ) are not equivalent to measurements of 
forces between free surfaces, or forces between free molecules, or of i n -

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

23
5.

ch
00

9

In Biomembrane Electrochemistry; Blank, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 



182 BIOMEMBRANE ELECTROCHEMISTRY 

tramolecular interactions. I n comparison, the strategy of using osmotic stress 
allows the system to be measured i n its spontaneously occurr ing form. 

Osmotic stress measures forces corresponding to pressures over six 
decades, f rom 0.01 to 10,000 atm. W i t h X-ray diffraction b y ordered arrays, 
as shown i n F igure 1, molecular dimensions and intermolecular spacings can 
be obtained w i t h accuracies often better than 0.2 Â reproducibil i ty. Al terna
tively, w i t h probes o f ionic channel conductance or of protein activity, the 
behavior o f single molecules can be observed and the osmotically sensitive 
part o f the underlying structural transformation can be extracted. Conse
quently, the change i n the volume of associated water as the system goes 
between active and inactive forms can also be extracted. 

Transmembrane Ion Transport Channels 
W e now describe some c o m m o n features o f swell ing at different levels f rom 
osmotic stress measurements o n several kinds o f experimental systems. 

Perhaps the most appealing example of a hydrat ion-dehydrat ion molecu
lar system is that o f an ionic channel across a low dielectric l i p i d bilayer or 
cel l membrane. W i t h reconstitution methods, it is possible to observe one 
molecular channel or conduct ing unit at a t ime; that is, to see the protein 
switching between open and closed states. 

W i t h osmotic stress, as il lustrated i n F igure 2, the opening of the channel 
takes place i n the presence o f neutral or charged molecules, particles so large 
as to be sterically excluded f rom channel entry and transport. It is as though 
there is a semipermeable membrane across the mouth of the channel. 
E x c l u d e d species then act osmotically against the aqueous space that is 
created w h e n the channel is open. It should be obvious, but it is still 
necessary to emphasize, that the large-solute-excluding space need not be 
identical to the space through w h i c h ions move across the membrane. 

I n reac t ion-equi l ibr ium language, there is work I I o s m àV required for 
the act of opening the channel . A measure o f the ratio o f times that the 

polymer solution 
osmotically stressing 
the molecular array 
with pressure Π 

molecular array 
that excludes 
the polymer 

X-ray diffraction gives 
molecular dimensions 
and intermolecular distances 

Figure 1. Schematic of the general method of using osmotic stress to measure 
the contribution of water to the energetics of a molecular array or of a 

molecular activity. 
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T Q = time channel is open T c = time channel is closed 

υ ... υ 
η ^ η 

closed 
open υ ι υ δ ο υ 

Osmotic Pressure 

Figure 2. Illustration of how the osmotic stress method is used to measure the 
volume of water associated with the opening and closing of a membrane 

channel. 

channel is open and closed is thus a measure of the equihbr ium constant Κ 
and the osmotic work. Specifically, 

Κ = [open]/[closed] = constant X exp( - I I o s m AV/kT) 

Measurement of how this ratio changes w i t h the osmotic pressure of 
excluded solutes, i n fact, measures AV: 

d(ln K)/d(Îlosm) = -AV/kT 

( H e r e we have used the molecular unit kT rather than the molar RT = NQkT, 
where N0 is Avogadro's number , because we want to compute a volume 
change per single molecule.) AV is the actual volume of solute-excluding 
water that goes i n and out of the channel on opening and closing. 

T h e osmotic stress method was first appl ied to the large voltage depen
dent anion channel ( V D A C ) , also known as "mitochondr ia l p o r i n " , f rom the 
outer membrane of mitochondria . T h e protein was placed i n an artificial 
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bilayer membrane ( B L M ) and the conductance of a single molecule was 
observed between electrodes placed i n adjoining chambers ( J8) . 

T h e volume of water associated w i t h V D A C opening was 2 - 4 X 1 0 4 Â 3 , a 
significant fraction of the total open channel volume of 2 - 8 Χ 1 0 4 Â 3 inferred 
earlier f rom the channel length and diameter. These dimensions were esti
mated f rom single channel conductivity (19) or f rom the size of excluded 
solutes or f rom reconstructed images (20) . T h e qualitatively important result 
here is that channel "gat ing" seems to involve significant changes i n channel 
structure. T h e act of opening and closing is not d ie result of inserting a p l u g 
or closing a turnstile that w o u l d show m i n i m a l osmotic sensitivity. T h e 
individual molecule seems to swell and shrink by some 700-1000 water 
molecules (18). 

Another , more striking, feature is that even though the channel might 
stay i n the open or closed state for minutes, the statistics gathered over very 
long observation times show that the occupation of these states follows the 
Bol tzmann statistics impl ic i t i n the previously stated equations. That is to say, 
thermodynamics holds between and wi th in states whose lifetimes are m u c h 
longer than al l characteristic molecular times of vibration, rotation, and even 
helix coi l transition. F r o m watching single-molecule kinetics, we are reas
sured that the statistics of protein conformation fol low classical laws and that 
times of experiencing statistical averages fal l into different domains. There is 
a good but neglected opportunity i n these channels for protein physicists to 
think about kinetics. 

Similar results have been seen i n the four other osmotically stressed 
channels: the potassium channel f rom the squid giant axon (21), the sodium 
channel f rom the crayfish giant axon (22), alpha toxin f rom bacteria (23), and 
the peptide channel alamethicin (24). T h e volume of water that comes out 
seems to be a major part of the water volume inferred f rom open channel 
size. F o r example, the average Κ channel i n squid giant axon, m u c h smaller 
than V D A C , seems to expel 4 0 - 6 0 water molecules upo n tightly closing (21). 

Simultaneous recognition of the large volume of solute-excluding water 
that accompanies opening-c los ing and of the ion specificity of i o n channels 
makes it clear that channels are always under osmotic stress f rom excluded 
species. This natural osmotic stress can be a significant factor i n the control of 
those channels whose activity is sensitive to solution conditions. 

Single Molecules in Solution 
F r o m proteins i n membranes it is conceptually a small step to molecules i n 
solution. Again , any change i n molecular shape can incur changes i n exposure 
of the protein area to the bathing solution as w e l l as changes i n the volume of 
aqueous cavities i n proteins or between components o f tetameric or ol igomeric 
molecules. I n principle , any of the seemingly ubiquitous allosteric transitions 
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of functioning proteins are susceptible to osmotic stress i n the test tube or i n 
the native cel l . 

T h e first successful application of osmotic stress to a functioning protein 
was by Kornblatt and H o a (25), who were working w i t h cytochrome c 
oxidase. E q u i l i b r i u m between the fully oxidized state and the first reduced 
state was found to be osmotically sensitive. T h e quantitative relation between 
osmotic pressure and redox equi l ibr ium showed that about 10 water molecules 
must enter the protein dur ing the entry of electrons undergoing transfer. 
Addit ional ly , further intramolecular electron transport was shut down i f these 
10 water molecules were prevented f rom leaving. Considerat ion of the energy 
of moving a charge f rom highly polarizable water to poorly polarizable protein 
suggests that there should be no surprise that the electron needs water on its 
inbound journey. However , f rom the perspective of protein mechanism, it is 
news-worthy that the "apparently fut i le" water cycle must reflect a swelling 
and shrinking of the protein as it conducts charges through itself. 

H e m o g l o b i n seems to act l ike a molecular osmometer (26) . Prote in 
structure tells us that there is a 5 0 0 - 7 0 0 - Â 2 increase i n surface exposed to 
solution w h e n the tetramer switches f rom the tense ( Γ ) deoxygenated form 
(with its tight bridges between polar groups on facing surfaces) to the relaxed 
(R) oxygenated form. T h e osmotic stress sensitivity of loading oxygen onto 
hemoglobin, F igure 3, shows that some 60 solute-excluding water molecules, 
w, are associated w i t h the switching event. 

In equil ibrium-react ion language, 

Τ + 60α; <± Rwm 

to emphasize the addit ion of water. Inc luding the four oxygens, 

Τ + 4 0 2 + 60u> K 4 O 2 u ; 6 0 

In fact, for energetic purposes, these water molecules behave like a 
l igand whose transition-effecting action is analogous to that of ligands, such as 
oxygen, protons, and various anions, and controller molecules such as diphos-
phoglycerate ( D P G ) . Because the sensitivity of a macromolecule to the 
activity o f an associating l igand is directly proportional to the required 
number of molecules, the presence of 60 water molecules compared to 4 
oxygen molecules or 1 D P G molecule should inspire reexamination of the 
importance of solvation i n control l ing oxygen uptake. 

This reconsideration takes us into the purely phenomenological realm, to 
the fact that lowering the activity of water shifts the oxygen loading curve, 0 2 

b o u n d versus 0 2 pressure, down; fewer oxygen molecules b i n d at a given 
oxygen pressure. T h e existence of major solvation unexpectedly leads us to 
recognize a neglected factor i n l igand binding, a new variable for allosteric 
control : water. T h e same molecules that b i n d to hemoglobin also can change 
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deoxyhemoglobin oxyhemoglobin 

osmotic pressure 

Figure 3. Illustration of how the osmotic stress method is used to measure the 
volume associated with the process of oxygen binding to hemoglobin. 

the activity of water and, therefore, water b inding . Both effects must be 
considered i n dealing wi th conformational equi l ibr ium. Molecu lar hydration 
can be a strong and neglected source of the energy that changes the oxygen 
affinity of heme groups w h e n the molecule makes its deoxy oxy switch. 
Potentially, this role of water w o u l d occur for most allosteric enzymes. 

E v e r since X-ray diffraction showed little difference i n the two forms for 
the structure around the heme b inding site, it has been a puzzle where the 
energy came i n to change oxygen b i n d i n g affinity. T h e best explanation is that 
the energy is delocalized over a large volume of protein (27). I n fact, 
structural data also showed differences i n p r o t e i n - p r o t e i n interaction be
tween the two conformations: there are more p r o t e i n - p r o t e i n contacts i n the 
deoxy than i n the oxy form. U p o n oxygenation, the large energy of hydrating 
the extra exposed surface, impl ic i t i n the 60 newly b o u n d water molecules, 
may be the missing ingredient. 

T h e most explicit recognition of macromolecular energies as surface 
energies of solvent excess or deficit is i n the work of Blank (28, 29), w h o 
showed the essential equivalence of Gibbs adsorption isotherms and the 
changes i n the energy of alternate protein states. 

T h e attractive pul l ing forces of intramolecular br idging polar groups i n 
the deoxy form might become repulsive spreading forces of hydration w h e n 
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the same groups are exposed to water. T h e magnitude of energies involved 
might be gauged from the directly measured work of surface dehydration. 

Forces Measured in Lipid Assemblies and between Large 
Molecules 

Lipids. Af ter 15 years of systematic measurement, interactions be
tween amphiphil ie assemblies, particularly between phosphol ipid bilayer 
membranes, are as we l l elaborated as for any class of materials (for a recent 
review, see reference 6). B y their very nature, amphiphil ie molecules self-
assemble i n water into structures that separate polar group-water compart
ments from hydrophobic compartments. Aqueous spaces i n these assemblies 
swell and shrink under the combined influence of all the forces that stabilize 
the molecular assemblies as w e l l as those that determine their association. 
Because the subject has been so thoroughly reviewed, we need ment ion only 
general points here. 

Forces between Bilayers. F o r each of the several dozen systems 
examined, bilayer interactions are dominated at close range by exponential 
hydration repulsion, w h i c h can be described by the equations given earlier. 
Electrostatic repulsion and van der Waals attraction contribute little to the 
interaction energy w h e n the surfaces are closer than about 2 0 - 3 0 Â. A 
number of specific differences have been observed, and the coefficients and 
decay lengths have all been documented. O n e of the largest differences is 
shown i n F igure 4. T h e design and goal of these studies has been to 
understand the cause of hydration repulsion. Polar group identity, polar 
group methylation, the physical state of the hydrocarbon chain, chain hetero
geneity, and mixing of l i p i d species all appear to affect hydration repulsion. 

O n e general and large influence on the magnitude of hydration repulsion 
is methylation of the surface. T h e addition of a single methyl group or of a 
small fraction of methylated species to the surface molecules causes a 
disproportionate increase i n hydration repulsion and bilayer swelling or 
separation. T h e ability of surface molecules to form intermolecular hydrogen 
bonds appears to d iminish considerably the net repulsive forces. Correlat ion 
of the strength of hydration forces w i t h surface dipole potentials (30) has 
raised the difficulty of separating the cause and effect of these two forces, 
because perturbed water is expected to contribute to both . T h e overall 
picture is one i n w h i c h specific polar group-water interactions greatly 
influence the hydration forces, attractive and repulsive, at small separations. 

Al though hydration forces are dominant at short range, it is the equil ib
rium separations i n excess water that really determine the degree of swell ing 
i n these systems. A t this l imit of swelling it is the other forces against w h i c h 
the shorter range hydration repulsion is balanced that determines the final 
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interbilayer separation measured using X-ray diffraction 

Π 

8 r 
CM 

Ε ο 
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Ο 
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Π = n o expHyÀ) 

α α 
• 

D • 

α • 
ο • 
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0 10 20 30 

d w (A) Bilayer Separation 

Figure 4. The osmotic stress method used to measure net repulsive pressure 
between membranes as it varies with membrane separation. Solid symbols 
represent stearoyloleoylphosphatidylcholine; open symbols represent palmitoyl-

oleoylphosphatidylethanolamine. 

state. T h e van der Waals attraction is normally balanced by hydration 
repulsion to determine the equi l ibr ium swelling of electrostatically neutral 
bilayers; it is capable of producing collapse to a fully dehydrated state only i n 
those instances where hydration repulsion is apparently balanced by attractive 
intersurface correlations (31), for example, i n the cases of divalent-cation-in
duced aggregation of acidic phospholipids (32, 33). Another force that has 
gained fuller appreciation i n the past few years is that caused by thermal 
fluctuations of bilayers (34). W h e n the net forces between bilayers are weak 
enough to allow bilayer thermal motion, the consequent steric forces of 
mutual coll ision enhance the separation of neutral bilayers (35). T h r o u g h the 
interplay of these configurational forces and direct forces, decay rates of 
electrostatic repulsion are modif ied (36). Otherwise, electrostatic repulsion 
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alone results i n indefinitely large swelling or separation of charged l i p i d 
bilayers. 

Nonbilayer Assemblies. Osmotic stress has also been used to probe 
the energetics of nonbilayer assemblies of phospholipids, particularly the 
inverted H n phase shown i n F igure 5. In this structure parallel tubes of 
water, whose axes are arranged on a hexagonal net, are b o u n d e d by the polar 
groups of the phospholipids whose tails fill the intervening space. T h e 
monolayer of l i p i d has a spontaneous radius of curvature ( 3 7 ) that it assumes 
w h e n excess water and alkane solvents together relax both hydration and 
hydrocarbon chain stresses. This radius, i n the absence of solvent stress, 
defines the degree of swelling and it can be greatly increased by the addit ion 
of l ipids w i t h larger or more hydrated polar groups. T h e remarkable point is 
that the hexagonal phases of larger spontaneous radii o f curvature take u p 
m u c h more water than does the equivalent lamellar phase (7) . This extra 
drive for hydration, that previously required the polar groups to hydrate 
directly, is understood i n terms of the monolayer curvature energy that 
creates large water cavities required by the large spontaneous radius. 

W 

hexagonal phase Ο 
Π 

Ο 

CM 

ε 
ρ 

CD 
Ο 

R W (A) 

Figure 5. The osmotic stress method used to determine the relation between 
structural dimensions of the hexagonal phase and the applied stress. 
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U n d e r osmotic stress, the aqueous compartment shrinks and the mono
layer around the water cyl inder bends. T h e osmotic work can be translated 
into monolayer- and bi layer-bending m o d u l i (7 ) to y ie ld a bilayer value of 
about 1.5 X 1 0 ~ 1 2 erg, w h i c h is i n qualitative agreement w i t h measurements 
f rom bilayer mechanics (38). It is possible to refine the analysis of H n 

dehydration to include the change i n area per l i p i d molecule and to extract 
both a bending modulus and a lateral compressibility m o d u l i . This refinement 
gives m o d u l i i n close quantitative agreement w i t h other measures of mechan
ical deformation (39) . 

Phase Transitions in Lipid Assemblies. T h e rich polymorphism 
of amphiphil ie systems, of w h i c h the multi lamellar and the H n phases are 
only two structures, was made evident f rom the seminal work of Luzzat i and 
co-workers. Since that early work, an immense variety of water- induced phase 
transitions have been observed and rationalized i n terms of an apparently 
systematic connection between water content and polar group molecular 
area. Therefore, the recent observation of a double t r a n s i t i o n — H n to 
lamellar back to H n — f r o m continual hydration of dioleoylphosphatidyl-
ethanolamine (40) was a surprise. Furthermore , an estimate of the cost of 
uncur l ing the monolayer in the formation of bilayers based o n the previously 
described bending modulus far exceeds the osmotic work that actually 
produced the transition. Al though this transition sequence can successfully be 
accounted for by simple thermodynamical principles, it, i n fact, contains 
many geometry-dependent free energy contributions that we simply do not 
yet understand (41). 

Interactions between Macromolecules. Polysaccharides. 
Consistent w i t h other materials, stiff polysaccharides approaching contact 
repel w i t h a force that varies exponentially w i t h distance (Figure 6). T h e 
forces are essentially independent of ionic strength. A recent study (13) on 
xanthan polysaccharides, aligned into w e l l defined arrays, showed a 3.3-Â 
decay distance regardless of whether the bathing m e d i u m contained 0 . 1 - 1 - M 
N a C l or 0 . 0 5 - 0 . 1 - M M g C l 2 or C a rather than M g ions. Independence of salt 
concentration and type is all the more striking w h e n one recalls that xanthan 
bears charged pyruvate groups. T h e force versus distance curve shifts slightly 
to smaller separations w i t h no effect on the spatial decay constant w h e n 
pyruvates are removed f rom the molecular surface. Another polysaccharide, 
whol ly uncharged schyzophyllan, showed similar spatial variation but weaker 
forces. 

Polysaccharides are found throughout the plant and animal kingdoms 
where they are essential for their ability to absorb water, to control viscosity, 
and to maintain the integrity of neighboring cells. In most cases these 
molecules are flexible; their swelling is a combination of polymer entropie, 
electrostatic, and hydration forces (42). T h e difficulty of simultaneously 
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intermolecular distance 
d j measured using X-ray diffraction 

H 
macromolecular 
array 

logn 

d., Intermolecular Spacing 
Figure 6. Osmotic stress used to measure the intermacromolecular force as it 

vanes with molecular distance. 

accounting for so many factors has made the identification of each factor 
difficult. N o w , w i t h the results of forces measured between stiff molecules i n 
various ionic solutions, it is possible to separate the contribution of direct 
solvation f rom the entropie and electrostatic contributions. 

Forces between DNA Double Helices. T h e repulsion and attraction 
of D N A is the molecular interaction most studied to date. In simple salts, 
repulsion is again exponential wi th decay rates of 2 .8-3.3 Â (11). U n l i k e 
forces between polysaccharides, the coefficient of the force depends on 
the type of cationic counterion, even though electrostatic double layer repul
sion is low enough to suggest that the helix is largely neutralized by ion 
association. 

T h e fact that D N A is tightly packaged i n cells or i n viruses suggests the 
action of condensing species that seem to h o l d the double helices together. I n 
vitro experiments w i t h these condensing agents show the D N A precipitating 
into well -def ined arrays w i t h equi l ibr ium separations of 5 - 1 5 Â between 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

23
5.

ch
00

9

In Biomembrane Electrochemistry; Blank, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 



192 BIOMEMBRANE ELECTROCHEMISTRY 

molecular surfaces. B y measuring the forces encountered to b r i n g the 
molecules closer together than the 5 - 1 5 - Â spontaneous separations, w e have 
realized that the operative attractive force is also a force of hydration or, 
rather, also a structural force w i t h its or igin possibly i n the perturbation of the 
arrangement of water around the D N A helix (43). 

T h e measured strength o f this attractive hydration force, especially its 
sensitivity to the identity and activity of the condensing agent, makes it a 
l ikely candidate for explaining the strong fit o f complementary surfaces. T h e 
o l d lock-and-key idea is revitalized by the quantitative idea of the nature of 
the attractive force that radically differs f rom the m u c h weaker van der Waals 
forces usually invoked to explain the formation of molecular arrays. 

T h e temperature dependence of measured forces has al lowed us to 
separate the entropie and enthalpic parts of the free energy of interaction. 
Because the force between two molecules is a derivative of the free energy of 
br inging them together and because the temperature derivative of a free 
energy is an entropy, the temperature derivative of a force is entropy versus 
separation (43). Remarkably, both of these components show exponential 
variation w i t h separation. F o r the best-studied case, M n - D N A , the entropy 
of water release f rom between two helices as they are brought together is 
positive, w h i c h is evidence for the idea that water is to some extent i m m o b i 
l ized i n the vicinity of the molecular surface relative to its condit ion upo n 
release into the bathing water solution. 

Since the theories of K a u z m a n n (44) were published, entropically i n 
spired forces have been recognized as a key factor i n macromolecular 
organization. This concept is usually thought of i n terms of hydrophobic 
forces around nonpolar surfaces, although K a u z m a n n recognized both polar 
and nonpolar surfaces i n his original work. T h e results of the D N A force 
measurements show that water entropy is also important i n considering the 
interaction of polar molecules. In fact, the possibilities of specifying and 
modifying polar surfaces are so great that we now believe that entropie forces 
that involve hydration are a key factor i n molecular assembly. 

Discussion and Conclusions 
T h e origin of life i n aqueous milieux and the necessity of the internal aqueous 
environment i n l iving systems leads us to expect the hydration and swelling of 
biomolecules to be a central feature of their organization and function. D i r e c t 
measurement of intermolecular forces i n aqueous solutions now shows us 
new ways i n w h i c h nature achieves the control led swelling essential to l iving 
matter. 

E v e n single molecules go between wel l -def ined states w i t h different 
degrees of hydration. H o w might this theme of hydration be an organizing 
principle for th inking about biological processes? H o w might the exquisitely 
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control led physical and chemical properties of a single hemoglobin molecule 
or an ionic channel be related w i t h the general forces observed between 
less-specific surfaces, such as l i p i d bilayers or D N A double helices? 

W e have investigated two ideas: 

• Biological materials, such as allosteric proteins, appear to con
tro l hydration through the molecular design of interacting sur
faces and by the adsorption of specifically designed molecular 
ligands. 

• Hydrat ion energies of interaction are large. 

W e stated before that it takes about 100 e r g / c m 2 to push phosphatidyl
choline ( P C ) bilayers together to anhydrous contact. Per 100 Â 2 , this is about 
the energy of two high-energy phosphate bonds i n A T P hydrolysis. (It is 
worth noting here our unpubl ished observation that phosphate-backbone 
D N A i n a N + ( C H 3 ) 4 counterion salt solution shows approximately the same 
repulsion as egg phosphatidylcholine w h e n one corrects for curvature and for 
area per polar group. T h e phosphorylcholine polar group of P C is a phos
phate l inked to a N + ( C H 3 ) 4 by a — C H 2 — b o n d . There seems to be a simple 
way to go between planar membrane and cyl indrical molecular geometry.) 

H o w might one think about this energy as it is felt i n the transition 
between the forms of hemoglobin w i t h a difference of 60 associated water 
molecules and a 550-Â difference i n solvent exposed area? E v e n i f hydration 
energy of the exposed protein surface were only one-tenth of that for P C or 
D N A , the expected contribution w o u l d be 

550 Â 2 X 1.5 k c a l / m o l / 1 0 0 Â 2 = 8 k c a l / m o l hemoglobin 

Is it only a coincidence that this is of the same magnitude as the dif
ference i n the energy of oxygen b inding w h e n the b inding constant changes 
by a factor of 1000? Specifically, 

RT In 1000 = 0.6 k c a l / m o l X 6.9 = 4 k c a l / m o l 

T h e solvation-desolvation of the protein surface might be considered as 
a means of storing or spending energy i n a way that can be shifted to other 
parts of the molecule, such as the oxygen-binding heme groups, w h e n 
molecular transitions occur. 

Hydrat ion is only one part of the l igand-binding and conformation-chang
ing event. A t the midpoint of a transition, the condit ion where the molecule is 
equally l ikely to be i n one or the other form, the total free energy difference 
is zero. However , this zero is a balance of energies on the scale of the 
energies computed before. T h e proverbial small difference between large 
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numbers is the reason w h y the transition w i l l be exquisitely sensitive to 
changes i n solution condit ion or to changes thorough mutation. 

It is worth noting that the free energy consequence of water removal, the 
osmotic pressure times the volume o f water removed, need not be that great. 
T h e 0.15 ionic molarity of mammalian b lood translates into an osmotic 
pressure on the order of 5 - 1 0 atm or 5 - 1 0 X 1 0 6 e r g / c m 3 . O n e way to 
comprehend the meaning of this is to say that removal o f a 5000-Â 3 volume 
of solute-inaccessible water w i l l "cost" one kT per molecule or one RT per 
mole of protein. O n this scale the osmotic work o f removing 60 water 
molecules wi th a volume of A V = 30 X 60 = 1800 Â 3 is not so great. 

Put another way, for this volume there is a corresponding work, 

n o s m A V = 1 0 ( 7 ) e r g / c m 3 X 1800 X 1 0 ( ~ 2 4 ) c m 3 

= 1.8 X 1 0 ( " 1 4 ) erg = (1.8/4.2)kT 

= 0.43fcT/molecule = 0 . 4 3 K T / m o l 

This value is about what one needs to change a 5 0 - 5 0 distribution 
between two states to a 6 0 - 4 0 distribution; that is, 

n o s m àV = RT ln(60/40) = 0ART 

T h e important part o f the energy of hydration is that w h i c h is seen 
through the reversible process o f br inging two surfaces together f rom infinite 
separation—the 100 e r g / c m 2 used i n the foregoing illustration. These hydra
tion energies, then, can translate into large stresses on solvent-exposed 
surfaces. 

H o w might these energies of interaction couple w i t h the energies o f 
protein deformation that effect changes i n function? In a set o f highly original 
papers, Blank (28, 29) has elaborated the connection betwen surface ener
gies, adsorption isotherms, and hemoglobin function. F o r a specific sugges
t ion of this k i n d o f connection i n terms of the energies described here, we 
close w i t h a speculation. It has been k n o w n for some t ime that hydration 
forces between surfaces couple w i t h forces of lateral deformation wi th in each 
surface (3) . F o r a functioning protein, exposure o f new surface to water does 
not only mean a large energy of solvation; it also means a significant energy 
for stressing the protein surface. Groups that are p i n n e d down by peptide 
contact i n the unsolvated state experience a reversal o f lateral tension as they 
spread out i n solvent. T h e energies available and the reversal o f sign of lateral 
tension might provide a key to i l luminat ion of the connection between 
allosterism, hydration, and changes i n molecular activities. 
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Connexin-32: A Protein That Forms 
Channels through One or Two 
Membranes 

Andrew L. Harris 

Thomas C. Jenkins Department of Biophysics, The Johns Hopkins University, 
3400 North Charles Street, Baltimore, MD 21218 

Connexin protein, which forms gated channels through closely ap
posed cell membranes ("gap junction channels"), also forms channels 
in single membranes. The mechanisms by which single- and double
-membrane connexin channels are formed, gated, and regulated are of 
biophysical interest, yet are largely unknown. Biophysical studies have 
been hindered by inaccessibility of cellular connexin channels and by 
the unique problems of connexin reconstitution. Connexin-32 from 
isolated gap junctions and from monoclonal immunoaffinity purifica
tion from plasma membrane forms large, dynamically gated channels 
in liposomes and planar bilayers. These connexin channels may be 
single hemichannels—the subunits that span a single membrane in 
situ—and are accessible for detailed biophysical study. Implications 
and possibilities for future studies of permeation, gating, and modula
tion are discussed. 

T F H E STUDY O F PROTEIN F U N C T I O N is increasingly focused on the interac
tions between protein structure, electrochemical potentials, and molecular 
motion. F o r membrane proteins, insertion through a phosphol ipid bilayer 
imparts a defined orientation to the protein and a specified relation between 
the macroscopic electrical field and the axis of the molecule normal to the 
membrane. These constraints can be exploited to obtain detailed information 
about membrane protein function and dynamics, particularly for proteins that 
form aqueous pores through membranes. T h e ability to record currents that 

0065-2393/94/0235-0197$09.26/0 
© 1994 American Chemical Society 
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198 BIOMEMBRANE ELECTROCHEMISTRY 

flow through individual channel molecules [in cel l membranes ( I ) and i n 
planar phosphol ipid bilayers (2 , 3)] and so to observe directly transitions 
between conductance states provides precise functional information that is 
unavailable for other proteins. M e m b r a n e i o n channels, therefore, afford a 
unique opportunity to explore h o w physical and electrochemical forces inter
act w i t h the s tructure- funct ion of proteins, particularly w h e n amino acid 
sequence and transmembrane topology are k n o w n . 

This chapter reviews some of the molecular biophysical questions that 
are raised by the properties of one class of channel-forming proteins, con
nexin, and that may be addressed through the study of connexin i n reconsti
tuted membrane systems. T h e first section introduces issues of biophysical 
interest and provides background information about connexin. T h e second 
section discusses the prospects for ut i l iz ing reconstituted systems to study the 
key questions, fol lowed by a br ie f review of data f rom our laboratory. T h e 
final sections evaluate the findings and discuss future studies. 

The Gap Junction Channel, Connexin Protein, and Their 
Importance for Electrochemical Studies 
In tissues, connexin protein composes structures called gap junction chan
nels. E a c h junctional channel forms a wide , dynamically gated aqueous pore 
through two closely apposed cel l membranes (Figure 1) (4-6). Solutes up to 
~ 14 Â across can diffuse f rom ce l l to cel l through the pores without leakage 
to the extracellular environment. T h e junctional channel is formed by two 
end-to-end subunits (called hemichanneh or connexons) that each span a 
single ce l l membrane. T h e hemichannel is composed of six connexin 
monomers arranged around a central aqueous pore. E a c h connexin monomer 
spans the plasma membrane four times, w i t h C - and N - t e r m i n i i n the 
cytoplasm and two extracellular loops (7-9; reviewed i n reference 10). 
Connexins are a family of closely related proteins o f w h i c h a steadily 
increasing number have been c loned and sequenced ( I I , 12). T h e amino 
acid sequences of connexins are highly homologous to one another i n 
transmembrane and extracellular domains, but highly variable i n cytoplasmic 
domains ( I I ) . 

G a p junct ion channels provide pathways for direct current flow between 
cells and for regulated intercellular movement of important cellular signaling 
molecules, inc luding cyclic nucleotides (5 , 13-17). Consequently, gap junc
t ion channels are thought to play crucial regulatory roles i n cel l biology, 
development, ,and physiology (18-22). 

Connexin protein is unique i n forming a gated pore through two m e m 
branes. T w o questions particular to this structure are (1) h o w is the junctional 
channel assembled (e.g., h o w do the two hemichannels find each other and 
interact to form a stable structure) and (2) what is the interaction between 
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10. HARRIS Connexin-32 199 

Figure 1. Schematic drawings of connexin channels. The upper figure is an edge-on 
view of the junctional channel in situ that spans two plasma membranes (gray areas) 
across extracellular space. The middle figure shows a single hemichannel, the subunit 
of the junctional channel that spans each membrane. The lower figure is an end-on 
view of a hemichannel that shows the arrangement of six connexin monomers around a 

central, water-filled pore. 

the two hemichannels dur ing gating transitions and regulatory processes? 
Analogous questions apply to other protein complexes that mediate signaling 
across double-membrane structures, such as the ryanodine receptor -dihydro-
pyridine receptor complex i n muscle (23). These questions, and others that 
pertain specifically to i o n channels, are introduced i n succeeding text. 

Junctional Channel Structure(s). A t regions of ce l l contact, junc
tional channels are found i n two-dimensional arrays that can contain thou
sands of channels. T h e arrays vary f rom loose collections of channels to 
pseudocrystalhne two-dimensional lattices. A port ion of the most regular 
arrays can be isolated by techniques that select for membrane structures that 
are resistant to severe chaotropic treatments such as ionic detergents or 
prolonged exposure to highly alkaline conditions ( p H 12.5) (24-27). T h e 
highly regular arrays of channels obtained have been studied i n detail w i t h 
electron and X-ray diffraction techniques (reviewed i n reference 28), and 
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recently by atomic force microscopy (29) , to reveal structural features. These 
studies established the hexameric structure of the hemichannel and provided 
two possible structural correlates of gating. I n one view, the pore is occ luded 
at each cytoplasmic e n d by a protein mass that can lift away f rom the p o r e — a 
trap door system (30) . Another view is that the connexin monomers are r ig id 
rods that undergo a torsional tilt, s l iding against each other and twisting to 
close the lumen of the pore at the cytoplasmic end—somewhat analogous to 
an iris diaphragm (31, 32). 

Functional Hemichannels in Cells. A growing body of c i r cum
stantial evidence indicates that single hemichannels are functional channels i n 
plasma membranes. There is indirect evidence for the existence of large 
channels formed by connexin i n the plasma membrane of a macrophage cel l 
l ine (33). Physiological data strongly suggest that hemichannels mediate a 
gated plasma membrane conductance i n teleost horizontal cells (34). W h e n 
Xenopus oocytes are injected wi th m R N A coding for connexin-46 (but not 
other connexins), a voltage-gated conductance and a permeabil i ty to the dye 
L u c i f e r Ye l low are induced i n the plasma membrane (35, 36). These findings 
indicate that plasma membrane connexin channels have normal physiological 
functions, and they also may afford access to hemichannels for certain types 
of electrophysiological studies. 

Permeability. Permeation through most ion channels is described by 
barrier models based on E y r i n g rate theory (37) . Permeation through the 
junctional pore, however, might be more accurately described by electrodif-
fusion (38) because the junctional pore is sufficiently wide that atomic ions 
may pass one another. Larger permeants may interact w i t h the walls of the 
pore (39, 40) and their deviation f rom electrodiffusive fluxes may reveal 
details about the structure o f the pore. Voltage-clamp studies of coupled cells 
typically show a broad distribution of unitary channel conductances, ranging 
from ~ 20 pS to several hundred picosiemens (cf. references 41-44; for 
review, see reference 45). Some of this variability is undoubtedly due to the 
presence of varying and mult iple connexins, but even i n junction-incompetent 
cells transfected w i t h c D N A for a single connexin, more than one size can be 
observed (46). Uni tary conductance might be modulated by factors i n the 
cellular mi l ieu inc luding protein kinases (47). A relation between differences 
i n unitary conductance and selectivity among large permeants has yet to be 
established. 

Transjunctional Voltage Sensitivity. I n most tissues where junc
tional conductance has been examined, it is sensitive to transjunctional 
voltage, membrane potential, or both. Furthermore , i n a single junct ion there 
can be more than one kinetically distinct process for a given type of voltage 
sensitivity (6, 45). In general, for transjunctional voltage sensitivity, junctional 
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conductance is highest w h e n the transjunctional voltage is zero and decreases 
w i t h transjunctional voltage of either sign (48, 49; but see reference 50). In a 
well-characterized case of steep transjunctional voltage sensitivity, w h e n the 
polarity of the transjunctional voltage was reversed, the junctional channels 
opened transiently (51). T h e kinetics of the transient were modeled as i f the 
channel was gated by two oppositely oriented voltage sensors and the gate 
that was closed by the init ial voltage polarity had to open before the other 
gate could sense the new voltage. A proposed mechanism for this "contingent 
gating" located the voltage-sensing moieties wi th in the l u m e n of the pore. 
F o r this mechanism, when the lumen is occ luded by one gating structure, the 
bulk of the membrane field drops across it, leaving little o f the field to be 
sensed by the voltage-sensing moiety i n series. This mechanism is a specific 
example of a state-dependent alteration of field across a protein (52). A n 
alternative explanation is that the interaction between the gating mechanisms 
is mediated not by changes i n the field, but by allosteric interactions between 
the two hemichannels. Recent studies that ut i l ized molecular genetic tech
niques showed that domain swaps involving the extracellular domains of 
differing connexins can affect transjunctional voltage sensitivity (45, 53-55) 
[there is no obvious analog of the S-4 region thought to be crucial for voltage 
sensitivity i n other channels (56)]. These studies also indicate that the 
end-to-end interactions of hemichannels can dramatically affect voltage-
dependent behavior. Indirect evidence implies that i n one cel l type, such 
end-to-end modulatory interactions do not take place (34). Studies of the 
voltage dependence are further complicated by observations of differing 
voltage sensitivities for the same connexin expressed i n different cells (see 
reference 45). T h e study of hemichannel voltage sensitivity under simple and 
defined conditions w o u l d be useful. 

Ligand Sensitivity. Rigorous identification of cellular ligands that 
act directly on junctional channels has been difficult because access to the 
physiological modulatory sites of the junctional channel is only via cytoplasm 
(and it has been difficult to identify junctional channels i n patch-clamp 
studies even where they are l ikely to exist; see reference 57). Experiments i n 
w h i c h junctional coupl ing is modulated by exposure of cells to various agents 
can be informative w i t h regard to aspects of cellular regulation of junctional 
channels, but cannot precisely define w h i c h cytoplasmic factors act on the 
channel protein itself to effect a change. 

Connexins and Channel Composition. T h e molecular diversity 
among connexins is l ikely to produce differences i n the properties of the 
channels they form (cf. reference 58). T h e presence o f naturally occurring 
connexin variants may be useful i n elucidating the role of specific domains of 
the protein. T h e physiology of junctional channels i n situ varies dramatically 
f rom tissue to tissue (see reference 6), and some of the variability is no doubt 
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due to the fact that different combinations of connexins are found i n each 
tissue. I n at least one tissue, one connexin predominates sufficiently that it 
must be capable of forming homo-oligomerie hemichannels (59-61) . In 
tissues where there are comparable amounts o f different connexins, two 
different connexins can be found i n the same array of junctional channels 
(62), and recent biochemical data indicate that hemichannel structures can 
be formed of more than one connexin (63). Experiments i n w h i c h m R N A s 
that code for different connexins are expressed i n Xenopus oocytes show that 
junctional channels can be formed by two hemichannels, each of w h i c h is 
whol ly formed by different connexins (cf. references 53, 54, 64, 65). These 
experiments and others (48, 66, 67) indicate that each hemichannel contains 
discrete gating mechanisms (that may interact strongly w i t h those of the 
hemichannel w i t h w h i c h it is i n series). Thus, properties of junctional 
channels may be determined by the variable composit ion of each hemichan
nel (hemichannel-specific properties) as w e l l as the variable effects of end-to-
e n d hemichannel cooperative interactions. T h e ability to define hemichannel 
properties independently of the effects o f their interactions w i t h each other 
w o u l d be of value. 

Lateral Interactions between Hemichannels. Connex in chan
nels display a profound tendency to aggregate laterally, w h i c h gives rise to the 
large arrays of channels previously mentioned. N o " h e l p e r " protein or 
cytosketal organizing influence has been identif ied. Al though the functional 
role of this aggregation is unclear, it cou ld favor the formation of junctional 
channels by accumulation of precursors to localized membrane domains, or 
perhaps it facilitates cooperative gating interactions between adjacent junc
tional channels [as some researchers have reported (68, 69)], even though 
adjacent hemichannels i n tightly packed arrays are separated by l i p i d (30, 
31). W h e n hemichannels are isolated f rom junctional membranes by b io
chemical techniques, they can form linear structures, regular two-dimensional 
arrays, and three-dimensional stacks (70, 71). A model of the interchannel 
spacing i n the arrays i n cel l membranes l e d to the proposal that the 
interactions between the channels are inherently repulsive, and that they 
aggregate to min imize repulsive force between the apposed membranes (72). 
This mechanism may not operate i n the previously mentioned example of i n 
vitro aggregation of pur i f ied hemichannels. 

Junctional Channel Formation. T h e mechanism of formation of 
junctional channels is not known. Al though direct data are lacking, by analogy 
w i t h other oligomerie membrane proteins, connexin is though to be organized 
into oligomerie (probably hemichannel) structures i n intracellular membrane 
compartments (73, 74). T w o extreme views are (1) that hemichannels are 
inserted into the plasma membrane solely at sites of junct ion formation and 
(2) that hemichannels are already present i n the membrane and nucleate at 
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the t ime of junct ion formation (75). T h e reality may involve both processes. 
E a r l y immunofluorescence studies fai led to reveal nonjunctional connexin i n 
plasma membrane (59, 76), but dispersed protein w o u l d have been difficult 
to detect. M o r e recent data argue strongly that i n normal cells, connexin 
precursors (presumably hemichannels) are present nonjunctionally i n the 
plasma membrane and, furthermore, their assembly into plaques of junctional 
channels is associated w i t h a phosphorylation (77) . F o r a connexin expressed 
i n oocytes, indirect data argue that connexin precursors are accessible to 
extracellular reagents pr ior to formation of junctional channels (78). 

T h e formation of junctional channels requires end-to-end association 
between the extracellular domains of hemichannels. This interaction is not 
l ikely to be covalent because junctional channels can be split into hemichan
nels by alkaline urea treatments (7, 79). However , the formation of junctional 
channels between m R N A - i n j e c t e d oocytes is critically dependent on the 
presence of the three cysteines i n each connexin extracellular loop (78). 
These cysteines apparently do not form interhemichannel disulfide bonds 
(80-82), but may serve to stabilize the extracellular domains dur ing the 
homophil ie b inding reaction w i t h the apposing hemichannel . 

Hemichannels i n apposing membranes must be brought sufficiently close 
for them to interact. E a c h hemichannel protrudes extracellularly only ~ 10 Â 
from the plasma membrane (30, 31), w h i c h is a very short distance compared 
w i t h usual intercellular separation. T h e typical m e m b r a n e - m e m b r a n e separa
t ion wi th in a gap junct ion is ~ 20 Â (19) [intriguingly close to the equi l ib
r i u m distance between uncharged phosphol ipid surface (83)]. Strong evi
dence indicates that cel l adhesion molecules play a crucial role i n br inging 
cel l membranes close enough for the hemichannels to interact (84, 85). 

There are significant physiological, structural, and biochemical data w i t h 
regard to the junctional channel. This body of knowledge provides a basis for 
exploration of certain issues wi th respect to the physics of channel-forming 
proteins and of molecular dynamics specific to junctional channels that may 
have implications for other macromolecular structures. These issues include 
the location of voltage-sensing charges, the roles of specific protein domains, 
testing of specific mechanisms of channel closure, interactions between 
conductance state and electric field, cooperative effects between hemichan
nels, mechanism of permeation, and the forces involved i n formation of 
double-membrane protein structures. 

Prospects for Biophysical Study of Channels Formed 
by Connexin 
W h a t are the possibilities for addressing these issues? I n most cases, the 
required data are difficult to obtain due to (1) the inaccessibility of the 
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junctional channel i n situ or (2) the complications of the presence of two 
functional hemichannels i n series, w h i c h furthermore interact i n unknown 
ways, or a combination of both. F o r example, it is difficult to obtain a selec
tivity sequence w h e n the ionic environment at neither e n d of the pore can be 
changed w i t h impunity . Changes i n the connexin amino acid sequence can 
affect the nature of the hemichannel -hemichannel interactions simultane
ously with the gating, kinetic, and permeabil i ty properties that are o f pr imary 
interest. These factors might be deconvoluted by parametric studies of 
oocytes that express hemichannels formed by differing connexins (cf. refer
ence 54), but straightforward studies of the properties of single hemichannels 
w o u l d be o f clear value. 

T h e Xenopus oocyte expression system can be used to study macroscopic 
junctional conductances, but not to make single-channel measurements. D u a l 
voltage c lamp of coupled cells under conditions of reduced junctional con
ductance can reveal single-channel transitions (41, 46), but the problems of 
accessibility and series hemichannels remain. 

A wel l -def ined accessible system is required. Reconstitution into l ipo
somes and planar phosphol ipid bilayers can provide the accessibility and has 
been used to great advantage for many ion channels (86) . T h e disadvantages 
of reconstitution are that the protein may be damaged and that it may lack 
chemical factors required for physiological function. In addition, several 
unique problems arise for reconstitution o f connexin channels (87) . 

T h e gap junct ion channel spans two membranes. Al though it is desirable 
to reconstitute double-membrane connexin channels at the interface of two 
closely apposed bilayers, at present a well-characterized and reliable system 
of this type does not exist (but see reference 88). O n the other hand, the 
junctional channel is composed of discrete single-membrane structures that, 
as previously mentioned, may function normally as channels i n nonjunctional 
plasma membrane. Therefore, it may be possible to study single hemichan
nels w i t h standard reconstitution techniques. Data f rom structural studies and 
from cellular physiology indicate that each hemichannel has a f u l l comple
ment of gating structures and sensitivities (e.g., each can respond to voltage, 
p H , etc.) (31 , 48, 64-67, 89). E v e n though some aspects o f junctional 
channel operation are l ikely to involve end-to-end hemichannel -hemichannel 
interactions, it w o u l d be a major step to fully characterize the biophysics of a 
single hemichannel . In fact, this must be achieved i n order to determine how 
the cooperative end-to-end interactions affect the function of each hemichan
nel . 

A second problem is the identification of a bilayer channel as a relevant 
connexin channel. M o s t channels i n bilayers are identif ied by defining physi
ology (e.g., ionic selectivity, toxin effects). F o r the junctional channel, the 
only certain defining properties are permeabil i ty to large molecules and, i n 
most cases, voltage sensitivity. Other factors that affect junctional conduc-
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tance between cells (e.g., p H , calc ium, octanol) may not act on the channel 
molecule itself. Because bilayers report the activity of a very small number of 
molecules (typically < 5 for single-channel recordings), standard biochemical 
criteria alone cannot be used to identify a connexin channel i n a bilayer 
because the sampling error is too great. F o r example, 10 μ g of protein added 
to a bilayer chamber corresponds to approximately 3 X 1 0 1 3 channels of the 
molecular weight of a hemichannel ; even an extremely minor contaminant 
could produce significant and misleading channel activity, especially i f consid
eration is given to (1) differences i n efficiency of incorporation into the 
bilayer and (2) lack of certainty that an incorporated connexin channel w i l l 
function under a given set of conditions. F o r the same reason, the use of 
antisera to identify bilayer channels places exceedingly stringent requirements 
on antisera purity, because only a few antibody molecules w i t h undesired 
specificity could misidentify the small number of channel molecules active i n 
a bilayer. 

A related problem is how to obtain connexin suitable for reconstitution. 
Puri ty w o u l d not be necessary i f there were an easy way to specifically 
activiate or select for reconstituted connexin channels. The preparations of 
isolated junctional membrane described previously y ie ld condensed junc
tional membranes and involve denaturing conditions known to affect con
nexin secondary structure (90) . T h e preparations also contain nonconnexin 
protein, because it is the junctional membrane structure that is puri f ied, not 
specifically the channel-forming protein. Several studies report channel activ
ity f rom such preparations, or f rom detergent-solubilized material f rom these 
preparations, comparing the channel activity w i t h physiology, pharmacology, 
and antisera effects inferred f rom cellular coupl ing studies (91-96). O u r own 
early work w i t h this material selected specifically for reconstituted channels 
that were permeable to large molecules (97) . 

Recently, preparations for connexin that may provide more suitable 
material for reconstitution have been reported. Immunoaffinity purif ication of 
two different connexins, under nondenaturing conditions, f rom membranes 
solubil ized w i t h nonionic detergent has been reported: one purification used 
a monoclonal antibody against a specific connexin (98 and Rhee, S. K . ; 
Harris , A . L . , unpublished) and the other used a sequence-specific polyclonal 
antibody (99) . A technique that combined alkaline conditions, nonionic 
detergent, and chromatography yie lded morphologically pure hemichannels 
(e.g., not junctional membranes) f rom liver (70). Detergent solubilization of 
lens fiber ce l l membranes y ie lded single hemichannels, though this prepara
t ion contains nonconnexin protein (71). Funct ional reconstitution of channels 
from the hemichannels puri f ied f rom liver has been reported (100). O u r 
studies w i t h junctional membranes and connexin pur i f ied w i t h monoclonal 
antibody (87, 101-103, and Rhee, S. K . ; Harr is , A . L . , unpublished) are 
briefly summarized i n the fol lowing section. 
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Development of a Reconstitution System for Study 
of Channels Formed by Connexin-32 
T h e studies out l ined i n this section describe the ways we have addressed the 
foregoing problems of connexin reconstitution by ut i l iz ing connexin-32, the 
predominant form of connexin i n rat l iver. O u r goals were to establish 
unambiguously that connexin-32 formed channels i n liposome membranes, to 
identify connexin channels i n planar M a y e r s , and to study their properties. 
T w o methods were used to identify reconstituted channels formed by con
nexin-32. In one method, protein was solubil ized f rom preparations of 
junctional membrane and incorporated into unilamellar liposomes. Connex in-
32 was identif ied as a channel- forming protein by its specific enrichment i n 
liposomes that were permeable to sucrose. In the other method, connexin-32 
was affinity-purified (with a monoclonal antibody directed specifically against 
connexin-32) directly f rom octylglucoside-solubilized plasma membranes. L i 
posomes formed w i t h such material were permeable to sucrose and L u c i f e r 
Yel low. Sucrose-permeable liposomes f rom each method were fused w i t h 
planar bilayers to study the properties of connexin channels. 

Connexin from Isolated Junctions Forms Large Channels in 
Liposomes (87, 101, 102). Prote in solubil ized i n octylglucoside f rom 
preparations of junctional membranes was incorporated into unilamellar 
phosphol ipid liposomes by gel filtration (104). Liposomes that contained 
large open channels were separated f rom those that d i d not using a perme
ability-specific l iposome fractionation protocol (105). In brief, the liposomes 
were formed i n a solution that contained several h u n d r e d mi l l imolar urea and 
were spun o n an isoosmotic density gradient formed f rom the urea buffer and 
a buffer i n w h i c h the urea was osmotically replaced by sucrose (sucrose is 
more dense than urea). Liposomes that are impermeable to sucrose and urea 
move a short distance into the gradient to a steady-state posit ion. Liposomes 
that contain large open pores exchange urea for sucrose and move to a 
characteristic lower posit ion (higher density) i n the gradient (Figure 2 A - C ) . 
In calibration studies using V D A C (voltage-dependent anion channel) (106), 
the movement of the liposomes to the lower (sucrose-permeable) posit ion 
was correlated w i t h a loss o f a large intraliposomal marker (calcein; molecular 
weight M W = 660 D a ) (105). This method is reliable for separation of 
liposomes that are permeable to large molecules f rom liposomes that are not. 
Sucrose can permeate gap junct ion channels, but not most other membrane 
channels. 

A significant fraction of the liposomes that contain junctional protein 
were sucrose-permeable (Figure 2 D and E ) . This result shows a correlation 
between protein f rom junctional membrane and sucrose permeability, but 
does not, by itself, permit the conclusion that connexin-32 forms the sucrose-
permeable pathway. 
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T o identify the protein responsible for the permeability, proteins i n the 
liposomes were separated by standard denaturing electrophoresis, blotted, 
and stained for total protein and for connexin-32. Western blots of unfrac-
tionated liposomes formed i n the presence of protein solubil ized f rom 
isolated gap junctions are shown i n F igure 3 A . T h e blots show the monomel ic , 
dimeric , and trimerie forms of connexin-32 commonly observed i n sodium 
dodecyl sulfate ( S D S ) gels o f isolated junctions ( 5 9 - 6 2 , 107). T h e y also show 
the presence of a commonly seen proteolytic fragment of connexin-32 (59, 
61, 107) (better seen i n F igure 3B) , w h i c h contributes to the broadness of 
the staining below the monomer and d imer bands. T h e liposomes typically 
contained no detectable nonconnexin protein. 

Western blots o f transport-selected liposomes (F igure 3 B ) show specific 
selection for full- length connexin-32 by sucrose permeability: the ratios of 
connexin-32 to its proteolytic fragment were very different i n the sucrose-
permeable and sucrose-impermeable liposomes. T h e ratio was m u c h greater 
i n the sucrose-permeable liposomes than i n the sucrose-impermeable l ipo
somes. Dig i ta l integration o f lanes 5 and 6 (areas under the peaks in the 
tracings) show that the ratio of full- length connexin-32 peak to its fragment 
was 1.6 for the sucrose-permeable lipsomes and 0.52 for the sucrose-imper
meable liposomes. Thus, the sucrose permeabil i ty essentially enriched for 
full- length connexin-32, and sucrose impermeabi l i ty selected for the con
nexin-32 fragment. Ful l - length connexin-32 was almost totally absent f rom 
the sucrose-impermeable liposomes. A simple explanation is that full- length 
connexin-32 can form a sucrose-permeable pore (and the fragment cannot). 

T h e argument against sucrose permeabil i ty be ing due to a nonconnexin 
protein is as follows: I f the sucrose permeabil i ty was due to a hypothetical 
nonconnexin protein, and the proteins were distributed independently of one 
another i n the liposomes, then connexin-32 and its fragment w o u l d be 
present i n the same ratio i n the two liposome populations, each distributed 
independently of sucrose permeabil ity. Because they are not, it is reasonable 
to conclude that connexin-32 causes a permeabil i ty to sucrose. T h e presence 
of some fragment i n the sucrose-permeable liposomes is accounted for by its 
presence i n liposomes that also contained full- length (functional) connexin. 
T h e conclusion that connexin-32 forms a pore does not require that al l 
nonconnexin protein be excluded f rom the sucrose-permeable liposomes or 
that connexin-32 account for al l o f the sucrose permeability. It relies on the 
positive and specific correlation between sucrose permeabil i ty and enrich
ment for full- length connexin-32. 

Affinity-Purified Connexin-32 Forms a Large Pore in Lipo
somes (103). Connexin-32 solubil ized i n oetylglucoside f rom crude plasma 
membrane was affinity-purified under nondenaturing conditions using a 
monoclonal antibody specific for connexin-32 (7) that was attached to a bead 
matrix (98 and Rhee, S. K . ; Harr is , A . L . , unpublished). Overloaded denatur-
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1 2 3 4 5 6 

Figure 3. Sucrose permeability selects for liposomes containing full-length connexin-32. 
A, Western blots of liposomes containing protein solubilized from isolated gap 
junctions. Left lane: stained for protein with colloidal gold. Right lane: stained with 
monoclonal antibody against connexin-32 (7), visualized with an alkaline phosphatase 
conjugated secondary antibody. (Connexin-32 is a 32-kD protein that runs anoma
lously at the 27-kD position in these 13% acrylamide gels (126). Gels were 
intentionally overloaded so the positions of multimeric and proteolytic connexin-32 
could be identified.) R, Western blots of transport-selected liposomes show specific 
selection for full-length connexin-32 by sucrose permeability. Lanes 3 and 5 are blots 
of sucrose-permeable liposomes, and lanes 4 and 6 are of sucrose-impermeable 
liposomes. The left pair (lanes 3 and 4) are stained with monoclonal antibody against 
connexin-32 as in part A. The right pair (lanes 5 and 6) are digital reconstructions of 
blots stained for protein with colloidal gold. Tracings are integrations of blots stained 
for protein with colloidal gold in the monomer region; right to left on the tracings 
correspond to moving down the lanes of the blots. The lighter and darker tracing lines 
correspond to the sucrose-permeable and sucrose-impermeable lanes, respectively, and 
the right and left peaks correspond to the full-length and proteolytic fragment 
positions, respectively. Each pair of blots (3 and 4; 5 and 6) shows that sucrose 
permeability selects for a liposome population containing more full-length connexin-32, 
relative to its fragment, than do sucrose-impermeable liposomes. Sucrose impermeabil
ity strongly selects against the full-length form, as it is almost absent in the 
sucrose-impermeable liposomes. The proteolyzed fragment contributes to the dimeric 
connexin-32, producing a lower molecular weight form of the dimer (open arrowhead). 
(All four lanes are from the same starting population of liposomes and the same 
density gradient spin. To demonstrate the difference in distribution of the two bands 
in the transport-selected populations, the liposome population used in this example 
contained more of the connexin-32 fragment than the full-length monomer. Ab-
sorbance of gold-stained blots was digitized and background absorbance subtracted. 
Staining density of the full lane width was integrated along its length. Peaks were 
approximated by overlapping Gaussian curves, represented at densities in lanes 5 and 
6. Differences in staining between the left and right pairs of lanes occur because the 
antibody method (lanes 3 and 4) stains the connexin-32 fragment darker than the 
full-length form and stains the multimeric forms with decreasing intensity, perhaps 
because of increasing inaccessibility of the antigenic site.) (Reproduced with permis

sion from reference 102. Copyright 1992 Elsevier.) 
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210 BIOMEMBRANE ELECTROCHEMISTRY 

ing gels showed no detectable contaminants. T h e y ie ld of connexin-32 was 
considerably greater than that obtained by junctional membrane isolation, 
and the connexin-32 was i n a soluble form. G e l filtration of the material i n d i 
cated that the connexin-32 was predominantly of a size consistent w i t h 
hexanieric connexin. 

T h e affinity-purified connexin-32 was incorporated into unilamellar l ipo
somes as before. T h e connexin-32 induced a sucrose permeabil i ty i n l ipo
somes, as assayed by the density-shift technique, and gave results essentially 
identical to those i n F igure 2. Liposomes that were sucrose-permeable d i d 
not retain the dye L u c i f e r Ye l low (retained by the sucrose-impermeable 
liposomes), w h i c h is near the upper size-permeability l imit for gap junct ion 
channels (19, 108, 109). T h e fraction of the liposomes that were permeable 
to sucrose decreased by a factor of 4 w h e n the p H i n the gradients was 
changed f rom 7.5 to 6.0. This effect was partially reversible. 

Taken together, the two preceding l iposome studies provide a robust 
demonstration that connexin-32 can be successfully reconstituted into u n i 
lamellar phosphol ipid membranes, where it forms pores w i t h permeabilty 
similar to that of junctional channels. T h e data are consistent w i t h the 
conducting unit be ing the hemichannel . 

Bilayer Channels from Sucrose-Permeable Liposomes (87, 
101 y 102). Sucrose-permeable liposomes f rom the foregoing studies were 
fused w i t h planar phosphol ipid M a y e r s (110, 111). T h e data f rom the 
liposomes that contain connexin f rom isolated junctions dif fered i n some 
respects f rom the data obtained w i t h the affinity-purified connexin. A t the 
present t ime, the data f rom the affinity-purified material is not fully charac
terized. Therefore, most of the data described i n the fol lowing text are f rom 
liposomes that contain connexin-32 f rom isolated junctions; exceptions are 
noted. 

F u s i o n into the bilayer of sucrose-permeable liposomes resulted i n three 
unitary conductance levels, two of w h i c h could be attributed to connexin-32. 
F igure 4 A shows typical channel bilayer activity at ± 1 0 0 m V . A t +100 m V , 
one 130-pS channel and at least two 20-pS channels undergo gating transi
tions. A t —100 m V , three 45-pS channels are seen. T h e channel activity is 
more fully characterized by the voltage ramp shown i n F igure 4 B . T h e 
membrane conductance is h igh and linear, without channel gating activity 
f rom —25 to +25 m V . A t more negative voltages, four 45-pS channels tended 
to close. A t more positive voltages, a 130-pS channel tended to close and a 
20-pS channel tended to open. I n this bilayer, the entire membrane conduc
tance was accounted for by the sum of the observed unitary conductance 
transitions. T h e 20-pS channel was also seen i n sucrose-impermeable l ipo
somes and was closed at 0 m V (i.e., it was not l ikely to mediate a l iposome 
density shift), so it cannot be assigned an identity based on the density shift 
studies. 
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Figure 4. Channel activity following fusion of transport-selected (sucrose-permeable) 
connexin-32 containing liposomes with planar bilayers. A, Record showing the three 
channel sizes observed. Sucrose-permeable liposomes were added to one side of a 
bilayer chamber and fused with a planar phospholipid bilayer (1:1, PS:PE) by an 
osmotic stress technique (110, 111). Positive bilayer voltages correspond to inside-lipo-
some positive potentials. R, Voltage ramp showing character of the channel activity. A 
slow voltage ramp from —100 to +100 mV over 8.5 min was delivered to the same 
membrane as in part A. At positive voltages, a 130-pS channel tends to close and a 
20-pS channel tends to open. At negative voltages, several 45-pS channels tend to 

close. (Adapted with permission from reference 87. Copyright 1991 CRC Press.) 

T h e two larger channel transitions (those at 4 5 - 5 5 pS and at 120-140 
pS), on the other hand, were found only w i t h sucrose-permeable liposomes 
and therefore can be attributed to connexin. The two conductance levels 
could indicate either two distinct channels or the presence of a subconduc-
tance state. T h e former interpretation is favored because the two levels were 
not found i n constant ratio i n different membrances, and because (as i n 
F igure 4 B ) the entire conductance of the bilayer could often be accounted 
for by the summed conductances of the transitions, as i f each contributed 
independently to the bilayer conductance. T h e key properties of the connexin 
channels were that they were open at zero bilayer voltage and exhibited 
profoundly asymmetric sensitivity to voltage. T h e larger channel tended to 
close at positive voltages and remain open at negative voltages. T h e smaller 
one had a voltage sensitivity of opposite sign, tending to close only at negative 
potentials. 

The voltage sensitivity of the reconstituted channels was w e l l character
ized by a form of the Bol tzmann relation that contained a voltage-dependent 
energy term, indicating that the voltage-sensitive transitions are first order 
and that the energy difference between the open and closed states is a linear 
function of voltage (49, 112). T h e number of equivalent gating charges for 
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212 BIOMEMBRANE ELECTROCHEMISTRY 

the larger channel ranged f rom 1.5 to 2.5, and the voltage at w h i c h the open 
probabil i ty is one-half ( V 0 ) is ~ 110 m V . Overal l , the smaller channel had 
approximately one-half the voltage sensitivity of the larger channel and a 
similar V 0 . A description of a possible pitfal l i n determination of voltage sen
sitivity follows. 

A common method to determine voltage sensitivity is shown i n F igure 
5 A , i n w h i c h the data for the larger channel f rom one experiment are fitted to 
a form of the Bol tzmann relation that can be plotted as a linear funct ion of 

A 81 • 1 

ln(Po/Pc) 

40 60 80 100 120 140 

VOLTAGE (mV) 

40 60 80 100 120 140 

VOLTAGE (mV) 

Figure 5. Voltage dependence of Ρ σ for the larger (130-pS) connexin-32 channels. A, 
Fit to ln(FQ/Pc) as a function of voltage. B, Fit to P 0 as a function of voltage. The 
solid line is calculated with the Boltzmann relation (SSE = 0.007) and the dashed line 

is an independent fit (SSE = 0.001). 
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voltage: ln( P 0 / P c ) = nqV/kT, where P Q is the open probability, Pc is the 
closed probability calculated as 1 — P G , q is the electronic charge, η is the 
number of charges that move through the bilayer voltage V , k is Bol tzmann s 
constant, and Γ is temperature (49, 106, 113). The fit appears reasonable 
( r = 0.99) and evaluates η as 2.1, w h i c h corresponds to an e-iold change i n 
the o p e n - c l o s e d ratio for every ~ 12 m V . T h e V 0 is 109 m V . 

W h e n these parameters are used to predict the P Q versus V relation and 
the exponential form of the Bol tzmann relation ( P 0 = 1/{1 + exp[nq(V — 
V0)/kT]}) is used, a reasonable fit to the data is also seen (solid l ine i n F igure 
5B) . However , fitting this form of the Bol tzmann relation directly to the P 0 

versus V data (dashed line i n F igure 5B) gives a statistically improved fit 
(F-test; Ρ < 0.05) and particularly wel l describes the region of the greatest 
slope. T h e independent fit gives a greater voltage sensitivity (n = 2.8, w h i c h 
corresponds to an e-fold change for ~ 9 m V ) and approximately the same V 0 

(107 m V ) . T h e reason for the difference i n the results f rom the two fitting 
procedures is that, due to the mathematical transformation f rom P Q to 
ln( P Q / P C ) , the uncertainty for values derived f rom P Q s that approach 1 is 
greater than the uncertainty derived from smaller P Q s [e.g., a ± 0 . 0 1 uncer
tainty i n a P 0 o f 0.95 gives deviations of +0.234 and - 0 . 1 9 2 i n l n ( P G / P C ) , 
whereas the same ± 0.01 deviation i n a P G of 0.5 gives a deviation of ± 0.04]. 
Because of this difference, the lower values of ln( P Q / P C ) should be weighted 
more than the higher values dur ing the curve fitting. This weighting can be 
achieved by use of a wel l -def ined mathematical technique (114). W h e n the 
values are appropriately weighted, the curves generated b y fitting to the 
logarithmic form and the exponential form of the Bol tzmann relation are 
statistically indistinguishable and give similar values of η and V 0 (n = 2.6 and 
V 0 = 107 m V for the weighted logarithmic fit). This observation is of some 
interest because curve fitting to ln( P G / P C ) is a long-standing technique. 
Fai lure to appropriately weight the data i n the fitting procedure may con
tribute to some of the variability i n voltage sensitivity reported for many 
conductances and channels, inc luding junctional conductances and connexins. 

T h e channels had dwel l times that ranged f rom several hundred mill isec
onds to several seconds. Channels that responded to positive and negative 
voltages i n a symmetric manner were rarely seen. A t voltages near V 0 , the 
larger channel had an exponential distribution of open times, w h i c h indicates 
a single open state (Figure 6A) . A t lower voltages, the fit to a single 
exponential was not as good, though reasonable, suggesting the contribution 
of a minor, slower second exponential, w h i c h could indicate closures f rom a 
second open state. T h e primary component of the mean open times had an 
exponential relation to voltage (Figure 6B) . T h e apparent voltage sensitivity 
of the closing rate corresponds to the movement of ~ 1.6 charges through 
the bilayer field. This suggests that most of the voltage sensitivity of the 
steady-state P Q arises f rom the closing rate. 
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# EVENTS 

SEC 

τ (sec) 

VOLTAGE (mV) 

Figure 6. Voltage-dependent kinetics of the larger connexin-32 channels. A, Open time 
histogram of the larger channel. The open dwell times at 100 mV (near V0) were 
well-fit by a single exponential, suggesting that the channel closes from a single open 
state. Bin width is 1.4 s. (Reproduced with permission from reference 87. Copynght 
1991 CRC Press). B, Open time versus voltage for the larger channel. The mean open 
times for the channel are plotted as a function of voltage, and well-fit by an 
exponential. The voltage sensitivity of the apparent closing rate corresponds to the 

movement of ~ 1.6 charges through the bilayer field. 

T h e reversal potentials for bilayers containing the channels were mea
sured under asymmetric K C l and N a C l conditions, and polarity was con
f i rmed i n the K C l experiments by addit ion of the potassium-selective 
ionophore val inomycin. T h e reversal potentials indicated approximately a 
three-fold selectivity for chloride over either potassium or sodium ions. 
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A 20-pS channel was occasionally observed along w i t h these channels, 
but because it was closed at zero membrane voltage, it was unl ikely to 
mediate the density shift. Because it was also found i n sucrose-impermeable 
liposomes, the 20-pS channel could not be assigned an identity based on 
sucrose permeability. This channel may be a minor contaminant or a partially 
denatured form of connexin-32. 

Liposomes that contained immunopur i f i ed connexin-32 produced macro
scopic bilayer conductances that were highly asymmetric w i t h regard to 
voltage. However , clean single-channel transitions were only occasionally 
observed, even at low (100-200-pS) macroscopic membrane conductance, 
because the bilayer currents were noisy and unsteady. Such recordings often 
characterize " d i r t y " bilayers or detergent-induced conductances, but without 
the profound asymmetry w i t h respect to voltage observed here. A d d i t i o n of 
control liposomes made under the same conditions without protein produced 
no detectable conductances, and addition of octylglucoside eventually pro
duced only symmetric increases i n conductance noise (the liposome m e m 
branes should not contain appreciable detergent i n any case). 

W h e n these records are filtered extensively, the transitions are seen to 
cluster at intervals o f ~ 125 pS (Figure 7A) . Al though these currents are 
difficult to interpret, the findings might be accounted for by high conduc
tance channels that fluctuate rapidly between many subconductance levels. 
Prel iminary higher resolution bilayer experiments ( in collaboration w i t h S. M . 
Bezrukov; F igure 7B) revealed discrete conductance transitions w i t h large-
magnitude current fluctuations dur ing the open states, supporting this idea, 
but further studies are required. 

Discussion of the Major Findings 
W h a t do these l iposome and bilayer data i m p l y about connexin-32 channels? 

Structural Form of the Reconstituted Channels. T h e experi
ments w i t h connexin-32 f rom isolated junctions do not directly address the 
issue of structural form. However , the asymmetry of the voltage dependence 
of channels formed by connexin-32 f rom both sources suggests an asymmetric 
structure, w h i c h rules out a normally configured junctional channel. T h e 
sizing data suggest that the puri f ied connexin is isolated predominantly as 
single hemichannels. Also , the L u c i f e r Ye l low permeabil i ty suggests that the 
aqueous pore is not significantly narrower than the pores of connexin 
channels i n situ. These considerations, plus the fact that the channels exist i n 
what are macroscopically single membranes, place the weight of the evidence 
on the reconstituted connexin-32 being i n the form of single hemichannels. 
This conclusion is consistent w i t h voltage-clamp studies of cells, w h i c h 
suggest that each hemichannel contains a gating mechanism sensitive to a 
single voltage polarity (35, 48, 5 i , 54). 
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A 

10 pA 

50 msec 

Figure 7. Bilayer conductance induced by affinity-purified connexin-32. A, Sucrose-
permeable liposomes formed with affinity-purified connexin-32 were fused with planar 
phospholipid bilayers as described. Highly filtered (5-Hz corner frequency) currents 
show unstable conductances, but large, rapid fluctuations that cluster around multiples 
of about 125 pS may be discerned (arrowheads). The bilayer voltage was 50 mV. B, 
Higher resolution recording of channels from affinity-purified connexin-32. Records 
show discrete gating conductance transitions, but with a high rate and amplitude of 
current fluctuations through the open channels. Unitary conductance is difficult to 

determine, but is near 200 pS. The bilayer voltage was 100 mV. 
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Effects of the Two Methods of Obtaining Connexin-32. T h e 
p H sensitivity of the sucrose permeabil i ty of liposomes that contain 
affinity-purified connexin suggests that p H can act directly on connexin 
channels. This contrasts with the lack of p H sensitivity of the connexin-32 
channels obtained f rom isolated junctional membranes [our own studies 
(J02) and references 93 and 94]. T h e apparent difference i n single channel 
behavior between the two preparations may also be a function of the 
different isolation procedures. These differences could result f rom harsher 
conditions involved i n junct ion isolation [known to alter secondary structure 
of connexin (90)1, i n w h i c h case the physiology of the affinity-purified 
material may more accurately reflect the physiology of the native form of the 
protein. In addition, the two isolation methods could select for connexin that 
originated i n differing populations of junctional structures. This is almost 
certainly the case because the affinity-purified preparation consists only of 
readily soluble plasma membrane connexin (not obtained i n junctional m e m 
brane preparations). 

Open Channels in Single Membranes. F o r future reconstitution 
studies, the most significant finding is simply that connexin-32 can form large, 
open, regulated channels i n single phosphol ipid membranes. Several factors 
argue that these channels represent functionally relevant channels and not 
structures that are overly denatured, damaged, or i n other ways artifactual. 
The aqueous pathway through the molecule is as wide as that of junctional 
channels, and the channels are regulated by voltage i n an asymmetric manner 
that is consistent w i t h them being single hemichannels. T h e p H effect on 
permeability of the channels formed by affinity-purified connexin-32 is also 
supportive, as are the data w i t h regard to the size of the puri f ied structures 
and the finding of asymmetric voltage dependence. 

F r o m a biological perspective, the finding of functioning hemichannels 
seems counterintuitive. There is an understandable bias that such large 
channels, i f they were open, w o u l d rapidly k i l l cells by destruction of the 
selective permeabil i ty of the plasma membrane. However , the plasma m e m 
brane of macrophages and mast cells can become permeable to L u c i f e r 
Yel low [possibly through connexin channels (33)] for many minutes without 
lethal effect (115, 116). 

T h e finding of open connexin channels i n single membranes suggests that 
either single hemichannels do not exist i n plasma membranes (for very long) 
or that i f they exist, they are kept closed most of the t ime by cytoplasmic, 
extracellular, or membrane factors not present i n the reconstituted system [as 
may occur i n the teleost horizontal cells (34) and does not occur i n oocytes 
that express connexin-46 (35, 36)]. In the former case, w h e n intercellular 
channels are formed, the hemichannels may be inserted i n apposing m e m 
branes i n a coordinated fashion, so that there is only a very br ief opening to 
the outside dur ing channel formation. In the latter case, the reconstituted 
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system offers a way to precisely identify the factors that modulate hemiehan-
nel gating. 

Interactions between Hemichannels. W h a t does the isolation of 
single hemichannels i m p l y about the end-to-end interactions of hemichan
nels? This is an important consideration for possible reconstitution of junc
tional channels f rom individual hemichannels. Unfortunately, the data sum
marized above are not informative o n this point. H a r s h conditions are 
required to " s p l i t " apart isolated junctional membranes (7, 79). However , any 
junctional structures that were easily solubil ized, as i n the affinity-purified 
preparation, w o u l d not have been recovered as isolated junctional m e m 
branes and so might not require such harsh conditions for splitting. 

T h e starting material for the affinity purification was predominantly 
plasma membrane f rom presumably wel l -coupled cells; therefore, the con
nexin that is isolated is most l ikely f rom junctional structures. Because the 
pur i f ied connexin-32 is predominantly i n structures the size o f single 
hemichannels, a simple conclusion is that octylglucoside can disrupt the 
end-to-end interactions of junctional channels. However , there is the caveat 
that the junctions may split prior to solubilization, that is, i n the preparation 
of the crude plasma membrane fraction. Junctions can split w h e n a tissue is 
perfused wi th hyperosmotic solutions (117), so a " ce l lu lar " splitting could 
precede disruption of junctional channels by octylglucoside. 

Future Studies 
T h e fundamental problems regarding reconstitution of connexin channels 
have been overcome: connexin forms channels i n unilamellar liposomes and 
planar bilayers. Size, permeability, and gating behavior are consistent w i t h 
conducting units that are single hemichannels—the structures that span a 
single ce l l membrane and form one-half o f the junctional channel. Connex in 
can be obtained by affinity purif ication under nondenaturing conditions. 
Thus , channels formed by a single connexin can be studied i n a wel l -def ined 
and accessible system. 

W h a t are some of the important biophysical questions that can be 
addressed? T h e permeabil i ty and selectivity of the channel can be character
ized i n detail . T h e selectivity to large, charged molecules can be assessed. 
Also the nature of permeation (electrodiffusive versus barrier models) can be 
assessed for various permeants. T h e voltage sensitivity can be explored, 
particularly w i t h regard to the location of the dipoles or charges involved. In 
the single-membrane channels, the voltage sensitivity can be explored without 
the confounding presence of another gate i n series, as i n the junctional 
channel (see reference 51). It may be possible to determine the change i n 
volume i n the l u m e n of the pore dur ing gating transitions (118, 119), and so 
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to distinguish the two models of gating proposed f rom structural data (30, 
31). 

M o d u l a t i o n of the channels can be studied by exposing the bilayer 
channels to agents that regulate junctional channels (e.g., kinases, cyclic 
nucleotides) and other agents that elucidate the function of specific domains 
or regulatory sites (e.g., specific peptidases, sequence-specific antibodies, 
group-specific reagents). It w i l l be important for biophysical and biological 
studies to establish i n the bilayer system precisely w h i c h cellular components 
or covalent modifications alter the rapidly fluctuating transitions produced by 
the affinity-purified connexin. 

Presumably other connexins can be similarly puri f ied and studied i n 
bilayers to provide a solid basis of data on the relation between specific amino 
acid sequences and single-channel physiology. Variants o f the connexins 
produced by the techniques of molecular biology can also be reconstituted, 
and careful comparison of the channel behavior i n bilayers w i t h that seen i n 
cellular expression systems w i l l be fruit ful . 

It is hoped that such studies o f single hemichannels w i l l be comple
mented by studies of reconstituted junctional channels: the double-mem
brane form. Development of a stable, well-characterized, and wel l -control led 
double-membrane system is a challenging prospect. T h e literature on osmotic 
control of fusion of apposed bulged bilayers may be helpful i n this regard 
(120, 121). Such a system w o u l d permit exploration of the forces involved i n 
the assembly of junctional channels, w h i c h w o u l d be of interest f rom biophys
ical and cellular perspectives. F o r example, does the space between two 
membranes need to be dehydrated for hemichannels to interact (122)? D o 
the hemichannels find each other by random interactions or does dielectric 
attraction (123-125) play a role? Once junctional channels are formed, how 
reversible is the interaction between them and what forces tend to stabilize 
it? Most important, how are the permeability, gating, and modulation of 
single hemichannels altered by interactions w i t h each other i n the double-
membrane form? These and other considerations make the exploration o f 
connexin channels i n reconstituted systems of profound interest and promis
ing prospects. 
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Structure and Function of Gap 
Junctions in the Photoreceptor Axon 
Terminals of the Fly 

Michael J. Wilcox 

Department of Anatomy, School of Medicine, University of New Mexico, 
Albuquerque, NM 87131-5211 

The structure of the compound eye of dipteran insects provides a 
unique preparation for investigation of functional coupling by gap 
junctions in photoreceptor axon terminals in an intact animal. Axon 
terminals of individual photoreceptors converge and synapse onto a 
pair of cells that form a visual element. These terminals are electrically 
coupled by gap junctions. Characterization of the nature of the 
photoreceptor input at this synapse is a prerequisite to understanding 
how the stimulus is encoded by a visual element. Control of coupling is 
imperative to isolate individual photoreceptor cells and preserve their 
optical disparity. An anatomical substrate that possibly underlies 
hyperacuity in this animal is shown by optically staining the photore
ceptor mosaic in the retina. Although photoreceptor axon terminals 
are electrically coupled, their gap junctions do not allow dye coupling 
of the cells. The hypothesis that the gap junctions are voltage sensitive 
was tested by adaptation of the animal to light or darkness and by 
injection of depolarizing and hyperpolarizing current directly into the 
recorded axon terminal after dye injection. Control of the gap junc
tions by calcium concentration or pH in the terminal was tested by 
injection of buffers into the terminal. Ongoing experiments will better 
define these differences and dissect the control mechanism of electrical 
coupling of photoreceptor axon terminals in a complex but highly 
structured region of the nervous system. 

0065-2393/94/0235-0225$08.00/0 
© 1994 American Chemical Society 
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226 BIOMEMBRANE ELECTROCHEMISTRY 

Information Processing in the Retina 
T h e retina provides a good model for the study of information processing i n 
the nervous system because it is an accessible extension of the brain, located 
b e h i n d a clear w i n d o w of cornea and lens; it has a wel l -def ined structure; and 
its input elements can be modulated by an easily controlled s t imulus—light . 
T o emphasize the problem of dendrit ic integration at the first synapse, we 
w i l l drastically oversimplify the organization of the more familiar vertebrate 
retina. Photoreceptors make synaptic contact w i t h horizontal cells, w h i c h 
spread lateral interactions among neighboring synaptic terminals, and w i t h 
bipolar cells, w h i c h i n turn contact the ganglion cells, the output of the retina. 
Characterization o f interaction at the first synapse is the goal o f our research. 
C o n t r o l of the gap junctions coupl ing these terminals is essential to that 
understanding. There is apparent convergence of many photoreceptor 
synapses onto the dendrites o f two types of bipolar cel l : " o n center" w i t h 
antagonistic surround and "o f f center" w i t h antagonistic surround ( I ) . T h e 
dendrit ic fields of the two cel l types have considerable overlap. W h e n several 
inputs synapse onto a dendrite, the general assumption is that they simply 
sum i n a linear fashion, as shown i n the classical case of motor neuron 
dendrites i n the central nervous system. This assumption may not accurately 
represent dendrit ic integration by the bipolar. However , to test interaction 
between these convergent synaptic inputs, it is necessary to stimulate indiv id
ual photoreceptor cells and record dendrit ic integration by the bipolar cel l . 
This procedure is difficult i n the vertebrate retina because physiological 
st imuli enter the retina through intervening b lo o d vessels, ganglion and 
bipolar cel l layers, and the photoreceptor layer, w h i c h is enshrouded by 
pigmented epithel ium, and a clear view of the receptor matrix is obstructed. 
T h e usual approach is to remove the retina f rom the pigment epithel ium, 
w h i c h allows visualization of the photoreceptors. Unfortunately, this proce
dure disrupts the matrix that maintains axial orientation of the outer segment 
of the photoreceptor that houses the visual pigment. Moreover , lack of 
pigment epithel ium increases scatter o f the light stimulus. T h e foregoing 
problems can be offset by use o f an intact animal w i t h a s implif ied retina. 

U n l i k e humans, most animals view the w o r l d through compound eyes. 
However , the cellular architecture i n the retina is parallel i n animals as 
evolutionarily different as mollusks, insects, and vertebrates (2 , 3). This 
commonali ty suggests that there are only a few good ways to process visual 
information and that far back i n evolution, these processing tricks were 
adapted and adopted. A c o m p o u n d eye consists of many individual retinas, 
each of w h i c h looks at a different point i n space (Figure 1). Consideration of 
only one facet of the c o m p o u n d eye of a fly reveals that it is a " s impl i f ied 
ret ina" i n that it has a lens that images a small part of the w o r l d onto a 
miniret ina that consists of only eight photoreceptor cells, w h i c h are called an 
ommat id ium (Figure 2). A basement membrane separates the retina f rom its 
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11. WILCOX Gap Junctions in Fly Photoreceptor Axon Terminals 227 

Figure 1. Scanning electron micrograph of the compound eyes of a female 
housefly, Musca domestica. 

underlying compartment, w h i c h is called the lamina. Photoreceptor axons 
leave the ommatidia and form bundles that penetrate the basement m e m 
brane and distribute themselves so that the photoreceptors that share a 
c o m m o n visual axis form synapses wi th the underlying structure, w h i c h is 
cal led a cartridge (F igure 3). Three thousand ommatidia and their processing 
subunits make up the c o m p o u n d eye of a fly and provide a nearly panoramic 
view of the fly s w o r l d . In addit ion to the broad field of view, this retina 
enables a male fly to pursue a female i n flight, using relatively few facets, and 
to fol low her w i t h amazing accuracy (4) despite his coarse visual acuity, w h i c h 
is only about 2° ( 5 ) — t h e extent of the entire h u m a n macula. E v e n w i t h such 
coarse acuity, the animal can detect small displacements of a stimulus far 
better than the resolution dictated by the spacing of retinal photoreceptors 
(6) ; this is contradictory to the channeling assumptions made i n information 
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228 BIOMEMBRANE ELECTROCHEMISTRY 

Figure 2. Interference contrast micrograph of a frontal section of the compound 
eye that shows the retina and lamina compartments separated by a basement 
membrane (BM). Lateral facet lenses are present on the outer edge of the 
section. Each lens in the eye images light onto a single ommatidium. Peripheral 
photoreceptors in each diamond-shaped ommatidium project axons across the 

basement membrane with 1:1 retinotopy onto the lamina cartridges. 

processing theory (7) . Such enhanced resolution, beyond the l imit imposed 
by the spacing of receptors i n the matrix, is cal led hyperacuity (8-10). 
Presently, machine vision does not have this capability, but many animals do. 
I f the neural basis for hyperacuity can be determined, machines can be 
endowed wi th the same ability. 

H o w hyperacuity works i n any visual system is not understood. F r o m 
experiments w i t h human subjects, t ime delay and adaptational constraints 
suggest that hyperacuity occurs at an early (possibly retinal) level of visual 
processing (9) . W i t h this i n m i n d , how the disparity of individual photorecep
tor cells can be maintained w h e n al l the receptors appear to be electrically 
coupled to one another is even more puzzl ing . E lec tr ica l coupl ing possibly 
raises retinal sensitivity to light by " p o o l i n g " receptor inputs at the first 
synapse, w h i c h effectively increases the presynaptic surface area of an i n d i -
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Figure 3. Interference contrast micro
graph of a l-μm-thick section of the 
lamina that shows photoreceptor axon 
terminals surrounding the paired mono

polar neurons in each cartridge. 

vidual receptor. Tight coupl ing along w i t h an increase i n synaptic surface 
w o u l d guarantee transmission of small signals i n the presence of noise and, at 
the same time, reduce the effects of noise by shunting current to neighboring 
terminals. However , this same coupl ing should destroy the acuity gained by 
the disparity of individual cells that look at different points i n space. E l e c t r i 
cal coupl ing of neural elements is an important issue because of its apparent 
ubiquity, not only i n the retina ( J , I I ) , but also i n the rest of the nervous 
system (12). Moreover , control mechanisms of gap junctions offer many 
possibilities to vary the nature of functional circuitry. 

T h e function of coupl ing is difficult to assess i n a vertebrate retina due to 
the numbers of cells coupled by gap junctions that form a large syncitium 
w i t h neighboring cells. Fortunately, a similar arrangement exists i n the fly 
eye, but the arrangement is s implif ied by l imi te d coupl ing and the optical 
simplicity of the c o m p o u n d eye. E lectr ica l coupl ing is l im i te d to six photore
ceptors that look at the same point i n space (13, 14). Optics of the c o m p o u n d 
eye aids visualization of individual cells. E a c h photoreceptor ce l l has a 
specialized organelle called a rhabdomere that houses the visual pigment. 
This highly refractile organelle is an optical waveguide that contains and 
transmits light along its length unt i l the energy is absorbed by the visual 
pigment. T h e distal t ip of this waveguide is located i n the focal plane of the 
facet lens, and light reaches the organelle without passing through interven
i n g tissue. F o r an experimenter, this optical arrangement provides a tool for 
direct observation of individual organelles v ia transmitted, reflected, or 
fluorescent i l luminat ion through the animal's o w n corneal lens. Thus, the 
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230 BIOMEMBRANE ELECTROCHEMISTRY 

rhabdomere becomes an i n vivo cuvette that is 1 μπι i n diameter and 100 μιη 
long, v iewed end-on through a lens w i t h a photographic f number of about 
2.0. Alternatively, diffraction of the lens can be neutralized wi th water (15) 
and the organelles can be viewed directly by focusing the microscope on the 
tips of the organelles (Figure 4). Because the refractive index of the rhab
domere is higher than the surrounding tissue, light that passes through the 
cel l body is effectively captured and p i p e d u p the organelle (16). T h e 
animal's own lens images the light along a wel l -def ined axis to be captured by 
the microscope objective. D u e to this end-on geometry, detection of injected 

Figure 4. Micrograph of the rhabdomere tips in a living animal. Because the 
rhabdomeres act as waveguides, they can trap transmitted, reflected, or 
fluorescent light. A drop of water placed between the microscope objective and 
the fly's eye effectively neutralizes diffraction of the cornea and allows the 
microscope to focus on the distal tips of the rhabdomeres, which are physically 
and optically isolated from their neighbors. In this animal, the fluorescent dye 
rhodamine Β was introduced to the retinal extracellular space. Epiillumination 
was used to excite the dye. Fluorescent light is piped up the organelle into the 
objective lens. The pattern of organelles shows the ommatidial arrangement, 
which consists of eight photoreceptor cells: six peripheral cells (R1-R6) that 
surround two central cells (R7 and R8) whose rhabdomeres are arranged in 
tandem (R8 below R7, to form a continuous waveguide). Independent stimuli 
can be selectively imaged onto individual rhabdomeres in this asymmetric 

pattern of seven optically isolated waveguides. 
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dyes at low concentration is enhanced. In al l other animals that have 
compound eyes, the rhabdoms of the photoreceptors i n each ommat id ium are 
fused together into a single waveguide. Thus, i l luminat ion excites al l cells i n 
the ommat id ium at once. O n l y i n diptera are the rhabdomeres of each cel l 
optically isolated, and, as a consequence, each rhabdomere can be seen and 
independent st imuli can be projected onto each one. This situation allows 
initiation of cellular interactions between neighboring cells b y independent 
stimulation of preselected photoreceptors i n the retinal matrix and simultane
ous recording f rom one of those cells via a microelectrode. 

Photoreceptor Matrix in the Retina of Musca domestica 
E a c h ommat id ium consists of six peripheral photoreceptor cells ( R 1 - R 6 ) that 
surround a pair of tandemly oriented central cells ( R 7 distal to R8) . T h e two 
central cells bypass the lamina and form synapses i n the underlying neuropi l 
of the medulla . Therefore, the present discussion w i l l ignore effects of central 
cel l contribution and also feedback from the medul la and lateral interactions 
f rom neighboring cartridges. Axons of six peripheral cells, one f rom each of 
six adjacent ommatidia, j o in i n the underlying layer, w h i c h is cal led the 
lamina, to form a structure called a neuroommatidium (17) (Figure 5). T h e 
photoreceptors that contribute their axons to a neuroommatidium share the 
same visual axis, that is, they look at the same point i n space (18), as depicted 
i n F igure 6a. This anatomical and optical relationship is cal led the pr inciple of 
neurosuperposition. 

Anatomical Substrate for Hyperacuity 
I l lumination of the animal's head f rom b e h i n d and use of the animal's own 
facet lens as an objective to image the rhabdomeres onto the far-field 
radiation al lowed Pick (19) to project each rhabdomere i n a single neuroom
mat idium onto the visual w o r l d . P ick showed that the photoreceptors i n 
neuroommatidia of l iv ing animals do not share precisely the same visual axis; 
they are "misa l igned" and show divergence w h e n their rhabdomeres are 
imaged at infinity (effectively 10 m m i n front of the animal). Slight diver
gence of the optical axes of the six photoreceptors results i n an overlapped 
sampling of a point i n the visual space. Compare F igure 6a and b . Such an 
overlap could provide a better sampling of the distant point i n space, but 
independent axes could also form a substrate for hyperacuity. W e performed 
an experiment that was the reverse of Pick's and used a photosensitization 
technique to stain photoreceptor cells i l luminated by a h igh contrast stimulus 
(20, 21). A spot of light subtending 8° to the fly's eye i l luminated a small 
port ion of the retinal far field (depicted by the large circle i n F igure 6a and 
b). Photoreceptors oriented on axis to the stimulus incorporated a fluorescent 
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232 BIOMEMBRANE ELECTROCHEMISTRY 

Figure 5. Light micrograph of a few facets of a fly's compound eye. Dark spots 
that represent the rhabdomeres of the photoreceptors have been superimposed 
onto each corneal lens to demonstrate the principle of neuro-superposition. The 
central corneal facet has been removed from the photograph to depict the 
underlying lamina cartridge. Anatomically, six peripheral photoreceptor axon 
terminals (R1-R6) synapse with two second-order cells (LI and L2) in the 
underlying neuropil that is called the lamina. Each of these six photoreceptors is 
illuminated by a different lens, but optically they share the same visual axis; that 
is, they look at the same point in space. This lamina subunit is known as 
neuroommatidium. Axons of the central receptor cells (R7 and R8) from the 
overlying ommatidium pass close to this cartridge, but simply bypass the lamina 

and do not contribute synapses at this neural level. 

dye. I f al l the receptors i n a single neuroommatidium looked at precisely the 
same point i n space and that point was i l luminated, the receptors w o u l d al l 
take u p the dye and al l the photoreceptor axon terminals i n a single cartridge 
w o u l d be stained as depicted i n F igure 6a and c. However , i f the axes of the 
receptors were different, only the i l luminated photoreceptors w o u l d be 
stained, while the noni l luminated photoreceptors i n the same neuroommatid
i u m w o u l d not be stained; the pattern shown i n F igure 6b and d w o u l d be 
produced. C o m p a r e d w i t h the i n situ view o f F igure 4, the asymmetric array 
of rhabdomeres i n F igure 6b appears upside down. However , recalling that 
the animal's o w n facet lens is being used to project an image of the 
rhabdomeres at infinity, this inversion is expected. E a c h rhabdomere was 
mapped f rom the far-field radiation (Figure 6b) onto its target i n the lamina 
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Figure 6. The staining pattern of photoreceptor somas (a and b) and axon 
terminals in the lamina (c and d) predicted by the principle of neurosuperposition 
(c) and the pattern predicted using the "misaligned" optical axes of the 
photoreceptors discovered by Pick (d). If every photoreceptor in the 
neuroommatidium looked at the same point in space (depicted as a dot in a), 
illumination of that point in space by a spot of light (as depicted by the circle in 
a) should induce all of those cells to incorporate dye and stain all photoreceptor 
axons in a cartridge. Uniform staining of each neuroommatidium would occur 
(as depicted in cj. However, if the optical axes of the photoreceptors in a 
neuroommatidium are different, some of the cells would look at the bright light 
while others would not (b). Photoreceptors stained in b would produce a pattern 
like the one shown in d. The pattern in e was produced by staining a portion of 
the retina with an 8° spot of light. This pattern closely resembles the predicted 

pattern shown in d. 
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(Figure 6d). Results show that the axon terminals i n the neuronommatidia 
were not uni formly stained (Figure 6e), contrary to the pr inciple of neurosu
perposition, where photoreceptor images are perfectly superimposed. This 
means that the disparate visual axis o f each receptor i n a single neuroomma
t id ium is maintained and that those cells can be selectively stained by use of a 
h igh contrast stimulus imaged i n the animal's field o f view. W e think that the 
animal w o u l d not maintain such precise alignment of individual receptors 
wi th in a neuroommatidium i f the eye could not make use of the advantage 
gained by disparate photoreceptor axes. Moreover , i f the disparate input is 
not maintained and encoded by the monopolar cells, it is diff icult to imagine 
how hyperacuity could be recovered by a downstream circuit . 

Electrical Coupling of Axon Terminals in a Single 
Neuroommatidium 
W e hypothesized that optically disparate photoreceptor inputs that form an 
overlapped sampling of a distant point could form the substrate for hyperacu
ity i n the fly eye. H o w lamina cartridges use this disparity to increase acuity 
without proper neural circuitry is hard to imagine. Recal l that gap junctions 
are present between the six photoreceptor axon terminals i n each lamina 
cartridge (13, 14). E lectr ica l coupl ing should pool the information of al l six 
terminals and smear the individual inputs. Scholes (22) first suggested that 
tight coupl ing by the gap junctions was functional. Shaw (23) ref ined the 
measurement by use of a fiber optic to stimulate cells i n a single ommat id ium 
while recording f rom photoreceptors. Because he stimulated all cells under 
the lens, equivalent to seven sampling points i n space, many lateral interac
tions were induced, w h i c h complicated the analysis. V a n Hateren (24) 
avoided this problem by stimulating only the cells that contributed axons to a 
cartridge, via the technique of corneal neutralization (25), and recorded f rom 
photoreceptors. V a n Hateren showed that the six terminals i n a single 
neuroommatidium are electrically coupled. T h e soma is separated f rom the 
axon terminal by a long, narrow axon. Signals that originate i n a fel low 
neuroommatidial photoreceptor must traverse its own axon, cross f rom termi
nal to terminal through the gap junctions, and invade the soma of the 
recorded cel l through its own narrow axon. T h e signal is attenuated when it 
invades the larger soma. Therefore, significant coupl ing measured at the 
distant soma suggests that the terminals are indeed tightly coupled. Gat ing of 
these gap junctions could be pivotal for information processing at the first 
synapse, between photoreceptors and interneurons. O p e n i n g and closing gap 
junctions, as a function of either adaptation or neural feedback, w o u l d be one 
way to effectively couple and decouple individual cells i n the neuroommatid-
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G a p junctions can be opened either by lowering the intracellular free 
calcium concentration or by raising the cytoplasmic p H (26). Light-adapted 
photoreceptors have a higher intracellular calc ium concentration than dark-
adapted photoreceptors. Therefore, a simple solution to the problem w o u l d 
be that the junctions could open and close w i t h respect to the state of 
adaptation of the receptor cel l . Thus, sensitivity could be elevated by pool ing 
receptor inputs w h e n the cel l is dark-adapted and acuity could be elevated by 
isolating disparate inputs w h e n the cel l is l ight-adapted. However , this does 
not appear to be the case i n the excised vertebrate retina, where cel l coupl ing 
is resistant to extracellular perfusion ( I J) that w o u l d decouple epithelial cells. 
In that study, the cel l body was recorded. Cytoplasmic calc ium concentration 
was not controlled f rom inside the cel l , near the sight of the gap junctions. 
The axon terminal , v iewed as a structured process w i t h all the necessary 
machinery for intercellular communicat ion f irmly i n place, becomes another 
i n vivo cuvette, isolated f rom the soma of the ce l l by a narrow axon that 
crosses the basement membrane between retina and lamina. A long axon 
effectively compartmentalizes the soma of the terminal , and impairs d i f fu
sion. Moreover , each cartridge is electrically insulated f rom its neighbors by a 
sheath of glial cells (27) . Therefore, the terminal is appropriately handled as 
an independent entity. T h e intracellular calc ium concentration of the soma, 
known to be affected by light adaptation, may not be control led i n the same 
way i n the terminal . T h e basement membrane also provides an effective 
barrier for the diffusion of dyes added to the retina. Thus, two separate 
extracellular compartments are accessible for perfusion of the soma and the 
axon terminal . Furthermore , we can pharmacologically manipulate this iso
lated corner of the ce l l by a combination of pressure and electrophoretic 
injection into the terminal near the site of the gap junctions, whi le continuing 
electrical recording, and then recover the terminal for histological examina
t ion (Figure 7). Thus, control of coupl ing i n the receptor axon terminals 
seems pivotal, not only for mechanisms of hyperacuity but also for characteri
zation of gap junctions i n this highly developed nervous system. 

Dye Coupling between Photoreceptors 
Classical approaches to verification of functional gap junctions include con
ductance measurement, pharmacological manipulation, and demonstration o f 
dye coupl ing (28). D y e coupl ing is a straightforward method for demonstrat
ing gap junctional function. Injection experiments are simple and results are 
easily interpreted. T h e outcome is assessed immediately w i t h an i n vivo 
preparation. A lower dye concentration is necessary for detection because dye 
lost dur ing fixation and tissue processing is avoided. 

I n the fly, w h e n the recording electrode crosses the basement m e m 
brane, the polarity of the extracellular potential i n response to light, w h i c h is 
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236 BIOMEMBRANE ELECTROCHEMISTRY 

Figure 7. Fluorescence micrograph of a l-pum-thick section of the lamina of a 
male fly that shows stained photoreceptor axon terminals cut parallel to their 
long axis. Gap junctions between the six peripheral cells occur in the outer 10 
pirn of the axon terminal, just below the somas of the monopolar neurons. 
Because recorded cells are located in reference to the corneal facet matrix, the 
location and orientation of that cell in the underlying neuropil is predetermined, 
so it can be sectioned in any given plane and recovered for histological and 

histochemical examination. 

called the electroretinogram, inverts. Thus, the electrode position i n the eye 
can be verif ied. Once an axon terminal is penetrated, the ce l l is brought on 
axis to the stimulus by moving the animal through orthogonal arcs unt i l the 
cel l responds to stimulation w i t h a localized maximum. Furthermore , the 
facet lens that illuminates the cel l can be localized by imaging a field 
diaphragm onto the corneal surface. F igure 8 shows the result of an experi
ment i n w h i c h the axon terminal of a photoreceptor was coinjected w i t h 
6-carboxyfluorescein and the calc ium chelator, ethyleneglycoltetraacetic acid 
( E G T A ) . T h e steady-state response of the receptor potential was augmented 
after injection, whereas the transient response remained unchanged, w h i c h 
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Figure 8. Fluorescence micrograph of the surface of the fly eye with a single 
facet lit. Although only one photoreceptor under that lens is stained (confirmed 
by examination of the ommatidium via corneal neutralization), the whole facet is 
illuminated like the lens of an oncoming car. If dye had spread to its 
neuroommatidial neighbors, adjacent facets would light up in response to 

fluorescent excitation. 

indicates that E G T A had lowered the free calc ium ion concentration wi th in 
the terminal (29) . E G T A chelation of cytosolic calcium near the site of 
coupl ing should have opened gap junctions and permit ted dye coupling. T h e 
same experiment has been per formed w i t h L u c i f e r yellow, fluorescein, 6-
carboxyfluorescein, fluorescein isothiocynanate, coumarin 175, Lissamine 
rhodamine B , and rhodamine 123, al l of w h i c h have low molecular weight, 
either neutral, positive, or negative charge, and dif fer ing partial solubilities i n 
l i p i d . Attempts also have been made to raise the cytoplasmic p H i n the 
terminal by coinjection of alkaline dye solutions and buffers w i t h dye. E a c h 
experiment has fai led to show dye coupling, even though there was clear 
evidence of dye f i l l ing the injected cel l and we used the end-on enhanced 
sensitivity of i l luminat ion, w h i c h was sensitive to dye f i l l ing of the impaled 
cel l by diffusion alone. Al though the results were negative, these experiments 
suggest either that control of gap junctional permeability is not a simple 
function of the cytosolic free calc ium concentration or p H or that some other 
process interferes w i t h dye coupl ing through this protein. Al though Shaw and 
Stowe (14) reported that L u c i f e r yel low d i d not cross gap junctions of these 
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cells, they neither injected dye directly into the terminal nor t r ied to 
manipulate the permeabil i ty of the junct ion to induce coupling. Because we 
used dyes of various l i p i d solubility and charge, i f the channel was open, dye 
solubility, resident charge i n the channel, or charge of the molecule d i d not 
exclude passage of the tracer. T h e simplest explanation of our negative result 
is either that the channel i n the gap junct ion is too small to accommodate the 
dyes used or that some other molecule obstructs the entrance to the channel. 

M a n y insect tissues are coupled by gap junctions. In salivary glands (30) , 
cuticular epithelia (31, 32), and the segmental parti t ion of imaginai discs 
(33), dye coupl ing via gap junctions occurs readily. However , dur ing develop
ment, the extent of dye coupl ing diminishes as compartmentalization of the 
tissue proceeds, whereas electrical coupl ing remains. T h e process involved i n 
sealing off these compartments may be similar to the process seen i n 
photoreceptor axon terminals. I n our future research, dissection o f the 
control mechanism w i l l focus o n manipulat ion of the membrane and gap 
junct ion proteins themselves i n the intact preparation. C o u p l i n g effects o n 
synaptic transmission can be assessed by recording f rom these interneurons. 
T h e combined approach of pharmacology, electrophysiology, and histochem
istry of the same tissue w i l l lead to a better understanding of not only 
function of neuronal gap junctions i n their native membranes, but also 
information processing at the first synaptic layer o f the retina. 

Conductance of gap junctions between salivary gland cells of another 
dipteran, Drosophila, is voltage sensitive both to the intracellular voltage as 
w e l l as the transjunctional voltage (34) . I f gap junctions i n the photoreceptor 
terminals o f our preparation were open, dye should have entered the coupled 
cel l . I f gating the junctions were a function of adaptation, light or dark 
adaptation of the cells should have opened the junctions and al lowed dye 
coupling. E v e n though we obtained stable recordings f rom the terminals, we 
saw no dye coupling, perhaps because the impaled terminal was damaged by 
the electrode and the resting potential was no longer physiological. Based o n 
this premise, we injected current f rom 0.5 to 30 n A of both polarities to 
modulate transjunctional as w e l l as intracellular voltage of the terminal . St i l l , 
no dye coupl ing was seen. 

Voltage Coupling across Gap Junctions in Axon Terminals 
T h e strength of electrical coupl ing between adjacent terminals was measured 
by intracellular recording directly f rom the axon terminal . A spatially fi ltered 
and expanded laser beam i l luminated two diaphragms that were imaged at 
the back focal plane of a 2 5 - m m achromat lens used as an objective. This 
apparatus produced a small luminous spot that subtended a sol id angle of 3.4 
arcmin to the fly eye. T w o other, moveable diaphragms were placed i n the 
image plane of the same objective to form field diaphragms that al lowed 
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i l luminat ion of any two facet lenses i n the field. Once a photoreceptor axon 
terminal was recorded, the cel l was brought on axis to the stimulus by moving 
the animal i n orthogonal arcs unt i l a local maximum response was recorded. 
T h e animal was moved i n planar coordinates unt i l the facet that contained 
the photoreceptor entered the i l luminated field. B o t h field diaphragms were 
imaged onto the same facet. B o t h beam intensities were adjusted to give a 
criterion response i n the recorded photoreceptor axon terminal . T h e n the 
field diaphragms were used to selectively i l luminate photoreceptors whose 
coupled axon terminals formed synapses i n the same cartridge as the recorded 
cel l . Experiments show that neighboring terminals are tightly coupled at al l 
intensities f rom the photon range to near saturation. T h e coupl ing ratio can 
be defined as the voltage recorded w h e n the adjacent terminal is stimulated 
divided by the voltage recorded i n response to stimulation of the ce l l whose 
terminal is impaled by the electrode. In this case, the ratio is between 0.7 and 
0.9, w h i c h indicates tight coupl ing (Figure 9a). Imaging st imuli onto cells that 
do not contribute to the same cartridge resulted i n either an unrecordable 
response or a response f rom the impaled terminal wi th less than 1 0 % of the 
amplitude of a response f rom coupled cells. Therefore, 1 0 % is considered the 
maximum contribution due to light scatter i n our imaging system. This 
coupl ing factor compares w i t h 0.5 for V a n Hateren s measurements via 
corneal neutralization. 

B o t h st imuli were brought closer together unt i l they overlapped i n t ime. 
T h e two signals s u m m e d unexpectedly (F igure 9b). Because stimulus inten
sity was the same for both photoreceptors, voltage i n each terminal should 
have been the same, w h i c h w o u l d cancel any coupl ing current. This summa
tion suggested that our original assumption—that al l inputs to the monopolar 
dendrites are e q u a l — m a y not be correct. I f so, the nonlinear interaction 
should be integrated by the monopolar nonlinearly. T o verify this, we 
per formed the same experiment while recording f rom a monopolar cel l . 
W h e n both receptors were i l luminated together, the amplitude of the 
monopolar response was actually less than the amplitude w h e n either recep
tor was i l luminated (Figure 9c). Such an interaction suggests an inhibitory 
process. Perhaps the encoding of the monopolar dendrite is a differential 
process rather than a summatory process. T h e observed nonlinear behavior 
may be due to feedback synapses or other lateral interactions, w h i c h for this 
discussion we have ignored. Optical isolation of the stimulus to photorecep
tors that contribute synapses only to the cartridge that contains the recorded 
monopolar ce l l suggests that lateral interactions are min imized . I f lateral 
interactions are present at all , they must be due to light scatter of the 
stimulus to neighboring ommatidia, w h i c h we measured at less than 1 0 % of 
the response to stimulation of cells directly synapsing w i t h the recorded 
monopolar cel l . 

A n inhibitory process is consistent w i t h lateral current shunting through 
the gap junctions to neighboring terminals. A mechanism of electrotonic 
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Figure 9. Traces of intracellular recordings from photoreceptor axon terminals 
(a and b) while the soma of the cell and the soma of a coupled cell were 
stimulated by a laser and from a monopolar cell (c) while two coupled 
photoreceptors were stimulated. Half-second stimuli were used in all three cases. 
In a and b the photoreceptor that contributes its axon terminal to the same 
cartridge was stimulated by a laser with increasing intensity, and the voltage 
was recorded from the impaled terminal. The recordings show that coupling is 
strong between adjacent axon terminals and also that disparate information is 

retained and encoded by the monopolar cell. 
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inhibi t ion, w h i c h involves voltage i n a restricted extracellular space, was first 
proposed for the wel l -known Mauthner ce l l (35, 36). A modification of that 
model can be used to explain our experimental results. G l i a l isolation of each 
cartridge ( 2 7 ) together w i t h high ohmic resistance across the basement 
membrane imparts h igh input impedence for the photoreceptor input to the 
lamina. H i g h impedence prevents voltage degradation and improves fidelity. 
Somas of nonstimulated photoreceptors wi th in the same cartridge w o u l d 
provide a virtual ground for current that w o u l d be drawn through the gap 
junct ion and back to nonstimulated somas. T h e distal position of gap junc
tions (13) prevents passage of current through the main body of a nonstimu
lated photoreceptor terminal ; however, current is directed antidromically 
through its axon. Therefore, current w o u l d not contribute to transmitter 
release f rom that terminal and input w o u l d be inhib i ted functionally. Mainte 
nance of extracellular voltage could explain the apparent voltage summation 
i n the terminals. In this case, depolarization of the extracellular space w o u l d 
induce current flow back toward the retina through the unstimulated pho
toreceptors. A t low luminance, extracellular voltage does not saturate and 
shunting of small currents could actually sum i n the electrically coupled 
terminals. A similar model was proposed by Shaw (23) as a nonsynaptic basis 
for lateral inhibi t ion wi th neighboring cartridges. This mechanism, w h i c h 
operates between cartridges, may be responsible for an antagonistic surround. 
I f a similar mechanism operates wi th in a single neuroommatidium, it could 
form a substrate for hyperacuity i n the c o m p o u n d eye and functional units i n 
the vertebrate retina as w e l l . 

B y use of a high-contrast stimulus to differentially stain the cells i n the 
neuroommatidium, we have shown that optical disparity of individual pho
toreceptors that form the input to lamina cartridges i n the fly eye is 
maintained. E lec tr ica l coupl ing of these same axon terminals is h igh at low 
and moderate luminance. E v e n though evidence shows that coupl ing is 
structurally mediated by gap junctions, these junctions do not allow dye 
coupl ing and dye coupl ing is insensitive to treatment that w o u l d open closed 
junctions i n other cells. 

Quantification of electrical coupl ing remains to be determined by con
ductance measurement. These experiments are i n progress. However , at low 
and moderate luminance, it is sufficient that the gap junctions remain i n a 
conducting state to accomplish both goals o f this system: elevated sensitivity 
at low luminance by al lowing lateral spread of current to coupled photorecep
tor terminals and contrast enhancement of individual inputs f rom optically 
disparate receptors; both functions use current shunted through gap junc
tions. Therefore, the original postulate that gap junctions open and close w i t h 
respect to light adaptation is not even necessary. Moreover , the use of 
constitutively open gap junctions that enables the transition f rom summation 
at low intensity to inhibi t ion at moderate intensity could be a continuous 
function of stimulus contrast. The morphological and physiological evidence 
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presented here does not prove that the proposed mechanism underlies 
hyperacuity. However , it is a plausible explanation that functions w e l l i n a 
computer simulation (37) and shows that, at least at the level of the 
monopolar dendrites, disparate information is maintained and encoded by the 
monopolar cells. T h e advantage of this system is that information about the 
absolute position of a point source of light is preserved i n an analog signal 
and yields high resolution that is not l imi ted by spacing of retinal detectors. 
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The Mitochondrial 
Voltage-Dependent 
Anion-Selective Channel 

Marco Colombini 

Laboratories of Cell Biology, Department of Zoology, University of Maryland, 
College Park, MD 20742 

The mitochondrial outer membrane contains a 30-kDa protein called 
voltage-dependent anion-selective channel (VDAC) that forms chan
nels with 3-nm pores through which metabolites travel between the 
cytoplasm and the mitochondrial spaces. Electron micrographs of 
two-dimensional crystals of these channels after freeze-drying, shad
owing, and computer processing reveal detailed surface images of the 
channels. Both surfaces look very similar: most of the protein appears 
to be embedded in the membrane. The ion selectivity of the channel 
and changes in it induced by site-directed mutations fit quite well to 
the fixed-charge theory of Teorell. The voltage-dependent closure of 
VDAC at both positive and negative potentials can be modulated by 
polyanions, osmotic pressure, aluminum hydroxide, and a soluble 
mitochondrial protein called the VDAC modulator. VDAC acts as a 
binding site for proteins perhaps through a domain located on the 
membrane surface. 

^MITOCHONDRIA CONTAIN TWO A Q U E O U S C O M P A R T M E N T S , one impermeable 

to sucrose and the other permeable to sucrose but impermeable to high-
molecular-weight polysaccharides. This description was proposed by 
Werkheiser and Bartley ( I ) i n 1956. The i r conclusion that mitochondria 
consist o f two membrane-enclosed compartments, one inside the other, is 
universally accepted today. Translocation across the inner membrane is 
performed by a host of specific transport systems whereas movement across 
the outer membrane occurs via a protein, called voltage-dependent anion-

0065-2393/94/0235-0245$08.00/0 
© 1994 American Chemical Society 
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246 BIOMEMBRANE ELECTROCHEMISTRY 

selective channel ( V D A C ) , that forms large aqueous pores. T h e size selectiv
ity for nonelectrolytes observed b y early investigators for the sucrose-permea
ble compartment (now k n o w n as the intermembrane space) can be readily 
understood b y the presence of these channels (2-4). 

V D A C channels w i t h virtually the same properties have been isolated 
from mitochondria representing al l the eukaryotic kingdoms (5) . T h e only 
source of mitochondria lacking V D A C channels is a yeast strain whose V D A C 
gene was skil lfully deleted (6, 7 ) . 

A major funct ion of mi tochondr ia—to provide cells w i t h adenosine 
5'-triphosphate ( A T P ) produced by oxidative phosphorylat ion—requires that 
A T P , adenosine 5'-diphosphate ( A D P ) , inorganic phosphate (Pi) , and metabo
lic substrates cross the outer membrane. T h e discovery (8) that V D A C 
channels are voltage-gated raises possibilities for regulation w i t h far-reaching 
consequences. I f the outer membrane were to become impermeable to 
critical metabolites, important functions such as mitochondrial A T P produc
t ion w o u l d cease. 

Structure of the VDAC Channel 
High-resolut ion images of V D A C channels have been obtained by taking 
advantage of the fact that V D A C channels i n the Neurospora crassa mito
chondrial outer membranes can be induced to form large two-dimensional 
crystals (9 , JO). E lec t ron micrographs o f these crystals can be converted into 
high-resolution averaged images through the use of computer averaging and 
filtration techniques. Negatively stained crystals allow the aqueous pore 
formed by the channel to be visualized (F igure I D ) . Frozen-hydrated meth
ods have visualized the protein regions forming the pore (11). M o r e recently, 
a freeze-drying-shadowing procedure was used to visualize the surface 
topography of each side of the channel (F igure 1A and B) . T h e results clearly 
show that V D A C forms a large aqueous pore w i t h a small amount of protein; 
most of the protein is embedded i n the membrane (F igure 2 A and B) . 

T h e proteins that form V D A C channels have been sequenced for three 
species, N. crassa, S. cerevisiae, and H. sapiens. A l l these species are 
probably composed of 282 amino acids and have molecular weights of 29,848, 
29,752, and 30,641, respectively (12-14). T h e closeness of the molecular 
weights and amino acid content between proteins f rom fungi to mammals is 
i n harmony wi th the high degree of similarity i n the properties of V D A C 
f rom many different sources (5) . T h e degree of amino acid identity between 
the fungal sequences and the h u m a n is only 2 4 - 2 9 % (14), but the degree of 
conservation is underestimated. 

Probes into the secondary structures of the three channel-forming pro
teins reveal a high degree of conservation. T h e nature of the channel and its 
location wi th in the membrane greatly l imit the possible secondary structures. 
A cylinder formed primari ly of a beta-sheet w a l l was proposed (6, 15) and 
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Figure 1. Two-dimensional crystals of VDAC from N . crassa were freeze-dried 
and shadowed with platinum. The electron micrographs were digitized, and 
averaged and filtered images were obtained by computer processing. A, The 
average reconstructed image of filtered, freeze-dried-shadowed (45°) VDAC 
crystals as seen from one membrane surface. The dark areas are depressions, 
presumably the openings of the channels. The same crystal was viewed from the 
other surface of the membrane, B. The image in Β was flipped about the axis of 
mirror symmetry and aligned with that in A by cross-correlation, and then 
averaged, C. This image represents eight crystals with different shadowing 
directions. D, The Fourier-filtered image of a negatively stained VDAC crystal. 
The dark areas are the location of stain accumulation, presumably the pores of 
the channels. All images are at the same magnification. The bar marker = 20 
nm. (Reproduced with permission from reference 19. Copyright 1991 Academic.) 

supported by site-directed mutagenesis of V D A C from yeast (16). Such a 
beta-sheet wal l , w h i c h separates the polar environment wi th in the channel 
f rom the nonpolar environment of the bilayer, w o u l d have to be composed of 
beta strands w i t h amino acid side chains that alternate between polar and 
nonpolar residues. This w o u l d form a " s i d e d " strand that is w e l l suited to 
form the interface between these two different phases. A computer search 
(6 ) for such alternating patterns i n 10-amino-acid stretches (3.5 n m long; 
enough to span the nonpolar port ion of the membrane) of the protein 
sequence revealed many locations (Figure 3). These locations were used to 
generate a model for the open state of V D A C that was tested by site-directed 
mutations and found to be largely correct (16) . T h e location of the amino 
acid stretches appropriate to form the " s i d e d " beta strands is w e l l conserved 
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248 BIOMEMBRANE ELECTROCHEMISTRY 

Figure 2. Three-dimensional representation of the averaged surface 
reconstructions. A and Β correspond to Figure 1A and B, respectively. Dark 
areas are regions of lowest elevation and white areas are those of highest 
elevation. (Reproduced with permission from reference 19. Copyright 1991 

Academic.) 

among the species (Figure 3), w h i c h indicates a very similar secondary 
structure (17) . 

Despite earlier indications that V D A C is a dimer, recent evidence 
strongly favors a monomer . Ear ly attempts to quantitate the amount o f 
protein mass i n the two-dimensional crystals o f V D A C indicated that there 
may not be enough mass to form a d imer (11, 18). M o r e recently, the use of 
scanning transmission electron microscopy on the V D A C crystals al lowed 
precise estimates of mass per channel (19) . These scans showed a 1:1 relation 
between channels and 3 0 - k D a polypeptide chains i f the crystal also contained 
3 2 % l i p i d . Results (20) of attempts to make hybr id channels by growing cells 
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Beginning Residue Number 

Figure 3. An evaluation of the potential of stretches of amino acids in the VDAC 
sequences from S. cerevisiae and N . crassa and of a homologous human 
sequence to form beta strands lining the walls of a water-filled pore. The 
hydropathy values of each group of 10 adjacent amino acids were combined as 
follows: Σ{ί 1( — l)l+1v(\), where v(i) is the hydropathy value of the ith amino 
acid. The absolute value of these sums was plotted against the number of the 
first amino acid in the summation. The numbers in panel Β represent the 
locations of the major peaks in this panel. The numbers in panels A and C refer 
to major peaks found in these panels that were minor or absent in panel B. 

(Reproduced with permission from reference 17. Copyright 1991 Academic.) 

containing two different V D A C genes (one w i l d and one mutant) are support
ive of a m o n o m e l i c channel . Channels isolated f rom the mitochondria of such 
cells were either w i l d or entirely mutant i n their properties. N o channels 
were observed w i t h properties intermediate between the w i l d and mutant 
phenotypes. Thus it is l ikely that only one 3 0 - k D a polypeptide, w h i c h is 
capable of two separate voltage-gating processes, forms a cylindrical channel 
that results i n a 3 -nm (in diameter) aqueous pore through the membrane. 

F r o m the hydrodynamic properties of V D A C isolated f rom rat liver, 
L i n d e n and Gellerfors (21) deduced that V D A C exists as a d imer i n deter-
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gent solution. This finding, and the observation that the rate of channel 
insertion into planar membranes is l inearly dependent o n the amount of 
detergent-solubilized protein added to the aqueous phase, l e d early o n to the 
conclusion that V D A C was a d imer . A reexamination o f the hydrodynamie 
data shows that no correction was made for the large aqueous pore of V D A C . 
T h e measured sedimentation coefficient, Stokes radius, and partial specific 
volume were used to determine the effective molecular weight of detergent-
solubil ized V D A C . T h e calculated value of 171,000 for the molecular weight 
was corrected for detergent b i n d i n g and resulted i n a net value of 61,000. A 
further correction for water i n the aqueous pore (3 n m i n diameter and 5 n m 
long) w o u l d y ie ld a net value of 40,000. Tight ly b o u n d water and lipids could 
account for the difference between 40,000 and the actual molecular weight of 
30,000. Thus the hydrodynamie data are consistent w i t h a m o n o m e l i c chan
nel . 

Channel Selectivity 
T h e charge selectivity of channels that form a large aqueous pore is l ikely to 
be dominated by the electrostatic environment wi th in the pore rather than 
the b inding o f the passing ions to the wal l o f the pore. Therefore, charged 
residues on the wal l should have strong effects. This expectation was verif ied 
for V D A C by using site-directed mutations to change residues at specific 
locations (16). Indeed, identification of residues fining the wal l of the pore 
was possible by determining whether a charge change at that location 
resulted i n the appropriate change i n selectivity as measured by determining 
the reversal potential i n the presence of a K C 1 salt gradient. 

Greater insight into the molecular basis for selectivity i n V D A C was 
obtained (22) by comparing the observed reversal potentials as a function of 
the engineered charge change w i t h that expected f rom the fixed-charge 
membrane theory of Teore l l (23). F igure 4 reveals a remarkably good fit 
between reversal potential changes due to charge changes at residues thought 
to be i n the pore (triangles and circles) and the theory (solid curve). Charge 
changes at locations thought to be outside the pore (squares) had no 
significant effect o n the reversal potential. T h e data plotted as circles al l 
contained the mutation K 1 9 E (the lysine at position 19 converted to gluta
mate) that displays a stronger than expected effect on the selectivity. Overal l , 
the theory and experimental observations agree very w e l l , w h i c h indicates 
that the molecular basis for ion selectivity i n V D A C can be understood using 
a fairly simple theory. 

Voltage Dependence 
E a c h V D A C channel can close at both positive and negative potentials 
(Figure 5), w h i c h indicates the presence o f two gating processes w i t h i n the 
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- 2 0 «J 1 1 1 1 1 1 1 1 1 1 
- 4 - 3 - 2 - 1 0 1 2 3 4 5 6 

Charge in the Pore 

Figure 4. The change on the reversal potential of the VDAC channels with 
change in the charge within the pore was calculated by applying the theory of 
Teorell to the VDAC channel (solid line). The charge within the pore for the 
wild-type channel (solid diamond) was chosen to lie close to the theoretical 
curve. All other points were plotted according to the measured reversal potentials 
and the charge change induced by the mutation. Mutations at sites determined 
to be within the pore by other criteria were plotted as tnangles or circles; those 
mutations determined to be outside the pore were plotted as squares. The salt 
concentration gradient and sign of the potential are indicated in Table I. Taken 

from the data of Feng et al. (22). 

protein. T h e most conductive ("open") state is the preferred conformation at 
low or zero membrane potential . A t high fields, low-conducting ("closed") 
states are occupied. I n K C 1 solutions, the conductance o f the most frequently 
observed closed state is 4 0 - 5 0 % o f the conductance o f the open state. 
However , there is evidence (24-26) to indicate that the closed states are 
impermeable to the biologically important ions ( A T P and A D P ) . T h e fact that 
these closed states can still conduct K C 1 has al lowed researchers to study the 
properties o f these states. 

T h e process of channel closure i n V D A C must involve rather extensive 
structural changes. T h e effective pore diameter is reduced f rom 3 to 1.8 n m 
(27, 28). T h e volume o f aqueous solution w i t h i n the pore is reduced b y 
about 30 n m 3 (29) . T h e selectivity o f the channel, as measured b y the 
reversal potential for a 10-fold K C 1 gradient, reverses (4, 30) f rom a m i l d 
preference for anions to a preference for cations (a change o f over 30 m V i n 
reversal potential). T h e slow rate o f channel closure [from milliseconds to 
seconds, depending o n the appl ied voltage (2 , 8)] is consistent w i t h an 
extensive conformation change. Surprisingly, the rate of channel opening is 
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Figure 5. The voltage dependence of VDAC as illustrated by the behavior of a 
single VDAC channel from P. aureûa. The upper trace shows the current trace 
recorded under voltage-clamp conditions. The lower trace is the applied voltage. 
The zero current and voltage levels are indicated. A steep slope in the current 
indicates a high conductance; thus, the channel was in the open state. Transitions 
to a shallower slope are channel closures (the reverse is an opening). Time 
proceeded from left to right. The channel was open at low potentials and closed 
at both positive and negative potentials. (Reproduced with permission from 

reference 5. Copyright 1989 Springer-Verlag.) 

fast (microseconds) i f the channels have not been al lowed to adapt to the 
closed state (2 , 8) . 

T h e high sensitivity that can be achieved w h e n current flowing through a 
planar phosphol ipid membrane is recorded allows the properties o f individual 
channels to be studied. I n this way, variability i n properties f rom channel to 
channel can be examined and multiplicit ies i n the n u m b e r of states that the 
channel can achieve can be observed. B y raising and lowering the appl ied 
voltage, a V D A C channel can be induced to open and close. In principle , the 
channel may sample many different conformations, and these conformations 
could be distinguished by their properties such as conductance and ion 
selectivity. In practice, for V D A C the properties of the open state are quite 
constant whereas the properties of the closed state are m u c h more variable, 
w h i c h demonstrates a mult ipl ic i ty of closed states (30) . There are wide 
variations i n both the size and selectivity of the closed states. T h e variability is 
somewhat greater between channels than for the same channel, but not by 
very m u c h . T h e variability can be dramatically reduced by adding agents that 
increase the voltage dependence (see Table I; note change i n standard 
deviation). These agents seem to favor a particular closed-state conformation. 

Modulation of Voltage Dependence of VDAC 
T h e voltage-gating process of a channel can be inf luenced i n two ways: 

1. T h e switching region (i.e. the voltage range over w h i c h chan
nels go f rom predominantly open to predominantly closed) can 
be moved along the voltage axis. 

2. T h e voltage dependence can be increased or decreased to y i e l d 
a narrower or wider switching region. 
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Table I. Single-Channel Properties with and without Konig's Polyanion 

Plus 0.5 pg/mL 

Property Control Polyanion 

Open channel 
Conductance (nS) 1.8 ± 0.1 (11) 1.9 ± 0.1 (3) 
Reversal potential (mV) 10.0 ± 1.1 (11) 10.5 ± 0.6 (3) 

Closed channel 
Conductance (nS) 0.81 ± 0.17 (7) 1.2 ± 0.07 (3) 
Reversal potential (mV) - 8.6 ± 1 . 4 (7) - 22.6 ± 1 . 0 (5) 

N O T E : Measurements made in 1 M KCl vs. 0.1 M KCl with 5 mM CaCl 2 , 1 mM 2-(N-morpho-
line)ethanesulfonic acid, pH 5.8, on each side (sign refers to high-salt side). Values are means 
plus or minus standard deviation, and the number of estimates is given in parentheses. 

Movement of the switching region is quantitated by measuring V 0 , the 
voltage at w h i c h the channels have an equal probabil i ty of be ing either open 
or closed (8). Alterat ion of the voltage dependence is quantitated by deter
min ing the parameter η—the number of charges that w o u l d have to move 
through the entire membrane potential to account for the observed voltage 
dependence. B o t h of these mechanisms and a combination of the two were 
observed i n V D A C . 

A variety of highly negatively charged polymers f rom synthetic polyanions 
(such as dextran sulfate) to highly negatively charged proteins (such as 
pepsin) can increase the voltage dependence of V D A C and result i n both an 
increase i n η and a decrease i n V 0 (31, 32). Voltage-dependence can 
increase more than 20-fold (P. Mangan and M . C o l o m b i n i , unpubl ished 
results) and result i n large conductance changes for a fraction of a mil l ivolt 
change i n membrane potential . Because asymmetric addition effects only one 
gating process (31), the polyanion must be added to both sides of the 
membrane to influence both gating processes. This exquisite sensitivity can 
be exploited easily by cells to detect very small changes i n membrane 
potential. The voltage dependence can be modulated i n this way by regula
tion of the charge on a polymer such as the degree of phosphorylation of a 
protein. 

A particularly potent polyanion that was produced by Kônig et al . (33) 
had potent effects (27 ) at less than 1 μ g / m L . In addition to increasing the 
voltage dependence of V D A C (as was the case for the other polyanions), this 
polyanion also caused channels to remain closed even i n the absence of a 
membrane potential. A d d i t i o n of this polyanion to the solution on both sides 
of the membrane resulted i n a marked effect on both gating processes, 
whereas addition to only one side of the membrane resulted i n selective 
stimulation of the gating process i n response to negative potentials on the 
polyanion side (22) . This polyanion also reduces the size of negatively stained 
pores of two-dimensional crystals of V D A C channels, w h i c h results i n a 
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reduction i n observed pore diameter to 1.7 n m (28) that is very consistent 
w i t h estimates f rom nonelectrolyte fluxes (1.8 n m ; 27). This polyanion also is 
an effective inhibi tor of A D P and A T P flux across mitochondrial outer 
membranes (24~26). 

T h e switching region can be moved along the voltage axis without 
affecting the steepness o f the V D A C voltage dependence by changing the 
col loidal osmotic pressure o f the m e d i u m (29). T h e effect may be enhanced 
by higher molecular weight polymers (P . S. Mangan and M . C o l o m b i n i , 
unpublished) or charged polymers. I n addit ion, there is a synergistic effect of 
polyanions and osmotic pressure that can result i n enormous effects (P . S. 
Mangan and M . C o l o m b i n i , unpublished). Z i m m e r b e r g and Parsegian pro
posed (29) that a ce l l c o u l d use V D A C to monitor and regulate the 
concentration of intracellular polymers. 

A water-soluble protein that increases the rate and extent of V D A C 
channel closure has been identif ied (34) and local ized to the mitochondrial 
intermembrane space ( M . H o l d e n and M . C o l o m b i n i , unpubl ished observa
tions). This protein, cal led the V D A C modulator, may be the natural sub
stance that the polyanions m i m i c , but its h igh potency (operating i n the 
nanomolar range; 34) indicates a m u c h more specific and directed action 
than s imply acting as a polyanion. L i k e Konig's polyanion, it binds to V D A C 
and induces more complex effects. T h e importance o f the V D A C modulator 
is indicated by the remarkable degree o f conservation o f the protein. N o t only 
can it be isolated f rom the mitochondria of species as diverse as rat, potato, 
and fungi, but the modulators isolated f rom each species act on V D A C 
isolated f rom any of the species (35) . 

M i c r o m o l a r amounts o f a l u m i n u m hydroxide profoundly reduce the 
voltage dependence of V D A C (36, 37). A l t h o u g h ini t ia l results were consis
tent w i t h a direct neutralization o f the voltage sensor (36), further work (30) 
indicates that an indirect effect is more l ikely. T h e presence o f a l u m i n u m 
hydroxide i n the compartment on one side of a membrane inhibits channel 
closure w h e n that side is made negative. Positive potentials on the a luminum 
side result i n V D A C closure, but channel reopening is inhibi ted. This 
phenomenon can be explained i n terms of an a l u m i n u m hydroxide b i n d i n g 
site that is translocated across the membrane (30). 

VDAC as a Site for Protein Attachment 
T h e images o f the freeze-dried V D A C crystals (F igure 2 A and B ) reveal that 
V D A C channels do not protrude into the bulk aqueous phase. Indeed, the 
protein that forms the rim of the pore seems to be at or below the level of the 
membrane surface (19). This lack of protrusion was also observed i n nega
tively stained membranes (9 ) and may account for the observation that 
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V D A C is quite resistant to the action of proteases (9) . I f V D A C lacks 
domains extending into the bulk phase, h o w can proteins l ike the V D A C 
modulator (34), hexokinase (38-40), and microtubule associated proteins 
(41) b i n d to the channel without obstructing the i o n flow? 

A number of laboratories have reported strong evidence that hexokinase 
(38-40) and other kinases (42) b i n d to mitochondria b y attaching to V D A C . 
Attempts to observe the effects o f hexokinase o n channel behavior have been 
unsuccessful (P . S. M a n g a n and M . C o l o m b i n i , unpubl ished results). Thus , i t 
is possible that hexokinase binds but does not affect channel conductance or 
behavior. 

Other b inding agents seem to have no effect o n channel behavior. 
Concanavalin A binds to rat l iver V D A C i n the tr i ton XlOO-solubi l ized form 
(4, 43). Antibodies against N. crassa V D A C inhibi t V D A C insertion into 
planar membranes and b i n d to V D A C crystals i n membranes, but do not 
affect channel behavior (44). These agents may interact w i t h a surface 
domain on V D A C that does not respond to membrane potentials. 

B lachly-Dyson and co-workers mapped out regions o f the V D A C protein 
that form the walls o f the pore (16). M a n y of the protein loops attributed to 
the surface are rather short. However , there is a m u c h longer region that 
extends f rom amino acid 186 to 227 that, based o n the fact that amino acid 
substitutions i n this region do not effect channel selectivity (16, 22), is o n the 
surface. This region is a good candidate for a surface domain that proteins 
might b i n d to. 

Structural evidence for this surface domain may be the elevated regions 
i n the freeze-dried images (F igure 2 A and B) . A l t h o u g h these regions are 
l ikely to contain l ipids, protein may also be present. Freeze-fracture images 
(F igure 6) show elevations i n the same location as the elevations seen i n the 
freeze-dried images. O n e interpretation of the lower resolution freeze-
fracture images is that the channels form the depressions between the raised 
areas. I f the raised areas were just l i p i d , the fracturing process should have 
removed the top layer o f l i p i d , resulting i n a depression. T h e presence of an 
elevation may indicate that the lipids are covered by a protein domain that 
links the six channels into one visible particle and also forms a b inding site for 
proteins. Frozen-hydrated specimens indicate the presence o f protein i n this 
region ( J J ) and there is evidence that cytochrome c binds to this region (45). 

Summary and Conclusion 
T h e V D A C channel has a rather simple structure and yet performs a variety 
of interesting tasks. T h e simple cyl indrical channel has selectivity, two volt
age-gating processes, and a b i n d i n g site (or sites) for enzymes and modulat ing 
proteins. T h e high degree of conservation o f structure and properties i n d i -
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Figure 6. A, Freeze-fracture electron micrograph ( Χ 200,000) of a mitochondrial outer 
membrane vesicle of N . crassa. The micrograph is printed with black shadows. The 
arrow indicates the direction of shadowing. Bar marker — 100 nm. B, Averaged image 
of the freeze-fractured array. Defects in the lattice of the array were corrected for by 
cross-correlation between unit cells and a reference alignment of the unit cells. The 
arrow indicates the direction of shadowing. Bar marker = 20 nm. This is unpublished 
data from L. Thomas and M. Colombini. C, Interpretation of the particles viewed in 
the freeze-fracture image as suggested by Carmen Mannella, who also provided the 
image. This image is an averaged projected image of a negatively stained crystalline 
array of channels from N . crassa. A dark line drawn around each six-channel unit 
may correspond to one quasihexagonal particle observed in the freeze-fractured image. 
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cates the existence of important physical or physiological constraints. A n 
understanding of how this channel works and the physiological roles it serves 
is l ikely to be achieved i n the near future. 
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The Structural Basis of Peptide 
Channel Formation 

Garland R. Marshall and Denise D. Beusen 

Center for Molecular Design, Washington University, St. Louis, MO 63130 

The increased interest in peptide ion channels as model systems for 
larger, physiological channels coincides with improvements in experi
mental techniques that make peptides more accessible and enable the 
determination of their structures. This chapter surveys peptides from 
natural sources of less than 50 residues that are known to function as 
ion channels and for which three-dimensional structural information is 
available. Although the helix was initially recognized as a structural 
motif that made insertion of a peptide into the lipid bilayer energeti
cally feasible, this survey suggests it is not unique. While the magain-
ins, the peptaibols, and the cecropins are examples of helical struc
tures, the role of beta-sheet structures is apparent in tachyplesin and 
the defensins. Other peptides, such as the lantibiotics, are as yet 
structurally unclassifiable. A number of structural themes emerge from 
this analysis that help to explain how such small chemical entities can 
form pores that enable the transit of ions across the lipid bilayer. 

T H E ABILITY O F PEPTIDES T O F O R M C H A N N E L S ( I ) i n membranes has been 

an active area of investigation since the seminal observations o n alamethicin 
by M u e l l e r and R u d i n (2 ) i n 1968. In recent years, the n u m b e r of peptides 
known to act o n membranes has increased dramatically. T h e motivations to 
study these molecules are diverse and include the development of antibacte
rial and antiviral agents and the possibility that those peptides that form 
voltage-gated channels can act as simple mode l systems for naturally occur
ring i o n channels i n nerve membranes (3, 4). T h e lure o f a small , chemical ly 
defined system for the study of ion selectivity (5 ) and the role of the electric 
field i n triggering changes i n conduction have been strong. Numerous b io-

0065-2393/94/0235-0259$ 14.48/0 
© 1994 American Chemical Society 
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physical techniques have been exploited to probe the channel-forming activity 
of peptides. Al though significant progress has been made i n understanding 
the details o f some systems, i n no case has a general mechanism evolved to 
explain al l the observations. T h e perspectives of these studies have been 
many and varied: characterization of the p e p t i d e - m e m b r a n e interaction, the 
effect o f the peptide o n the l i p i d phase, and elucidation o f the structures o f 
the peptides involved i n ion channel formation. Because a comprehensive 
survey of al l o f these efforts for every k n o w n peptide i o n channel w o u l d be 
enormous and because interactions of peptides wi th membranes have been 
reviewed previously (6, 7) , we have focused our efforts o n the structural 
aspects of channel- forming peptides that consist o f 50 residues or less. T h e 
synergy between the molecular architecture (8) o f pore- forming peptides (9 ) 
and mechanistic theory has heightened i n recent years as structure-determ
ination techniques and access to peptides have improved. Information attain
able includes the three-dimensional structure of peptides, both i n solution 
and b o u n d to the membrane, orientation o f peptides i n membranes i n the 
open or closed state of the channel, degree of aggregation i n solution or i n 
the membrane, and the aggregation number and tertiary structure o f the 
aggregate. Al though the amphipathic helix (F igure 1) (10) is a recurr ing 
moti f i n many of the peptides that show pore formation, it is by no means 
unique. A n examination o f the structural data o n the wide variety of peptides 
that form ion channels i n membranes reveals other themes, many of w h i c h 
are sufficiently new that their real significance is to provide fertile ground for 
future investigation. 

Peptide Antibiotics 

Numerous examples exist i n w h i c h compounds isolated as antibiotics form 
channels i n l i p i d bilayers (7) . Certainly, the most highly refined channel 
structure is that o f gramicidin A , and many of the experimental paradigms 
used to elucidate its structure and function are be ing appl ied to other 
systems. 

Gramicidin A. G r a m i c i d i n A is a hydrophobic , l inear peptide of 15 
residues arranged i n alternating chirality (11, 12) and toxic to Gram-posit ive 
bacteria. Produced by Bacillus brevis (13), the biological function of grami
c id in A i n transcriptional regulation (14, 15) appears to be unrelated to its 
most interesting biophysical activity: It acts as a channel for monovalent 
cations in l i p i d membranes (16, 17). A n impressive arsenal of chemical and 

HCO-L-Val-Gly-L-Ala-D-Leu-L-Ala-D-Val-L-Val-D-Val-L-

Trp-D-Leu-L-Trp-D-Leu-L-Trp-D-Leu-L-Trp-CONHCH 2CH 2OH 

Gramicidin A 
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biophysical techniques has been directed to the study of gramicidin A over 
the last 20 years, and the resulting literature is covered i n several review 
articles (18-21). 

Init ial structural models of the gramicidin channel (22, 23) based o n 
experimental results that impl icated a d imer (24, 25) have persisted (F igure 
2). These models consist of hel ical dimers (F igure 2 A and B ) and double-
stranded helices (Figure 2 C and D ) , al l o f w h i c h are helically w o u n d 
beta-sheet structures i n w h i c h the peptide dipoles alternate i n orientation and 
result i n no net dipole. T h e absence of a net dipole and any charged amino 
acids may explain the lack of voltage dependence i n gramicidin. Qualitatively, 
the two classes of structural models are similar i n pore size and length. B o t h 
classes have side chains oriented to the l i p i d and polar carbonyl groups l in ing 
the central pore that presumably act to solvate the ion . 

T h e helical dimers characterized by U r r y et al . (22) consist of single-
stranded helices stacked end-to-end (Figure 2 A and B) . O f the theoretically 
possible forms, the β 6 , 3 d imer best fits expectations of length (25-30 Â) and 
pore size (4 Â) needed for channel activity and i o n selectivity. T h e head-to-
head d imer (F igure 2 A ) is currently favored as the active form based o n 
Ν M R (26) and other biophysical techniques as w e l l as the activity of 
cross-linked d imer analogues (22, 27). Recent solid-state N M R studies (28) 
are consistent w i t h a r ight-handed helical dimer , a conformation also seen i n 
sodium dodecyl sulfate micelles (29) . Ion-binding sites of gramicidin incorpo
rated into phospholipids have been characterized by 1 3 C N M R and are lo
cated at residues 11-14 (30-32), approximately 20 A apart. 

T h e double-stranded helical (F igure 2 C and D ) models of gramicidin 
were proposed by Veatch et al . (23) to explain the presence of four intercon-
vert ing conformations i n dioxane. These structures are unl ikely to be the 
conduct ing species, but they have been difficult to dismiss because of their 
frequent occurrence i n organic solvents. M a n y of the possible conformational 
perturbations due to chain orientation (parallel vs. antiparallel), residues per 
turn, helical handedness, and chain stagger have been observed i n solution 
(for a recent review, see reference 21). X-ray analyses of gramicidin A 
crystalhzed f rom ethanol (33, 34) (F igure 3) and f rom m e t h a n o l - C s C l (35) 
reveal structures of this class. T h e observation of potential ion-b inding sites i n 
the first case and the actual presence of Cs ions i n the pore i n the second 
study suggest that these types of structures are capable of ion b inding and 
raise additional questions about their biological significance. 

Several studies suggest that the conformation (double-stranded helix or 
helical monomer) of gramicidin inserted into the membrane is that found i n 
solution (36-39). U p o n heating, the membrane-bound, antiparallel, double-
stranded helix converts to a hel ical d imer (37). Subsequent studies have 
suggested that the initially inserted double-stranded helical forms are unl ikely 
to have any conductance capabilities (40). 
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262 BIOMEMBRANE ELECTROCHEMISTRY 

Figure 1. Amphipathic helices cluster hydrophilic residues on one face, which results 
in a cylinder that has one hydrophobic and one hydrophilic surface. The first 18 
amino acid residues of magainin II are arranged on an α-helical wheel diagram (A) 

and 310-helical wheel diagram (B). 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

23
5.

ch
01

3

In Biomembrane Electrochemistry; Blank, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 
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Figure 1.—Continued. In the α-helical conformation, the amphipathicity is evident. 
In an even more striking comparison, the first 18 residues of the S4 segment of the 
sodium ion channel are plotted in the same two ways (C and D). Here the 310-helical 
conformation (D) clearly segregates the positively charged Arg residues on the same 
face, whereas an α-helical conformation (C) results in a uniform arrangement of the 

charged residues. 
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264 BIOMEMBRANE ELECTROCHEMISTRY 

Figure 2. Schematic models of gramicidin A dimers: (A) head-to-head helical 
dimer; (B) tail-to-tail helical dimer; (C) antiparallel double-stranded helix; (D) 
parallel double-stranded helix. (Reproduced with permission from reference 

301. Copyright 1986 Biophysical Society.) 

Peptaibols. Alamethic in is the best k n o w n member of the class o f 
fungal antibiotics k n o w n as peptaibols (Table I). T h e name arises f rom shared 
structural features: the presence of several α-methylalanine ( M e A ) or 
aminoisobutyric acid (Aib) residues and a C- termina l amino acid alcohol such 
as phenylalaninol (Phol) . T h e voltage-dependent conductance of peptaibols i n 
black l i p i d membranes was first demonstrated by M u e l l e r and R u d i n (2), 
who suggested that alamethicin provided a site that br idged the bilayer 
through self-aggregation. A wide variety of naturally occurr ing variants and 
analogues of the peptaibol antibiotics exhibit voltage dependence and form 
single-channel, mult i level conductance states i n planar l i p i d bilayers (F igure 
4) (41). These are attributed to differing numbers of helical monomers that 
aggregate to form the pore (42). A recent study suggests that rather than 
increase the pore (or "barre l " ) size by increasing the number of monomers 
(or "staves"), these conductance states represent clusters of " p i p e s " i n w h i c h 
dif fer ing numbers of pipes w i t h different diameters are present (43). Strong 
aggregation of alamethicin i n the l i p i d bilayer is observed spectroscopically 
above a crit ical concentration, and the onset o f pores can be characterized by 
a crit ical voltage. M o d u l a t i o n of these two parameters by the addit ion of N a C l 
to the m e d i u m or cholesterol to the bilayer are highly correlated, w h i c h 
suggests that voltage dependence is due to the electric field effect o n the 
partit ion between the aqueous and membrane phases (44). Ion channels have 
been observed and characterized for alamethicin (2 , 41), emer imic in (I. 
Vodyanoy, personal communication), paracelsin (45), tr ichorzianin (46), and 
the zervamicins (47). 

Other neutral peptide sequences i n addit ion to peptaibols are capable of 
voltage-dependent conductance changes i n l i p i d bilayers. M o l l e et al . (56) 
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Figure 3. Stereoview (backbone atoms only) of the gramicidin A antiparallel 
double-stranded fi56-helix crystallized from ethanol Narrow lines indicate 
hydrogen bonds. (Reproduced with permission from reference 33. Copynght 

1988 AAAS.) 

showed that an analogue of alamethicin i n w h i c h al l M e A residues were 
replaced by L e u and C- terminal Pheol was replaced by P h e - N H 2 retained its 
conductance properties, but w i t h a higher threshold voltage and w i t h mean 
open lifetimes 5 - 1 0 times smaller. Peptides such as ol igoAla that have 
sufficient length (15-20 residues depending on composition) and are com
posed of normal amino acids also show channel formation i n l i p i d bilayers 
(57) . O n e advantage of peptaibol study, however, relates to the structural 
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200 ms 

Figure 4. Multistate conductance shown by alamethicin on a planar bilayer 
membrane with applied potential of 210 mV (top) and on frog sarcolemmal 
membrane with — 110-mV resting potential (bottom). Current bursts begin at A 
and continue until B. The different levels observed are not integral multiples of 
unit current conductance, which implies different states of the pore. (Upper 
figure reproduced with permission from reference 41. Copyright 1972 Elsevier. 
Lower figure reproduced with permission from reference 302: Copyright 1979 

Macmillan Magazines.) 

roles of the unusual amino acids that characterize their sequences. T h e 
conformational constraints imposed by the α,α-dialkyl amino acids, such as 
M e A (Aib) and α-ethylalanine ( E t A or Iva), dramatically l imi t the conforma
tions that must be considered i n any mechanism. α,α-Dialkyl amino acids 
have been shown theoretically by Marshal l and Bosshard (58) and later by 
others ( 5 9 - 6 2 ) to favor Φ , Ψ torsional values associated w i t h either 3 1 0 - or 
α-helix (F igure 5). T h e large number o f crystal structures for peptides that 
contain M e A (63-65) confirm the propensity of this residue to direct the 
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Figure 5. Experimentally observed values for torsional angles Φ and Ψ observed 
for alaninyl-type residues (left) and a-methylalanine in high-resolution crystal 
structures (right). (Reproduced with permission from reference 64. Copyright 

1987Wiley-Liss.) 

conformation to be helical : either the α-helix, the 3 1 0 -he l ix , or some combina
t ion o f the two is seen predominantly. I n the case o f A i b ( M e A ) oligomers, 
Bavoso et al . (66) suggested that the 3 1 0 - h e l i x is preferred. Kar le et al . (67) 
suggested that the 3 1 0 - h e l i x is promoted b y M e A i n short peptides or i n 
longer peptides ( > 7 residues) i f M e A comprises 5 0 % or more of the 
peptide, but the α-helix is preferred w h e n the M e A residues comprise 
one-third of the longer peptides. Compar i son o f the crystal structure o f 
emer imic in 2 - 9 , w h i c h is a 3 1 0 - h e l i x (68), w i t h that of emer imic in 1 -9 , w h i c h 
is an α-helix (69), suggests instead that the energy difference between the 
two forms is small and selection of a conformer is dependent on environmen
tal factors. A qualitative explanation of the balance of forces that determine 
a - or 3 1 0 - h e l i x preference has been presented (69) , and Z i m m - B r a g g theory 
has been modif ied to explain the composit ion and sequence dependence o f 
helix preference (70, 71). Al though the difference between a - and 3 1 0 -hel ices 
stabilized by the mult iple M e A residues is m i n i m a l i n terms of torsional 
angles ( Φ , Ψ), the consequences i n terms of relative side-chain position and 
helix length are dramatic. A comparison of the characteristic parameters for 
the two helix types is given i n Table II and shown i n F igure 6. Recent 
investigation o f the relative stabilities of these two helical forms for M e A and 
A l a oligomers has refined our understanding of the forces that determine 
their occurrence under a given set of experimental conditions (72, 73). 
Furthermore , molecular dynamics simulations have been used to construct an 
energy surface for the transition between the two helical forms and to 
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Table II . Compar ison of Properties of α-Helix w i t h 3 1 0 -Hel ix 

Property a-Helix 310-Helix 

Residues per turn 3.6 3.0 
Atoms in Η-bonding ring 13 10 

Rise per residue (Â) 1.5 2.0 
Number of H bonds 

for Ν residues N -4 N - 3 
Average torsional angles (73) 

Φ - 5 5 - 5 0 
- 5 2 - 3 1 

Figure 6. Comparison of structures for the α-helix (upper left and middle) and 
310-helix (lower left and far right). The increased length of the 310-helix for the 
same number of residues is evident, as is the difference in hydrogen-bonding 
pattern: 1 <- 4 for the 310-helix i <— 5 for the α-helix. The side chains of the 
310-helix pack in an eclipsed fashion, whereas the side chains of the α-helix are 

staggered. 
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estimate a free energy of activation (74). These calculations indicate that 
mechanisms involving transitions between the two helical forms, either upo n 
insertion into the membrane or dur ing voltage gating, are feasible. This facile 
transition may explain transmembrane signaling (75) i n the case of the insul in 
receptor whose l igand-binding domain is extracellular w i t h a single trans
membrane helix connected to the intracellular tyrosine kinase. Simple m o d i 
fication o f the hydrogen-bonding network at the extracellular terminus of the 
transmembrane helix by l igand occupancy c o u l d trigger the helix transition, 
resulting i n displacement o f the tyrosine kinase relative to the membrane and 
the subsequent activation of the enzyme. 

Several proposed models o f the alamethicin pore differ pr imari ly i n the 
role of aggregation, conformational change, and reorientation w i t h i n the 
membrane as elements of the switch control l ing the transition between closed 
and open states. N o n e of the models satisfactorily explains the plethora of 
biophysical measurements reported, w h i c h may simply reflect a variety of 
mechanisms that depend on the peptaibol and the membrane system under 
study. Mode ls proposed by B o h e i m (42), Baumann and M u e l l e r (76), F o x 
and Richards (77) , and H a l l et a l . (78) involve insertion o f the peptide into 
the membrane as part of the gating mechanism. In the first two cases, 
alamethicin is m o n o m e l i c and lies on the surface of the membrane i n the 
absence o f an electric field, but w i t h an appl ied field, the alamethicin inserts 
and subsequently aggregates to form the open pore. Experimental ly, the 
association of alamethicin w i t h l i p i d bilayers depends o n the conditions o f the 
study. V o g e l (79) has shown that alamethicin orients i n an aggregated state 
w i t h the helix axis parallel to the membrane normal , but it can associate w i t h 
the helix axis al igned w i t h the plane o f the membrane under different 
experimental conditions. W i l l e et al . (80) concluded that spin-labeled ana
logues o f alamethicin are b o u n d to the membrane essentially i n the m o n o m e l i c 
state and that a transmembrane potential caused a change i n the conforma
t ion of the peptide as w e l l as a deeper insertion o f the α-helix into the 
membrane. 

T h e mechanism of Fox and Richards (F igure 7) is based on the crystal 
structure o f alamethicin (77) , w h i c h shows the molecule to be pr imari ly 
α-helical wi th a b e n d i n the hel ical axis at G l y n - L e u l 2 - M e A 1 3 - P r o 1 4 . This 
model suggests that only the N-terminus of the aggregated peptide is inserted 
into the membrane whi le the C- termina l hel ical residues He on the m e m 
brane surface. U n d e r the influence of an electric field, the ensemble inserts 
further to span the membrane and create the open channel . This conforma
tional change is dr iven by the alignment o f the dipole for each hel ical 
segment w i t h the appl ied field (77) . T h e m o d e l o f H a l l et a l . (78), w h i c h is 
similar but invokes a parallel beta-sheet structure for residues 15-20 , was 
based o n the methanol N M R data of Banerjee and C h a n (81). A similar 
structural and mechanistic m o d e l for antiamoebin (82) resulted f r o m a 
semiempirical energy analysis of m i n i m u m energy eonformers. E a c h o f these 
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Figure 7. Voltage-gating channel model of alamethicin proposed by Fox and 
Richards (77). On the left is the structure for the helical bundle partially 
inserted in the absence of an applied voltage. The C-terminal residues are 
shown as helical ribbons that indicate extended random coil structures, or as 
cork-shaped α-helical structures partially buried on the surface of the membrane. 
The middle structure is an intermediate produced by application of voltage, and 
the right panel represents the open state that traverses the membrane. 
(Reproduced with permission from reference 77. Copyright 1982 Macmillan 

Magazines.) 

mechanisms depends o n defects i n secondary structure regulari ty—either a 
change f rom helix to sheet or a helix kink i n d u c e d by prol ine. Solution Ν M R 
studies i n methanol and dimethyl sulfoxide ( D M S O ) (83, 84) indicate agree
ment between the solution and solid-state conformation, but because the 
Ν M R data were not used to generate a three-dimensional model , it is 
difficult to assess how w e l l the solution structure of alamethicin is defined. 
Molecu lar dynamics simulations o f alamethicin i n vacuo (85) suggest a fairly 
rigid N - t e r m i n a l helix (residues 1-9) , a flexible hinge region, and a very 
flexible C-terminus (residues 12-20) . These results are consistent w i t h a 
recent Ν M R study i n methanol, although the Ν M R data were not sufficient 
to exclude other interpretations (86). A model-free analysis of 1 3 C spin-lattice 
relaxation rates at two field strengths (87) suggests that alamethicin is a rigid 
molecule, w h i c h is consistent w i t h a gating mechanism that involves reorien
tation of the entire helix (discussed later) and not a segmental mot ion (42, 
76). 

A n alternate mechanism could be envisioned (Figure 8) for the peptai-
bols and other neutral hydrophobic helical bundles i n w h i c h estimates o f 
charge movement across membranes (78) are l inked to voltage-dependent 
opening of the channel via movement of a segment of the helix dipole i n 
response to the electric field. M o s t peptaibols have a G l y - L e u hinge region 
fol lowed by a ( M e A ) n - P r o sequence where η = 1 or 2. This w o u l d be 
compatible w i t h a bent h e l i x - t u r n - h e l i x motif, similar to that seen i n 
D N A - b i n d i n g proteins (88) and suggested to be important for spontaneous 
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Membrane 

Aqueous 

Figure 8. Schematic of the alamethicin mechanism in which the hinge region, H, 
provides a flexible linkage to allow alamethicin Ν-terminal (N) and C-terminal 
(C) helical segments to optimize their solvent and dipole interactions with the 
membrane in the presence and absence of a transmembrane potential In the 
absence of a potential, helical segments could bury an optimal amount of 
hydrophobic surface in the bilayer while maintaining contact of the hydrophilic 
helix termini with the aqueous layer. A transmembrane potential could align 
helix dipoles with the field and facilitate movement of hydrophilic helix termini 
through the membrane. It is probable that a concerted mechanism of several 
aggregated alamethicin molecules that undergo simultaneous transitions could 

reduce the transition barrier. 

insertion of proteins into membranes (89) . T h e turn region of the peptide 
w o u l d be b u r i e d i n the hydrophobic core o f the membrane w i t h the hy
drophil ic helix termini exposed to solvent, al lowing aggregation of the 
monomer i n bent rafts of peptides that are hal f -buried i n the membrane. A n y 
hydrophil ic side chains w o u l d be exposed to solvent or, by virtue of i n -
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tramolecular interactions, be cryptic as far as the solvent is concerned. 
Exposure to the aqueous m e d i u m of the terminal amide and carbonyl 
hydrogen-bonding groups, w h i c h are not satisfied b y intramolecular hydrogen 
bonds, should be energetically favorable (90) . T h e voltage-dependent step 
w o u l d be the reorientation of the helix by el imination of the turn and 
extension across the membrane w i t h the helix ends on opposite sides of the 
membrane. In effect, the response of the helix dipole to the applied field 
provides a driving force for the movement of a segment of the peptide and 
results i n reorganization into a hel ical rod. I n the process of aligning all the 
helical dipoles w i t h the transmembrane field, the cluster w o u l d open l ike an 
umbrel la , w h i c h w o u l d p u l l the hydrophi l ic surfaces apart and suck a tube of 
water into the channel that is formed. Recent studies (91, 92) i n w h i c h a 
proline was introduced into a mode l helical peptide are supportive of this 
model i n that the small deformation due to the proline insertion is associated 
w i t h a defined pore that has a small voltage dependence. 

Conformational switches of a different type arise f rom the X-ray struc
ture of [ L e u 1 Jzervamicin (93). This molecule is a sharply bent amphipathic 
helix w i t h a k ink angle of 3 0 - 4 5 ° , w h i c h depends on the crystal fo rm. T h e 
solution N M R structure of emer imic in I V (94), another peptaibol that 
possesses the H y p - X x x - X x x - H y p motif, also shows a sharp b e n d i n the helix 
and shares many features w i t h the [Leu^zervamic in structure. I n the crystal, 
[Leu 1 ]zervamicin aggregates w i t h its polar faces packed together to form an 
hourglass-shaped channel. T h e side chain of G l u 1 1 is fo lded such that it 
blocks the opening, but extension o f the side chain could allow the transit o f 
cations. A n alternative gating mechanism relies on flexibility induced by 
proline (95). Prol ine and hydroxyproline effectively increase the local helix 
pitch, w h i c h enables this short peptide (16 residues) to span the l i p i d bilayer. 
A constricted, hourglass-shaped pore formed by an aggregate of bent helices 
could open by twisting and bending of the helices. 

R i g i d reorientation of helices w i t h i n the l i p i d bilayer i n response to an 
electrical potential forms the basis of models proposed by B o h e i m et al . (96) 
and M a t h e w and Balaram (97) . In the flip-flop gating mechanism (96), an 
aggregate of antiparallel helix rods is formed i n the membrane (Figure 9). 
Appl icat ion of the transmembrane potential is postulated to induce the rods 
to reorient (fl ip-flop) so that they become parallel and all of their helix 
dipoles are aligned w i t h the electric field. T h e resultant dipolar repulsion 
between parallel monomers is reduced by an interior of higher dielectric (i.e., 
water). Al though this idea is appealing for neutral peptaibols, the behavior o f 
analogues of alamethicin prepared by H a l l et a l . (98) casts serious doubt o n 
this mechanism. If alamethicin is added to one side of a l i p i d bilayer such as 
bacterial phosphotidylethanolamine, w h i c h does not allow alamethicin to 
cross the membrane readily, an asymmetric current-voltage curve usually is 
seen (Figure 10A). In alamethicin itself, this asymmetry is thought to be due 
to the ionic charge on the free carboxylate that anchors the C-terminus o n 
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Figure 9. Adaptation of the schematic diagram of the dipole flip-flop gating 
mechanism of Boheim et al (96). The perspective is from one side of the 
membrane looking at the ends of oriented α-helix dipoles. Closed circles 
represent the C-terminal nonhelical portion of alamethicin. Open circles with a 
+ sign indicate the N-terminal helical portion of the peptide, and circles with a 
— sign are the C-terminal ends of the helix. At the top, two N-terminally 
oriented helices are aggregated in antiparallel alignment with four C-terminally 
oriented helices prior to gating. Upon application of a transmembrane potential, 
the two N-terminally oriented helices flip-flop to reorient in parallel fashion, 
and the realignment of dipoles results in monomer repulsion and opening of the 

channel 

one side o f the membrane and prevents positive gating, because esterification 
of the carboxyl group gives symmetric curves (Figure 10B). A n analogue w i t h 
only a free amino group showed voltage-current curves o f opposite asymme
try (only positive gating), w h i c h i m p l i e d that the charged N-terminus re
mained o n the side o f the membrane to w h i c h it was added (Figure IOC) . 
T h e channel properties were otherwise very similar to alamethicin itself. It is 
hard to reconcile the flip-flop mode l of pore formation w i t h the observation 
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Figure 10. Current-voltage curves induced by alamethicin and analogues with 
different charged groups added to the cis side of membrane (bacterial phos-
phatidylethanolamine-squalene in 1 M KCl; pH 5.5; room temperature). (A) 
Major component of natural alamethicin (free carboxyl group at Glu18); (Β) 
Boc-ldes-Ac-MeA1Glu(OBzl)18]-alamethicin (no charged groups); (C) [des-Ac-
MeA1, Glu(OBzl)18]-alamethicin (free N-terminal amino group). (Reproduced 

with permission from reference 98. Copyright 1984 Biophysical Society). 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

23
5.

ch
01

3

In Biomembrane Electrochemistry; Blank, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 



276 BIOMEMBRANE ELECTROCHEMISTRY 

of asymmetric current-voltage curves and the behavior of synthetic pores 
based on alamethicin. Similar arguments ( I ) have been used w i t h charged 
gramicidin A analogues to support the head-to-head d imer model . T h e 
alamethicin mode l o f M a t h e w and Balaram (97 ) is also based on an aggregate 
of antiparallel hel ical rods, but the gating mechanism is the removal of a 
central hel ical monomer w i t h subsequent replacement by water to form the 
channel (F igure 11). Mechanisms of gating that do not require segmental 
motion of alamethicin are consistent w i t h the foregoing solution N M R 
results, although circular dichroism studies o f alamethicin (99) i n phospho
l i p i d vesicles suggest that translation directly f rom solution structure to 
bilayers is not justif ied. 

Magainins. Based o n the resistance to infection shown by the A f r i c a n 
c lawed frog, Xenopus laevis, these peptides were initially isolated f rom frog 
skin (102, 103). T h e magainins dissipate membrane potentials (104), and the 
bactericidal activity of al l-D-magaimn-2 (105, 106) is consistent w i t h intrinsic 
peptide activity, w h i c h does not require interaction w i t h a chiral receptor. 
Magain in 1 and 2 form voltage-dependent channels i n l i p i d bilayers (107, 
108), and the effects of magainin 1 on l i p i d bilayers (107) have been 
compared to those o f alamethicin. A weakly voltage-dependent, anion-selec-
tive conductance was observed w i t h large concentrations of magainin under 
high voltage. In contrast wi th the multistate behavior o f alamethicin, separate 
single-channel experiments showed two main levels. C i r c u l a r dichroic ( C D ) 

1 5 10 15 
+ H 3 N - G l y -Ile-Gly-Lys- Phe -Leu -His -Ser-Ala- G l y -Lys-Phe-Gly-Lys- A l a -

20 

Phe-Val -Gly -Glu- He-Met -Lys -Ser -C0 2 ~ 

Magainin I (100) 
1 5 10 15 

H 3 N- G l y -Ile-Gly-Lys- Phe -Leu -His -Ser-Ala- Lys -Lys-Phe-Gly-Lys- A l a -

20 

Phe-Val -Gly -Glu- He -Met -Asn-Ser -C0 2 ~ 

Magainin II (100) 
1 5 10 15 

+ H 3 N - G l y - M e t - A l a - S e r - Lys - A l a - G l y - A l a - I l e - Ala -Gly -Lys - I l e -Ala - Lys -

20 
Val-Ala-Leu -Lys- A l a - L e u - C O a 

pGLa (101) 
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Ο Ο 

Figure 11. Adaptation of the schematic diagram of the alamethicin helix dipole 
model of Mathew and Balaram (97). A top view of the alamethicin aggregate is 
shown. The + and — signify opposite orientation of helix dipoles in the lipid 
bilayer. Bars that connect helices represent hydrogen bonding of polar side 
chains. The central core helix (shown as a filled circle) is not hydrogen-bonded 
to the aggregate and is ejected in response to an applied voltage to form the 
open channel. Conductance of the channels is modulated by changes in 

aggregation number. 
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spectra i n liposomes suggested a smaller relative proport ion of the α-helical 
conformation for magainin 1 than for alamethicin, however. T h e conforma
t ion of magainin 2 i n water is random, but an amphipathic helix is i n d u c e d 
throughout the sequence as trifluoroethanol is added (109). Raman (110) 
and F o u r i e r transform infrared spectroscopy (111) results are consistent w i t h 
formation of an α-helix upon b i n d i n g to liposomes, as long as the lipids are 
negatively charged. Other studies concur that the b i n d i n g of magainin to 
membranes is pr imari ly electrostatic (112) and the formation o f the helix is 
dependent on the presence of a negative l i p i d surface (113). Analogues i n 
w h i c h individual N- termina l amino acids are deleted lack antibacterial activity 
(114), w h i c h is consistent w i t h a disruption o f periodicity i n the charge and 
an expected reduction i n helical content. Solid-state N M R o f oriented 
bilayers reveals that magainin associates w i t h the l i p i d bilayer i n an orienta
t ion parallel to its surface (115). Numerous analogues o f magainin have been 
characterized w i t h respect to microbia l and membrane-perturbing activities 
(116) as a result o f the search for compounds w i t h more desirable therapeu
tic properties (e.g., lysis o f tumor cells (117) and spermicides (118)). Several 
other sequences f rom frog skin such as p G L a have been characterized and 
found to have similar properties (101). 

Lantibiotics. T h e class o f antibiotics that contains the food préservant 
n ic in (119) is generically te rmed lantibiotic (122, 123) because of the 
presence of the cross-l inking dimer ic amino acid lanthionine. I n addit ion to 
the pentacyclic 34-residue nisin, this class of highly cross-l inked peptides 
includes subtil in (124), ep idermin (125), gal l idermin (122), actagardine 
(126), duramycin- leucopept in (127), R o 09-0198, c innamycin lanthiopeptin 
(128, 129), and Pep 5 (130), among others (131). Sahl et al. (132) showed 
that n ic in forms voltage-dependent, transient, multistate pores i n l i p i d bilay
ers similar to those seen w i t h mel i t t in . Fur ther studies (133) o f nisin, Pep 5, 
and subti l in (all of w h i c h form i o n channels) suggest that the peptides do not 
span the bilayer of liposomes i n the absence of a membrane potential . A 
threshold potential o f —90 m V was essential for subti l in to lyse cells. This 
requirement is similar to observations i n activity studies o n planar bilayers 
(134). T h e symmetric current-voltage curve may reflect the symmetric 
distribution o f charge. Multistate pores w i t h lifetimes o f several h u n d r e d 
milliseconds and conductances that correspond to pore diameters o f 1.2, 1.9, 
and 2.2 n m were found. F o r Pep 5, a threshold voltage of —90 m V was 
required i n l i p i d bilayers for the induct ion o f mult i level , voltage-dependent 
pores (135). Ancovenin (136, 137), a smaller peptide that has only three 
thioether rings, was isolated f rom a culture broth o f Streptomyces o n the 
basis o f its ability to inhibit angiotensin-converting enzyme. Another lantibi
otic, lanthiopeptin (120), shows antiviral activity and structural similarity to 
ancovenin. Lanthiopept in is thought to be identical to R o 09-0198 (138), 
w h i c h is an i m m u n e stimulator. N o data o n the ability o f ancovenin or 
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1 5 10 
H 3 N - Ile-Dhb-AZ«*-Ile- D h a - L e u - A Z a * - A l w + - P r o - G l y - A k + - L y s - A f e t A 

15 20 25 
G l y - A l a - L e u - M e t - G l y - A / f l § - A l a -Met -Lys -Abu-Ala- Abu ¥-

30 

Ala -ff is -Afc ¥ -Ser- He -His-Val-Dha-Lys-Co 2~ 

Nisin (119) 
where residues 3 * and 7* are connected b y a side-chain thioether bridge 
(lanthionine); residues 8 + and 1 1 + , 13 § and 19 § , and 2 5 ¥ and 2 8 ¥ are each 
connected by a different thioether bridge (3-methyllanthionine); D h a is 
dehydroalanine; and D h b is dehydrobutyrine. 

1 5 10 
+ H 3 N - A Z a * - A r g - G l n - A k § - Ala+ - A k ¥ - P h e - G l y - P r o - Phe -Abu-

15 19 
Phe-Val -AZa § - Asp -Gly-Asn-Afew*- Lys ¥ C 0 2 

Ro 09-01989cinnamycin9 lanthiopeptin (120, 121) 

where residues 1* and 18* and 5 + and 1 1 + are 3-methyllanthionine bridges, 
residues 4 § and 14 § form a lanthionine bridge, and the side chains of residues 
6 ¥ and 1 9 ¥ are l i n k e d b y an aza-ether. 

lanthiopeptin to form i o n channels has been presented. R o 09-0198 interacts 
specifically wi th phosphatidylethanolamine (139, 140), forms a specific c o m 
plex w i t h lysophosphatidylcholine, and enhances permeability i n vesicles. 
D u r a m y c i n , w h i c h differs f rom cinnamycin b y only a Lys for A r g exchange at 
position 2, forms i o n channels i n l i p i d bilayers (141). 

N M R determination of the conformation of nisin (142-144) and subti l in 
(145) i n D M S O or water suggests high flexibility and no dominant single 
conformation. I n general, the only identifiable structural elements are i n the 
cycles formed b y the lanthionine bridges, many of w h i c h do not contain 
regular elements of beta-turns. A n extended, screwlike mode l of gal l idermin 
(146) based o n N M R data i n 9 5 % trifluoroethanol seems unlikely to span the 
membrane either as a monomer or as part o f an aggregate. T h e larger cycles 
i n R o 09-0198 are undoubtedly responsible for its compact shape (121) i n 
w h i c h hydrophobic and hydrophil ic side chains are segregated (Figure 12). 

Immune Peptides. I n response to microbial infection, mammalian 
macrophages and neutrophils release peptides that lead to oxygen-indepen
dent death of the invading organism. In recent years, the capability of other 
species to mount a similar defense has become apparent. T h e known i m m u n e 
peptides now include defensins, cecropins, diptericins (147), attacins (148), 
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280 BIOMEMBRANE ELECTROCHEMISTRY 

Figure 12. Stereoviews of the solution NMR structure ofRo 09-0198 (coordinates 
courtesy of H. Kessler (121)) that show (A) van der Waals surfaces of the Phe 
and Val side chains and (B) van der Waals surfaces of the charged amino, 

carboxy, and guanido groups. 

tachyplesins, and bactenecin (148-151). A l though the mechanism of action is 
not known i n al l cases, some of these peptides clearly possess the ability to 
permeabil ize the membrane of the invading cel l , and this ability is l inked to 
their bactericidal activity. 

Defensins. Defensins are small cationic peptides isolated f rom granules 
of mammalian phagocytic cells that share a conserved sequence moti f (F igure 
13) that includes three disulfide bridges, two arginines, one glycine, and one 
glutamate (152, 153). S imilar sequences recently found i n murine intestine 
(154, 155) were named cryptdins (Table III). Defens in N P - 1 and H N P - 1 
form voltage-dependent, anion-selective channels i n bilayer membranes (156) 
w i t h a concentration dependence that varies f rom 2 to 4. T h e channel activity 
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C e C R # # # C # # # E R # » G e C e # e G # # # e # C C 

Figure 13. Consensus sequence of the mammalian defensins that shows the 
positions of conserved residues and disulfide bridges. 

may be relevant to the mechanism of bactericidal activity, i n that H N P - 1 
sequentially permeabilizes the outer and inner membrane of E. coli (157) . 
T h e solution structures of h u m a n ( H N P - 1 ) and rabbit defensins ( N P - 2 and 
N P - 5 ) were determined by N M R (158, 159), and a recent crystal structure at 
1.9-Â resolution for the h u m a n peptide H N P - 3 was reported (160). A l l of the 
structures are similar: Three disulfide bridges constrain the sequences to a 
highly folded beta-hairpin structure (F igure 14) devoid o f helix. T h e residues 
f rom the conserved G l u - A r g pair to the e n d form a twisted antiparallel 
beta-sheet, a port ion of w h i c h is involved i n a triple-stranded beta-sheet w i t h 
residues that immediately fol low the first Cys i n the sequence. T h e remainder 
of the sequence forms a loop structure that is fixed w i t h respect to the sheet 
i n the crystal structure but i n N M R studies shows a great deal of orientational 
variation. H N P - 3 unexpectedly crystallized as a basket-shaped dimer (160). 
Subsequent N M R analysis found that N P - 2 and H N P - 1 are l ikely to exist i n 
solution as aggregates whose number and geometry could not be determined 
(158, J 59). H y d r o p h o b i c side chains dominate the base of the basket w i t h a 
ring o f six A r g residues above (Figure 14). This minimal ly amphipathic 
structure is difficult to reconcile w i t h the activity on planar l i p i d bilayers and 
suggests that some alternative structure may be stabilized u p o n interaction 
w i t h the bilayer. Reduced and carboxymethylated defensins w i t h broken 
disulfide bridges, w h i c h are nontoxic to cells, have no bilayer activity. 

Insect defensins (161) are small , highly disulf ide-bridged peptides that 
are effective against Gram-posit ive bacteria and were thought, at one point, 
to be homologous to mammalian defensins (162). M e m b e r s of this family 
include royalisin f rom the honeybee Apis mellifera L . (163), sapecin (164) 
f rom the flesh fly Sarcophaga peregrina, and p h o r m i c i n (162) f rom Phormia 
terranovae. T h e mechanism of action of these peptides is unknown but is 
assumed to involve membrane permeabil ization. Sapecin shows high affinity 
for cardiol ipin (164), w h i c h is a major phosphol ip id of S. aureus. A mutant of 
E. coli deficient i n this l i p i d was more resistant to sapecin than w i l d type, and 
permeabil i ty of liposomes composed of various lipids supported the special 
affinity of sapecin for cardiol ipin. T h e insect and mammalian defensins are 
now regarded as distinct classes of peptides because identical residues i n the 
homologous regions of p h o r m i c i n A (residues 15-34) and rabbit N P - 1 
(residues 4 - 2 4 ) are not conserved among the known sequences and because 
the two groups are structurally quite different. Two-dimensional N M R stud
ies (165) reveal that the tertiary structure of sapecin is entirely different f rom 
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Figure 14. Stereoviews of the defensin dimer crystal structure [coordinates 
courtesy of D. Eisenberg (160)]. (A) Perspective that shows the basket shape of 
the molecule and the van der Waah surfaces of the charged side chains. In some 
cases, side-chain atom positions are not defined and have been placed in a 
low-energy conformation. (B) Perspective that shows the beta-sheets within each 

dimer and the subunit interaction. 

N P - 5 and that a different disulfide br idging (3/30, 16/36, and 20/38) exists 
( J66) . T h e molecule is amphipathic w i t h one flexible loop between residues 4 
and 12, a helix f rom residues 15 to 23, and an antiparallel sheet (residues 
2 4 - 3 1 and 34-40) . T h e insect defensins are structurally similar to peptides 
such as charybdotoxin that contain an α-helix stabilized by cysteine bridges 
(167) . T h e amino acid sequences of sapecin and phormic in A differ only at 
position 35 and, as one w o u l d expect, their structures are very similar (168). 

Cecropins. Cecropins (169) were isolated f rom the larval hemolymph 
of the giant s i lkworm moth, Hyalophora cecropia, o n the basis of their 
antibacterial activity subsequent to bacterial injection. Cecropins are also 
produced by Drosophila (170) and the larva of the tobacco hornworm, 
Manduca sexta (110). Similar compounds called sarcotoxins (171) are pro
duced by the flesh fly, Sarcophaga. Cecropins (169) are specific for prokary-
otic cel l lysis i n contrast to meli t t in, w h i c h lyses eukaryotic ce l l membranes as 
w e l l . Cecropins are characterized structurally by a concentration of basic 
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1 5 10 15 
H 3 N - Lys -Trp-Lys-Leu- Phe -Lys-Lys-Ile-Glu-Lys - V a l - G l y - G l n - A s n - Ile -

20 25 30 
Arg-Asp-Gly-Ile- Ile -Lys-Ala-Gly-Pro- A l a - V a l - A l a - V a l - V a l - G l y - G l n - A l a -

35 
T h r - G l n - Ile - A l a - L y s - C O N H 2 

Cecropin A 

residues i n the N- termina l decapeptide i n contrast to the magainins, where 
the charged residues are more evenly distributed, or meli t t in, where the basic 
residues cluster near the C-terminus . Bilayer activity and anion selectivity 
(2:1 C l ~ : N a + ) were demonstrated for cecropin and for several analogues by 
Christensen et al . (172). Voltage-dependent gating as w e l l as antibacterial 
activity (J73) were associated w i t h the presence of the flexible sequence 
G l y - P r o between the N - t e r m i n a l cationic amphipathic fragment and the 
C- terminal hydrophi l ic sequence. Shorter fragments ( 9 - 3 7 or 1 -11 amide) 
were inactive. Bilayers w i t h increased positive surface charge or w i t h choles
terol incorporated show decreased sensitivity to cecropin, and this correlates 
w i t h the lesser sensitivity o f eukaryotic cells. T h e all-D enantiomer prepared 
by W a d e et a l . (106) retained the biological activity of the native material, 
suggesting that the cecropins exert their effect by direct action on the 
membrane without intervention by chiral receptors or enzymes. Act ivi ty 
against E. coli was retained w h e n the helix-breaking amino acid Pro was 
substituted into either posit ion 4 or 8 (174); however, the significant decrease 
i n activity against three other bacteria implies different mechanisms at work. 
T h e structure o f cecropin A i n 1 5 % hexafluoroisopropanol (175) consists o f 
two well -def ined amphipathic helical segments that extend from residues 
5 - 2 1 and 2 4 - 3 7 . T h e orientation of these helices w i t h respect to one another 
could not be defined precisely, although the angle between the planes i n 
w h i c h they lie was constrained to a range of 7 0 - 1 0 0 ° . This determination 
supports the role of a flexible hinge region suggested by structure-activity 
studies. T h e solution structure of a porcine cecropin (176) is helical and is 
somewhat different i n that it has a wel l -def ined helix i n the center of the 
molecule. This structure may be a consequence of replacement of the 
G l y - P r o linkage w i t h Gly- I le and may correlate w i t h the reduced range of 
antibacterial activity for this peptide. 

Tachyplesin. Another cationic peptide wi th 17 residues, tachyplesin, 
was isolated f rom the hemolymph of the horseshoe crab, Tachypleus triden-
tus, by N a k a m u r a et al . (177) on the basis of antibiotic activity. Tachyplesin is 
active against both Gram-posit ive and Gram-negative bacteria and forms 
complexes w i t h bacterial lipopolysaccharides. N M R data (178) suggest a 
beta-sheet structure stabilized by two disulfide bridges at 3 - 1 6 and 7 -12 . 
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1 5 10 
H 3 N - Lys - T r p - C y s - P h e - A r g -Va l -Cys-Tyr -Arg- G l y - I le -Cys-Tyr -Arg-

15 
A r g - C y s - A r g - C O N H 2 

Tachyplesin 

T h e resultant model of tachyplesin shows an antiparallel beta-sheet confor
mation ( 3 - 8 and 11-16) wi th a type I beta-turn (8-11) . Side chains of P h e 4 , 
V a l 6 , T y r 8 , H e 1 1 , T y r 1 3 , and A r g 1 5 extend o n one face of the beta-sheet. T h e 
side chains of A r g 5 and A r g 1 4 and two disulfides are on the other side; A r g 9 is 
i n the plane, w h i c h creates an amphipathic structure. Similar to the defensins 
i n its mechanism of action (179), tachyplesin depolarizes inverted inner-
membrane vesicles of E. coli. Leakage f rom vesicles prepared f rom phos-
phatidylglycerol was induced by tachyplesin (180), and fluorescence studies 
revealed that T r p 2 is located i n a hydrophobic environment near the surface 
of the bilayers. 

Natural Products (Venoms and Toxins) 
A variety of peptides that evolved for use i n defense or aggression possess the 
ability to modify membrane permeability. Al though many of these com
pounds form channels i n l i p i d bilayers, a major complicat ion i n the interpre
tation of their biological effects is their ability to interact w i t h other proteins 
such as calmodulin, G proteins, and ion channels. M e l i t t i n is the most 
extensively studied member of this family of cationic peptides, although 
mastoparan and mast cel l degranulating peptide also act independently as 
channel formers. T h e five homologous bombolit ins isolated f rom bumblebee 
venom are members of this class (181) and share biological activities 
(erythrocyte lysis, histamine release, and phospholypase A 2 activation) w i t h 
meli t t in and mastoparan. N o evidence of channel formation b y the b o m 
bolitins has been presented, although bombol i t in I and III form amphipathic 
helices i n association w i t h micelles (182, 183). 

Melittin. M e l i t t i n , the main toxin of bee venom, has a diverse biologi
cal spectrum and can lyse cells. Al though it is tempting to associate its 
activities wi th channel formation, mel i t t in activates G proteins (145) and also 
binds to calmodul in . T h e melit t in sequence reveals a hydrophobic N-terminus 

1 5 10 15 
H 3 N - G l y - I l e - G l y - A l a - V a l - L e u - L y s - V a l - L e u - T h r - T h r - G l y - L e u - P r o - A l a -

20 25 
Leu- I le -Ser -Trp- He -Lys-Arg-Lys-Arg- G i n - G l n - C O N H 2 

Melittin 
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and a highly charged C- termina l fragment w i t h four basic amino acids i n one 
stretch. I n 1981, Tosteson and Tosteson (184) first demonstrated the ability 
of this peptide to form anion-selective channels i n leci thin bilayers. T h e 
peptide shows an asymmetric current-voltage curve, presumably because of 
the inability of the highly charged C- termina l segment to cross the m e m 
brane. A concentration dependence of the fourth power suggested that four 
meli t t in monomers aggregate to form the channel. T h e opening of the pore is 
associated w i t h the movement o f one electronic charge early i n activation 
fol lowed by movement o f four electronic charges dur ing peak activation 
(1851 

X-ray analysis (186, 187) reveals meli t t in to be a d imer of dimers (F igure 
15): T h e apolar port ion of each helix is b u r i e d i n the center o f the aggregate. 
A l l four helices are bent, and the helices w i t h i n each d imer pair are i n an 
antiparallel orientation. I n water, mel i t t in is a monomer, except at h igh 
concentration or high ionic strength, w h e n it exists as a tetramer. T h e 
monomer has a random structure, and the tetramer has h idden hydrophobic 
surfaces that preclude effective interaction w i t h the membrane. Solution 
N M R i n methanol (188) reveals mel i t t in to be helical f rom residues 2 - 1 1 and 
13-26, wi th a hinge l inking the two. Subsequent extended molecular dynam
ics simulations, both unrestrained and under N M R restraints (189), suggest a 
great deal o f mobil i ty i n the two helices w i t h respect to each other. N M R 
studies of meli t t in b o u n d to sodium dodecyl sulfate ( S D S ) micelles (190,191) 
reveal a bent helix, similar to the helix i n the crystal structure and i n 
methanol, and are consistent w i t h orientation of the meli t t in monomer 
parallel to the plane of the l i p i d bilayer. 

T h e variety of techniques used to study mel i t t in association i n phospho
l i p i d bilayers was reviewed by D e m p s e y (192). I n studies o n m o d e l m e m -

Figure 15. Stereoview of the melittin tetramer crystal structure (186, 187) with 
ribbon overlay that shows the bend in each helix and the hydrophobic contacts 

between monomers. 
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brane systems, mel i t t in binds parallel to the surface i n a conformation very 
similar to the conformation i n the tetrameric crystal (F igure 15) (J86, 187) 
and i n methanolic solution. Data on spin-labeled analogues suggest that 
helical meli t t in binds to the bilayer as a monomer (193) and that it is oriented 
parallel to it, w i t h the hydrophobic face of the helix b u r i e d (194). Several 
studies i n oriented bilayers suggest that mel i t t in can assume an orientation 
w i t h the helical peptide perpendicular to the plane of the membrane, either 
as a transbilayer orientation or a helix-turn-helix motif, depending on experi
mental conditions (see V o g e l (79), F r e y and T a m m (195), and the review b y 
D e m p s e y (192)). Kaiser and K e z d y (6 ) cite experimental data that suggest 
that the active hemolytic component of mel i t t in is the dimer . Hemolyt i c 
activity does not necessarily parallel voltage-dependent pore formation, be
cause [Ala 1 4 )mel i t t in shows enhanced hemolytic activity and markedly re
duced channel activity (196). This replacement of P r o 1 4 , w h i c h is responsible 
for the bending of the helix and the flexibility of the two adjacent helical 
segments w i t h respect to each other, suggests that different mechanisms may 
be at work for the two processes. Talbot et al . (197) demonstrated oligomeric 
species i n bilayers whose properties varied depending on the composit ion and 
physical state of the l i p i d . Voge l and Jahnig (198) studied meli t t in i n l i p i d 
membranes and concluded that a bent α-helix (residues 1-21) w i t h a 
nonhelical hydrophil ic segment (22-26) was consistent w i t h Raman spectra. 
Furthermore , the carboxy termini were found b y fluorescence quenching to 
be located on the side of the membrane to w h i c h the peptide was added. 
These observations l e d to a proposal for a tetrameric structure of mel i t t in i n 
membranes that invoked a bilayer-spanning polar pore formed b y orientation 
of the apolar faces to the l i p i d . I R studies (199) indicate that mel i t t in adopts 
pr imari ly an α-helical conformation oriented perpendicular to the l i p i d 
bilayer. A rigid, bent-rod mode l was postulated to account for the lytic 
properties by perturbation of the l i p i d structure. 

Al though both meli t t in and the cecropins share a structural mot i f that 
consists of two helices l inked by a hinge region, the polarity o f the helices is 
reversed i n that meli t t in has a hydrophobic N-terminus and an amphipathic 
C-terminus; the converse is true for the cecropins. T h e relationship o f 
structural difference to the different activities of these two peptides was 
probed by preparation of shortened c e c r o p i n - m e l i t t i n hybrids (200, 201) that 
show enhanced antibacterial activity and decreased hemolytic effects. 

Mastoparan. Wasps produce a wide variety of toxic peptides (202) 
that includes mastoparan, a 14-residue peptide isolated f rom the venom of 
Paravespula lewisii. Mastoparan stimulates the degranulation of mast cells, 

+ 5 10 
H 3 N - I l e - A s n - L e u - L y s - A l a - L e u - A l a - A l a - L e u - A l a - L y s - L y s - I l e - L e u - C O N H 2 

Mastoparan 
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w h i c h results i n histamine release, and binds w i t h high affinity to both 
calmodul in (203) and G proteins (145). Mastoparan forms weakly cation-
selective channels i n bilayers, and two types of voltage-dependent conduc
tance are observed (204): T h e first behavior is characterized by discrete 
channel openings w i t h mult iple states between 15 and 700 pS and is also seen 
w i t h a shortened analogue, [des-Ile 1 - A s n 2 ]mastoparan ( M P 3 ) . T h e other 
behavior is characterized by transient increases i n conductance to a level of 
650 pS . Fluorescence experiments reveal that a membrane potential en
hances the b inding of mastoparan to cardiol ipin vesicles (205). Channels are 
formed from mastoparan i n a fashion that correlates w i t h ionic strength, 
w h i c h i n turn correlates w i t h helical content (204). T h e membrane-bound 
conformation of mastoparan is an amphipathic α-helix as determined by 
N M R (206). A l though the b i n d i n g of mastoparan to G-proteins is w e l l 
characterized, there is evidence that its ability to enhance membrane perme
ability i n cells is, i n part, due to a mechanism independent of G-prote in 
activation (207). 

Mast Cell Degranulating Peptide (MCD) and Apamin. Mast 
ce l l degranulating peptide ( M C D ) (208, 209) is a cationic peptide isolated 
from the venom of bees ( Apis mellifera). T h e pr imary structure of M C D is 
related to another bee venom peptide, apamin. T w o other peptides, tertiapin 
and secapin, are homologous and also found i n bee venom. Al though M C D 
and apamin are both neurotoxins that b i n d to K + channels, only M C D forms 
voltage-dependent channels i n bilayers (210). These multi level channels 
exhibited a permeabil i ty ratio PK/PC\ o f approximately 4, w i t h a m i n i m u m 
size of 3.8 pS . Both M C D and apamin are highly basic throughout their 
length and are br idged by two similarly posit ioned disulfide linkages ( M C D : 
C y s 3 / C y s 1 5 and C y s 5 / C y s 1 9 ; apamin: C y s V C y s 1 1 and C y s 3 / C y s 1 5 ) . T h e 
solution N M R structure o f M C D (211) was found to resemble that of apamin 
(212-214) (F igure 16). T h e M C D structure consists of an extended N -
terminus (residues 1-5) and an α-helical segment (residues 13-22) that are 

1 5 10 
H 3 N - H e - L y s - C y s - A s n - C y s - L y s - A r g His -Va l -He -Lys -Pro -His - I l e -

15 20 
Cys -Arg-Lys - I le-Cys- G l y - L y s - A s n - C O N H 2 

M C D 

1 5 10 
H 3 N - Cys -Asn-Cys -Lys- A l a - P r o - G l u - T h r - A l a - L e u -Cys-Ala -Arg-Arg-

15 
Cys - G l n - G l n - H i s - C O N H 2 

Apamin 
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18 
Figure 16. Schematic of the solution NMR structure of apamin that shows the 
C-terminal helix and two beta-turns centered at residues 3-5 and 6-8. 
(Reproducedfrom reference 214. Copyright 1983 American Chemical Society.) 

connected by two tight beta-turns (residues 6 and 7 and 13 and 14) and 
cross-linked by two disulfide bridges. T h e toxic effects of M C D o n the central 
nervous system may be due to inhibi t ion of potassium channels rather than 
formation of ion channels i n the membrane. A receptor site for M C D has 
been identif ied (215) on the K + channel, but it has a negative allosteric 
interaction w i t h two other potassium channel blockers, dendrotoxin and 
charybdotoxin. 

δ-Hemolysin from S. aureus. A 26-residue cytolytic peptide is 
secreted by pathogenic strains of Staphylococcus aureus; its interactions w i t h 
l i p i d bilayers have been w e l l characterized (216). A dose-response curve 
w i t h a slope of 7 suggests that aggregates of the toxin form channels. T w o 
substates were observed: one w i t h conductances of 70 and 100 pS; the other 
w i t h 420- and 470-pS levels. N M R i n methanol indicates (217) a wel l -ordered 

1 5 10 15 
H C O - M e t - A l a - G l n - A s p - He -I le-Ser-Thr-Ile- G l y - A s p - L e u - V a l - L y s - T r p -

20 25 
Ile-Ile-Asp-Thr- V a l - A s n - L y s - P h e - T h r - Lys - L y s - C 0 2 " 

δ-Hemolysin 
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helical structure between residues 2 and 20 w i t h a flexible C-terminus, 
similar to that seen w h e n the peptide is b o u n d to micelles. T h e charged 
residues align on one face of the helix. I R studies indicate that hemolysin 
penetrates the bilayer but is oriented m u c h less than meli t t in . Prel iminary 
crystallographic studies were reported (218) and used i n the construction of a 
mode l for its mode of action (219). Hemolys in , l ike melit t in, binds (220) to 
calmodulin, w h i c h may explain some of its biological spectrum. 

Fragments of Integral Membrane Proteins and Other 
Membrane-Active Proteins 
Several examples now exist i n the literature where fragments of proteins that 
interact w i t h membranes exhibit ion channel activity. F o r some of these 
fragments,^such as the sodium and calc ium channels, the intact protein 
normally functions as a channel . Identification of l ikely transmembrane 
sequences has l e d to postulates about sequences that form the fining of the 
pore that have been tested by synthesis and evaluation o f those fragments. 
W h e n these short peptide fragments (22 -23 residues) are assayed i n planar 
l i p i d bilayers, they show many o f the properties associated w i t h the parent 
structures. Such s impli f ied structures h o l d the promise o f chemical modifica
t ion and computational studies leading to a model that can be extrapolated to 
the larger assembly. However , the relevance of any conclusions based o n 
these simple model systems is unknown unt i l further knowledge of the 
integral transmembrane parent structures becomes available. As is apparent 
i n this review, many peptides have the capacity to induce changes i n ion 
permeabil i ty i n membranes, and the modulat ing effect of nearby sequences 
should not be ignored. 

In other cases, the larger protein does not function as a channel but has 
other functions that require interaction w i t h the membrane. Signal peptides, 
viral fusion factors, and phage lytic factors are inc luded i n this group. 
Fragments and analogues o f the N-terminus of the influenza virus hemagglu
t in in H A - 2 component increase the conductance of l i p i d bilayers and assume 
an α-helical conformation w h e n b o u n d to l i p i d membranes as judged by C D 
spectra (22J , 222). T h e C- termina l 25 residues of R N A phage M S 2 lytic 
protein, w h i c h has lytic activity, also increases l iposome permeabil i ty and 
induces size-restricted hydrophi l ic pores i n l i p i d bilayers (223). Signal pep
tides, w h i c h are N - t e r m i n a l segments of protein precursors, determine the 
final location of the protein by directed transport across a cellular membrane. 
Gierasch (224) reviewed signal sequences and biophysical studies (225) 
a imed at elucidating their properties. Tosteson et al . (226) showed that a 
synthetic signal sequence and pro-region, the pre-pro fragment f rom parathy
ro id hormone, forms voltage-dependent i o n channels w i t h some cation selec-
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tivity and a concentration dependence that varies between 2 and 3, depend
i n g o n salt concentration. T h e signal sequences of mitochondrial protein 
precursors were used to guide design of a series of m o d e l peptides (227) i n 
w h i c h basic amino acids were distributed between short stretches of hy
drophobic residues i n a fashion that resembles cationic peptide antibiotics. 
T h e bactericidal potency of the peptides correlated w i t h helicity as measured 
by C D spectra w h e n b o u n d to liposomes. 

Sodium Channel. T h e most exciting work of this class has focused 
on the sodium channel . Analysis of the amino acid sequence for the Elec-
trophorus electncus and rat bra in channels (230, 231) l e d to the identification 
of four homologous repeats, each of w h i c h encompassed several putative 
transmembrane helices. Several proposed models (230, 232-235) for the 
structure of the channel vary, among other things, i n the number of trans
membrane helices (designated S I to S6 (230) or Sa to Sh (233)) and their 
orientation w i t h respect to the actual pore. T h e M o n t a i group postulated a 
schematic mode l (233) i n w h i c h each o f the four repeats contained eight 
transmembrane helices, of w h i c h one was an amphipathic helix that l ined the 
channel wi th its hydrophil ic residues. F o u r peptides of 22 residues that 
correspond to the four amphipathic helices f rom the homologous repeats 
were synthesized and examined o n planar l i p i d bilayers (236) . T h e peptide Sc 
1 (S3) forms transmembrane ionic channels that m i m i c many of the proper
ties of the authentic brain sodium channel . F o r example, the conductance y 
is 20 pS for the synthetic peptide and 25 pS for the native protein. T h e 
kinetics for transition between open and closed states are almost identical to 
the native protein. T h e synthetic peptide, however, does not discriminate 
between sodium and potassium and shows no voltage dependence. A postu
lated hydrophobic transmembrane segment, Sh 1, w i t h the sequence I F -
F V L V I F L G S F Y L I N L I L A W , was also synthesized as a control and d i d not 
form channels i n l i p i d bilayers (236) . Molecu lar model ing of the amphipathic 

1 5 10 15 
H 3 Ν- Asp - P r o - T r p - A s n - T r p -Leu -Asp -Phe-Thr - V a l - I l e -Thr -Phe-Ala - T y r -

20 
V a l - T h r - G l u - P h e - V a l - A s p - L e u - C 0 2

_ 

Sc 1 segment of rat brain sodium channel (228) 

1 5 10 15 
H 3 N - Arg -Va l - I l e -Arg- L e u -Ala -Arg - I le -Ala- A r g - V a l - L e u - A r g - L e u - He -

20 
Arg -Ala-Ala -Lys- G l y - I l e - A r g - C 0 2 " 

S4 segment of Electrophorus electricus sodium channel (229) 
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α-helix Se 1 suggested that a parallel tetramer gave an internal pore diameter 
i n accord w i t h estimates of the intact protein (237) . 

Tosteson et al . (229) synthesized a 22-residue peptide that corresponds 
to the S4 (Sd) segment of the sodium channel f rom Electricus and showed 
that it formed ion channels. Al though the density of positive charges i n this 
sequence has e l iminated it as a participant i n channel l in ing i n some models, 
the periodicity of the distribution has impl icated it as essential to channel 
function i n others. This peptide has basic residues located at every th i rd 
position, w h i c h implicates the involvement o f an amphipathic 3 1 0 -he l ix w i t h 
positively charged residues aligned along one o f the triangular faces parallel 
to the helix axis. T h e conductance results were consistent w i t h a channel that 
has three open states (500, 300, and 70 pS). Fluctuations between the higher 
and the low state were rapid and i n the mil l isecond range. T h e channels were 
cation-selective and voltage-dependent (10 m V per β-fold), analogous to the 
sodium channel itself. T h e channel was slightly more permeable to K + than 
to N a + . T h e polycationic nature o f this peptide is similar to that o f numerous 
cationic peptides previously l isted as w e l l as polylysine, w h i c h is capable o f 
causing conductance changes i n charged black l i p i d bilayers but not i n 
neutral membranes (238). T h e fact that two proposed transmembrane pep
tides f rom the sodium channel are capable of pore formation i n membranes 
should not be surprising i n v iew of the diversity of peptide structures that 
share this property. O n the other hand, any conclusions drawn from this 
study w i t h regard to the role o f either peptide i n the mechanism of the 
sodium channel itself are subject to some reservations. This caveat is sup
ported by recent data (239, 240} suggesting that 8 0 % of the transmembrane 
electric potential falls across an eight amino acid residue segment i n the 
Shaker potassium channel, w h i c h is interpreted to indicate a beta-strand of 
length 27 Â. 

Acetylcholine (ACh) Receptor. Several transmembrane or amphi 
pathic sequences are c o m m o n to al l five subunits of the A C h receptor. A 
23-residue peptide that corresponds to the transmembrane M 2 segment of 
the Torpedo A C h receptor delta subunit was selected for synthesis and 
evaluation (24I) o n the basis of experimental evidence that implicated its 
proximity to the channel . This peptide formed discrete ionic channels i n 
phosphotidylcholine membranes, i n contrast to another A C h receptor trans-

1 5 10 15 
H 3 N - G l u - L y s - M e t - S e r - T h r - A l a - I l e - S e r - V a l - L e u - L e u - A l a - G l n - A l a - V a l -

20 
P h e - L e u - L e u - L e u - T h r - S e r - G l n - A r g - C 0 2 ~ 

Μ2δ s e g m e n t o f A C h r e c e p t o r (241) 
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membrane segment ( Μ ί δ ) synthesized and evaluated i n the same system. 
T h e Μ 2 δ segment shared several properties (conductivity and ion selectivity) 
w i t h the authentic A C h receptor channel and was subsequently shown to 
form pores i n human erythrocyte membranes (242). A l though the rate of 
hemolysis exhibited a third-order dependence on peptide concentration, a 
structural mode l for the pore that consisted o f five parallel helices (237) was 
invoked to explain tris permeabil i ty i n both the intact A C h channel and the 
channel formed by the Μ 2 δ segment. 

Mitochondrial ATP Synthetase Transmembrane Fragment 
(243). M o l l e et al . (243) synthesized the 22-residue transmembrane seg
ment of the essential subunit 8 of the Saccharomyces cerevesiae H + A T P 
synthetase and observed weakly voltage-dependent conductance levels o n 
different planar l i p i d bilayers. C D spectra show 6 0 % α-helix for this peptide 
i n low dielectric solvents. T h e conductance exhibited a second-order concen
tration dependence, suggestive o f antiparallel dimers as the conducting unit 
(243). 

1 5 10 15 
A c - G l y - P h e - L e u - L e u - M e t - I l e - T h r - L e u - L e u - He - L e u - P h e - S e r - G l n - Phe -Phe-

20 

L e u - P r o - M e t - Ile - L e u - A r g - C O N H 2 

A T P Synthetase Transmembrane Fragment 

Structure and Mechanism 
A n understanding at the atomic level of the mechanism by w h i c h peptides 
facilitate the transport of ions across membranes remains an elusive goal. O n e 
often overlooked possibility i n structure-activity studies is that the mecha
nism has changed w i t h sequence modification. T h e previously c i ted study by 
B o h e i m et al . (92), i n w h i c h prol ine substitution dramatically altered the 
channel behavior of a small peptide, cou ld be interpreted i n this context. 
Another tacit assumption, more often made than not, is that data of various 
types on a series of structurally similar compounds can be mixed indiscr imi
nately. F o r example, concentration dependence determined for one monomer 
length may be used to influence a mode l derived f rom the solution N M R 
data o n another analogue. I f we are to understand the molecular details o f 
pore formation, it w i l l be necessary to substantiate these assumptions by f u l l 
characterization of each analogue. A further difficulty i n any effort to develop 
a general mechanism for peptide i o n channels is the lack of any standard set 
of conditions for characterization of the effect of peptides on bilayers. N o t 
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only are a great variety of l ipids employed, but conformational studies w i t h 
planar bilayers are mixed w i t h those of micelles and liposomes i n w h i c h 
packing differences can change affinities (244, 245) and, perhaps, modes of 
interaction. There is little doubt that the observations are dependent on the 
experimental conditions used for many, i f not most, o f the peptides under 
discussion (246). A n y efforts to generalize and reach a consensus v iew must 
be regarded skeptically, because of the lack of c o m m o n experimental obser
vations. This deficiency is exemplif ied i n the polyene antibiotic amphotericin 
Β (247), where mult iple mechanisms are operative depending o n experimen
tal conditions and the selectivity seen w i t h many of the antibiotic peptides. 
Some mechanisms are equally effective i n eukaryotic cells, and some mecha
nisms are rather specific for prokaryotic membranes. Of ten one peptide can 
distinguish between Gram-negative and Gram-posit ive bacteria. I f the com
position of the membrane were immaterial , then pore formation w o u l d be 
expected to be equally effective against a l l membranes. Obviously, other 
factors can enter into determination of the lethal effects o f channel formation 
o n a given ce l l . F o r example, the transmembrane potential i n prokaryotic 
cells, mitochondria, and chlorplasts is considerably greater than the potential 
seen across the plasma membrane o f eukaryotic cells (248). Recently, Gro is -
man (249) established a series of mutants o f Salmonella typhimurium that 
varied i n relative susceptibility to cecropin, mastoparan, meli t t in , defensin, 
and magainin. This variation implies that mult iple mechanisms of resistance 
have evolved. T h e role of l i p i d composit ion i n pore formation has been 
explored for a very few systems and then only i n a l imi ted fashion. A 
comprehensive review of the effects of l i p i d composit ion, transmembrane 
potential, and physical state o n the electrostatics of the membrane was 
presented recently by C e v c (248). 

T h e mechanism whereby a peptide first associates w i t h the membrane 
and then undergoes a transition to become a transmembrane component is 
largely unknown. T h e membrane is a nonhomogeneous environment w i t h a 
high density of polar head groups, often positively charged, at the interface 
between the th in hydrocarbon core and the aqueous solvent. This unusual 
environment imposes strong constraints o n the possible conformations that 
can favorably interact w i t h the membrane. Normal ly , hydrophobic residues 
cluster i n the interior whi le charged and hydrophil ic residues are ful ly 
solvated i n the aqueous media . H y d r o g e n b o n d donors and acceptors are 
generally i n equi l ibr ium between internal hydrogen bonding and interaction 
w i t h water, and many small peptides reflect this equi l ibr ium i n an ensemble 
of conformers w i t h the average conformation dependent o n experimental 
conditions. This equi l ibr ium is perturbed upon association w i t h a membrane, 
w i t h the result that the peptide effectively turns itself inside out. S t ruc ture -
activity studies (250) on peptides that interact w i t h l ipids indicate that the 
strength of interaction is related to the hydrophobic surface area, and transfer 
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of this surface f rom the aqueous to the nonpolar l i p i d phase must be 
energetically sufficient to overcome the increase i n free energy associated 
w i t h restriction of the peptide to the two-dimensional w o r l d of the l i p i d 
membrane. 

T h e profound impact of the environment on the three-dimensional 
structure of peptides has made it difficult to define conformations relevant to 
the processes involved i n the functioning of ion channels. Of ten a more 
nonpolar solvent is assumed to m i m i c the conditions seen at the l i p i d - w a t e r 
interface. Conformational studies i n these solvents often induce helices i n 
peptides of the size active i n bilayers, by decreasing the availability of 
intermolecular hydrogen-bonding partners and by stabilizing the exposure of 
hydrophobic side chains. Because relatively stable conformations can be 
induced i n organic solvents, many Ν M R studies of peptides are per formed 
under these conditions. In certain respects, studies i n these solvents are 
certainly more representative of the l i p i d interior of bilayers than studies i n 
water. Studies i n organic solvents may correlate wi th studies of peptides 
b o u n d to lipids, depending on the conformational mobil i ty of the molecule. 
T h e structural heterogeneity of gramicidin A is no doubt a consequence of its 
conformational freedom. In contrast, solution structures of the defensins may 
be relevant s imply because of their extensive covalent constraints. I n many 
ways, the attractiveness of peptaibols for study is their l imi ted conformational 
freedom. E v e n studies i n l i p i d environments are often difficult to interpret 
because of structural changes i n l iposomal l ipids versus planar bilayers (245), 
differences i n l i p i d composition, and structural changes dependent on the 
relative concentrations of the components. Nevertheless, information derived 
f rom studies of peptides associated wi th lipids are clearly relevant, at least as 
far as association and even insertion are concerned. T h e relevance of these 
structural studies to gating and pore formation is more problematic, as these 
events often require a transmembrane potential and may only involve a small 
percentage of the peptide present. 

O n e issue that complicates efforts to develop a mode l for the mechanism 
by w h i c h peptide ion channels work is the w i d t h of the bilayer that must be 
spanned by the transmembrane helix. Vodyanoy and H a l l (251) measured the 
dielectric thickness of monoglyceride bilayers and found it to vary from 3.1 to 
2.0 n m as the fatty acid chain length went f rom C 2 2 to C 1 4 . T h e crystal 
structure (252) of the photosynthetic reaction center indicates a 3 .0 -3 .1 -nm 
hydrophobic zone perpendicular to the membrane that is smaller than might 
be expected for C 1 8 l ipids but is i n accord w i t h estimates of dielectric 
thickness as w e l l as recent physical studies (253). W i t h the assumption that a 
transmembrane segment must span this thickness to give a stable pore 
structure, a rise per residue of 1.5 Â can be estimated for an α-helix, and 20 
amino acid residues w o u l d be required. Peptides shorter than 20 residues, 
such as mastoparan and emerimic in , are capable of ion channel formation, 
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and the concept of local membrane deformation is often invoked (204) to 
rationalize this discrepancy. T h e head-to-head dimerizat ion of gramicidin A i n 
the membrane insinuates that end-on interactions must be considered, espe
cially w i t h peptides as short as the membrane-active octapeptides of Mené-
strina et al . (91). This argument is supported b y crystallographic studies of 
peptaibols that show head-to-tail hydrogen-bonding patterns, effectively mak
ing them continuous hel ical rods (65, 69). O n l y further experimental study 
w i l l elucidate the mechanism by w h i c h shortened segments manage to form 
transmembrane channels. O n e complicat ion is the effect o f the transmem
brane potential on membrane thickness (248) and on the rate of pore 
production (254), both due to thermal fluctuations. Conceivably, sponta
neously formed th in patches or pores might al low channel formation by short 
segments, w h i c h i n turn stabilize the local deformation o f the membrane. 

Mutat ional analysis was implemented to investigate the length require
ments for transmembrane segments. A d a m and Rose (255) showed that 
deletion of 6 residues of a 20-residue transmembrane-spanning domain d i d 
not prevent normal expression o n the cel l surface. Davis et al. (256) studied 
the anchor domain of an integral membrane protein b y deletion analysis. 
Shortening the domain f rom 23 to 17 residues d i d not affect function. 
However , shortening to four residues l e d to secretion and loss of anchoring. 
O n e mutant protein w i t h only 12 residues i n this domain was found predomi
nantly i n the membrane fraction. Three suggestions were offered to explain 
the data: (1) the transmembrane domain is not α-helical, (2) charged residues 
are bur ied i n the membrane, or (3) the membrane is locally deformed to 
accommodate a shortened transmembrane segment. T h e means b y w h i c h the 
hydrophobic mismatch is accommodated is most l ikely determined b y the 
relative energetics o f nonideal peptide versus nonideal l i p i d configurations. 
Exper imental (257) and theoretical (258) studies of this issue are i n their 
infancy. Mutagenic techniques w i l l , no doubt, continue to be invaluable i n 
the definit ion of l ip id-embedded regions of proteins and sequences important 
i n interaction w i t h head groups. Al tenbach et al . (259) recently devised an 
experimental paradigm i n w h i c h a series o f spin-labeled mutants were probed 
w i t h paramagnetic species that had differing affinities for the l i p i d phase. 
Periodicity i n the relaxation behavior o f the spin labels and differential 
response to paramagnetics favoring the aqueous phase y ie lded information 
about secondary structure elements and embedded sequences. 

Several structural themes are apparent f rom the foregoing survey o f 
pore- forming peptides. Certainly the most c o m m o n theme is a propensity for 
a sequence to form a hydrophobic or amphipathic helix that inserts into the 
membrane and aggregates to form a pore. T h e l imi ted number of examples to 
the contrary suggest that helices may, i n general, be important i n the larger 
issue of p r o t e i n - m e m b r a n e interactions and have spawned extensive investi
gations w i t h regard to signal peptides (224) and integral membrane proteins 
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(260). T h e basic conclusions for transmembrane helices i n integral m e m 
brane proteins are as follows: 

1. H y d r o p h o b i c helices i n l i p i d bilayers are highly stabilized 
structures. 

2. H e l i x association i n both parallel and antiparallel arrangements 
is favored by several possible mechanisms. 

3. Insertion of a hydrophobic helix into a membrane is favored 
thermodynamically. 

Jahnig (261) calculated that the transfer of a hydrophobic α-helix to the 
membrane w o u l d result i n 15 k c a l / m o l o f stabilization. W i t h regard to signal 
peptides, the sequence specificity is very low as about one-fifth of random 
mutations i n such a peptide function efficiently (262) i n protein export. 
Funct ional signal peptides share a propensity to adopt α-helical conforma
tions and associate w i t h organized l i p i d assemblies, such as monolayers or 
vesicles. Conformational studies on signal peptides show considerable depen
dence o n environment, but helix stability i n a crucial hydrophobic core region 
correlates w i t h signal peptide activity (225). Signal peptides do have a 
characteristic sequence pattern (224) that is different f rom transmembrane 
helices. A core hydrophobic region of 10 ± 3 residues is flanked by a less 
hydrophobic C- termina l region of five to seven residues preceding the signal 
peptidase cleavage site. O n the Ν-terminal side of the hydrophobic core, 
there is a positively charged region of variable length and composition. These 
results suggest that a hydrophobic helix w i t h little sequence specificity may be 
sufficient, although there is considerable evidence to suggest a role for 
beta-structure i n signal peptides (224, 225). U n d e r conditions that preclude 
insertion, the L a m B signal peptide adopts a beta-structure parallel to the 
surface of a phosphol ipid monolayer, but w h e n insertion is allowed, the 
C-terminus becomes α-helical and spans the monolayer (263). These results 
are consistent w i t h membrane association of beta-structures such as the 
defensins but do not provide any insight into how they may associate to form 
pores, unless reorganization of the structure is involved. 

T h e structural role of prol ine i n the activity of membrane-active peptides 
appears to be significant. Prol ine can be accommodated (264, 265) i n a 
helical structure w i t h a concom mitant b e n d of approximately 26° i n the helix 
axis, and has been suggested to have a role i n membrane-buried transport 
proteins (266). T h e flexible-hinge region of the peptaibols, often associated 
w i t h the presence of a glycine and a proline, and observable i n the alameth-
ic in crystal structure (77), has served as a stimulus for the development of 
several of the mechanisms discussed earlier. These models, w h i c h are based 
on a bent helix that gates by segmental hel ical movement, al l have the 
helix-dipole moment as their voltage-sensor, w h i c h was first suggested by 
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U r r y (267) . A l t h o u g h prol ine is not obligatory i n the action of the peptides 
reviewed here, it is obvious that its role is important, for example, i n cases 
such as the cecropins and mel i t t in . A hel ical hinge region centered about 
prol ine is essential i n a mechanism recently suggested by Karslake et al . (268) 
for the translocation of a mitochondrial signal peptide across a membrane 
barrier without the need for auxiliary membrane proteins. I n the case of this 
19-residue peptide, Ν M R showed two α-helical amphipathic hel ical segments 
separated by a hinge region w h e n b o u n d to micelles. T h e resultant m o d e l is 
essentially identical to the hel ix-hairpin m o d e l of membrane protein insertion 
suggested by E n g e l m a n and Steitz (89), w h i c h , i n turn, was anticipated by 
von Hei jne and B l o m b e r g (269) and by Inouye and Halegoua (270) i n their 
study of prokaryotic signal peptides. T h e two-domain structure appears to be 
a c o m m o n mot i f i n mitochondrial targeting peptides (271). M o r e recently, 
Jacobs and W h i t e (272) considered the thermodynamics o f peptide insertion 
into bilayers and found support for the present models. 

In contrast to gating and membrane insertion of helices by segmental 
motion, Marshal l (unpublished) envisioned a helix-hairpin mode l (F igure 17) 
i n w h i c h the location of the turn is not static but dynamic. B y switching 
between the α-helix and the 3 1 0 -he l ix , hydrogen b o n d donors and acceptors 
can be exposed at the helix termini . F r o m an init ial hel ix-hairpin wi th both 
hydrophil ic ends o n the same side of the membrane, an intervening turn 
could migrate dynamically through the sequence and lead to a single helix 
that spans the membrane. This process c o u l d be driven b y the transmem
brane potential, and m i n i m a l changes i n the number o f unsatisfied hydrogen 
b o n d donors and acceptors exposed to the hydrophobic interior make this an 
energetically attractive mechanism of insertion. A n α-helix has eight unsatis
fied hydrogen-bonding groups i n the peptide backbone: four amide hydro
gens at the N-terminus and four carbonyl oxygens at the C-terminus. E x p o 
sure of these ends to the aqueous m e d i u m is energetically desirable. Because 
the 3 1 0 -he l ix has one additional hydrogen b o n d for the same length o f helix, 
its ends are less hydrophil ic and more likely to translocate across the 
membrane than those of the α-helix. Proteins have an unusual distribution o f 
amino acids at the ends of α-helices (273, 274) whose side chains can 
hydrogen b o n d to the init ial four amide N H groups and final four carbonyl 
oxygens. Serrano and Fersht (275) showed by mutational studies that an 
adjacent side-chain residue satisfying one of these hydrogen-bonding sites at 
the helix N-terminus can stabilize the α-helix by up to 2.5 k c a l / m o l . 
Al though helix-helix transitions are energetically feasible (74), the energetics 
of helix-turn transitions are not yet thoroughly characterized. 

T h e cationic peptides possess two predominant themes: either a hy
drophobic core (often helical) w i t h an adjacent cluster of Lys and A r g 
residues (e.g., mel i t t in and cecropins) or an amphipathic helix w i t h basic side 
chains aligned along one hel ical face (e.g., magainins and the S4 segment of 
the sodium channel). T h e basic residues promote association w i t h the acidic 
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V 
Hairpin 

Membrane 

V 
Hairpin J-

Membrane Hairpin 

+ + + + + + + + + + 4 - 4 - + + 

Membrane 

++++++++++++++ 

Membrane 

Figure 17. Schematic diagram of the dynamic helix-hairpin mechanism for 
gating and insertion of peptides. In response to an imposed transmembrane 
potential (indicated by + and —), the hairpin migrates in the sequence to 

transform the partially inserted helix-hairpin into a transmembrane helix. 

head groups of the phospholipids. A c o m m o n feature (276) o f cytolytic 
peptides is the presence of a cationic site adjacent to a hydrophobic surface. 
In these cases, the hydrophobic helical segment governs association w i t h the 
bilayer and a transmembrane potential provides the driving force to move the 
charged segment through the membrane. As might be expected, these 
cationic peptides interact more strongly w i t h negatively charged lipids (192). 
T h e absence of peptides w i t h acidic side chains that funct ion as i o n channels 
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stands i n marked contrast to the class of cationic peptides. There are 
calcium-dependent membrane proteins such as synexin (277) that have a 
high percentage of A s p and G l u residues and form calc ium channels i n l i p i d 
bilayers. N o localization of this property to a smaller peptide segment has 
been reported. 

T h e beta-sheet as a structural moti f i n peptide i o n channels is less 
recognized, primari ly because there so few examples. T h e defensins fall into 
this class, as does tachyplesin. T h e beta-barrel is recognized as a viable 
transmembrane structure (278) that has al l possible hydrogen-bonding sites 
satisfied and is k n o w n to exist i n large proteins such as the bacterial 
outer-membrane porins (279) . Because a single beta-strand is unl ikely to 
insert into a membrane, any beta-barrel peptide channel w o u l d have to insert 
as a preformed complex (280). T h e energetic requirements of such pre-
organization of monomers makes this structural moti f unl ikely i n the absence 
of covalent constraints such as the disulfide bridges of the defensins. Efforts 
to identify channel regions of large proteins by characterization of the 
properties of short segments may lead to erroneous inferences, because i n the 
absence of constraints imposed by the large protein, these sequences may 
form transmembrane helices even i f their normal structural mot i f is that of a 
sheet. As noted earlier, mutational analysis suggests that the Shaker potas
sium channel is l ined w i t h a beta-strand (239, 240), and a recent mode l o f 
the voltage-dependent anion-selective channel, also based o n mutational 
studies, invokes both beta-strands and α-helices i n the formation o f the 
channel (281). 

Although helices dominate peptide i o n channels structurally and sheets 
are exceedingly rare, one unifying theme is amphipathicity. M o s t of the 
peptides considered here are hybrids w i t h segregation of hydrophobic seg
ments f rom hydrophil ic and charged segments, whether that segregation be 
through secondary structure periodicity or through clustering w i t h i n the 
amino acid sequence. Amphipathic i ty is l ikely for al l active peptides for at 
least one o f the accessible conformations, even i f the crystal structure or 
solution structure d i d not exhibit this characteristic. 

A final structural theme that runs through this survey is the need to 
assemble large aggregates, such as helical barrels or bundles, to form pores. 
T h e aggregation state o f the peptide pr ior to membrane penetration is not 
sufficiently characterized i n most systems. I f the peptide is present as an 
aggregate, either i n solution or at the membrane surface, a simple interpreta
t ion of the concentration dependence of pore formation could be incorrect. 
In other words, i f pre formed tetramers are the active solution species, then 
formation o f an octamerie pore c o u l d show a concentration dependence o f 
the second power over the concentration range studied. O n e persistent 
question is whether the peptides are pre-associated pr ior to insertion or 
whether the association to form channels occurs f rom individual monomers 
already inserted into the membrane. T h e energetics o f insertion of a charge 
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into the l i p i d bilayer (282) suggest that al l charged peptides insert as 
aggregates. T h e numerous observations of multistate conductance levels 
suggest that the number of monomers i n a given pore varies w i t h t ime and 
that monomers or aggregates too small to function as pores are readily 
exchanged between or i n equi l ibr ium w i t h existing pores. 

Attempts to control the aggregation state of the peptide drive the design 
and synthesis o f covalently l inked aggregates that generally consist o f a 
template molecule to w h i c h channel-forming peptide chains are l i n k e d (283). 
O n e such molecule, tetramethicin (Chart I), is a tetrameric aggregate of 
alamethicin. T h e concentration dependence of alamethicin suggests six to 
eight monomers per pore. Dimer iza t ion of the molecule through the G l u 1 8 

side chains (Chart I) (284) results i n a species that is dramatically more active 
than alamethicin itself. A n alamethicin ol igomer w i t h the first 17 residues of 
alamethicin l inked to the e-amino group of oligolysine was synthesized to 
create a pore w i t h an amide backbone mouth at the C-terminus . T h e puri f ied 
Ac- (Lys(Alamethic in 1 - 1 7 ) ) 4 - N H 2 , tetramethicin, shows channels of basic 
unitary conductance ( ~ 2 . 5 pS) on planar bilayers (F igure 18) (285) w i t h 
longer stability than alamethicin. Tetramethic in shows an effective concentra
t ion 2.7 times that of alamethicin, w h i c h is dramatically different f rom the 

Ac-MeA-Pro-MeA-Ala-MeA-Ala-Gln-MeA-Val-MeA-Gly-Leu-MeA-Pro-Val-MeA-MeA-Glu-Gln-Phol ι 
NH 

C H 2 

I 
C H 2 

I 
NH 

I 
Ac-MeA-Pro-MeA-Ala-MeA-Ala-Gln-MeA-Val-MeA-Gly-Leu-MeA-Pro-Val-MeA-MeA-Glu-Gln-Phol 

Alamethicin dimer 

Ac 
I 

Ac-MeA-Pro-MeA-Ala-MeA-Ala-Gln-MeA-Val-MeA-Gly-Leu-MeA-Pro-Val-MeA-MeA-eLys 
! 

Ac-MeA-Pro-MeA-Ala-MeA-Ala-Gln-MeA-Val-MeA-Gly-Leu-MeA-Pro-Val-MeA-MeA-eLys 
I 

Ac-MeA-Prc-MeA-Ala-MeA-Ala-Gln-MeA-Val-MeA-Gly-Leu-MeA-Pro-Val-MeA-MeA-eLys 
I 

Ac-MeA-Pro-MeA-Ala-MeA-Ala-Gln-MeA-Val-MeA-Gly-Leu-MeA-Pro-Val-MeA-MeA-eLys 
I 
CONH 2 

Tetramethicin 

Chart I. Oligomers of alamethicin synthesized to control the aggregation state of 
the peptide ion channel. 
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180 

-18 -16 -14 -12 -10 

Alamethicin Concentration, 1n (M/1) 

• Tetramethicin Δ Alamethicin OMonomer17:monoolein 

Figure 18. Conductance of tetramethicin, alamethicin, and the 1-17 fragment of 
alamethicin used to construct tetramethicin. 

control m o n o m e l i c alamethicin 1 - 1 7 benzyl ester but not equal to the 
expected value of 4. T h e characteristic voltage for tetramethicin is 5.78 m V , 
w h i c h is similar to that reported for alamethicin ( 4 - 5 m V ) . O n e interpreta
t ion of these results is that the linkage of monomers only slightly hinders the 
channel formation and that the voltage-dependent step is not affected by 
aggregation through a covalent linkage of the C- termina l residues. This 
mechanism makes the flip-flop mechanism discussed earlier (96) difficult to 
reconcile unless an antiparallel d i m e r o f tetramethicin forms the pores and a 
complete tetramer is reoriented dur ing gating. 

A similar approach to the preparation of peptide aggregates has been 
reported i n the preparation of a tetrameric form of the 23-residue Μ 2 δ 
segment of the acetylcholine receptor (286) . A nonapeptide backbone w i t h 
four lysine side-chain attachment sites was used as a template, and the 
resulting 101-residue protein formed channels i n planar bilayers. This " syn-
p o r i n " exhibited properties similar to those displayed by authentic acetyl
choline receptor channels, such as single-channel conductance, cation selec
tivity, channel-gating kinetics, and sensitivity to local anesthetic (QX222) 
channel blockers. A n analogue i n w h i c h S e r 8 i n each o f the four m o n o m e l i c 
units was replaced w i t h alanine showed a reduction i n single-channel conduc
tance similar to the reduction seen w i t h mutant acetylcholine receptor having 
the same modification. A control synporin w i t h Μ ί δ monomers (discussed 
earlier) substituted for the Μ 2 δ units was inactive. These data support the 
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contention that the Μ 2 δ unit forms the l in ing of the acetylcholine receptor 
channel and suggest that the strategy of preparing covalent aggregates w i l l be 
useful i n understanding fundamental properties of ion channels. A similar 
approach was implemented for the I V S 3 segment of the dihydropyridine-sen-
sitive calc ium channel (287). 

Although many parallels are drawn between large membranous channels 
and their peptide counterpoints, a better reference point may be the colicins 
(288-290) . These soluble proteins spontaneously insert into l i p i d bilayers and 
form voltage-gated monovalent i o n channels. T h e init ial interaction w i t h the 
bilayer is driven by electrostatic interaction w i t h phosphol ipid head groups 
(29J), w h i c h results i n the sequestering of some of the protein i n the bilayer. 
W h e n the channel opens, trypsin sensitivity of the protein is altered i n a 
fashion consistent w i t h additional insertion of protein into the l i p i d (292). A n 
X-ray structure of a 204-residue C- termina l fragment f rom the channel-
forming domain of col ic in A (293) reveals an aggregate of 10 helices arranged 
i n layers, w i t h two hydrophobic helices l inked by a turn at the core. This 
structure has some similarity to the aqueous Ν M R structure of a C- termina l 
fragment (294) f rom col ic in E l . A model of the mechanism of action of the 
pore- forming fragment of col ic in A (295) reconciles the structure w i t h other 
experimental observations. T h e protein first associates w i t h the membrane 
through a ring o f eight basic residues around the terminus of the core 
hydrophobic hairpin loop. T h e spontaneous penetration of the two-helical 
segment leaves the outside helices parallel to the plane of the membrane, 
somewhat l ike the arms of an open umbrel la . T h e membrane potential then 
drives the additional helical segments into the membrane to complete the 
pore. I n this model , once the protein associates w i t h the membrane, the 
association between helices is loosened and the ensemble can be thought of 
as a molten globule. Reorganization of the tertiary structure at both the 
association and insertion stages occurs w i t h retention of secondary structural 
elements. I n the case of channel-forming peptides, the aggregate present i n 
the membrane pr ior to insertion or gating may involve a molten globule type 
of ensemble. 

I f the peptide aggregate is envisioned as a molten globule, one plausible 
mechanism (Marshal l , unpublished; F igure 19) for gating of a pore formed b y 
a helical bundle embedded i n the membrane is a simple reorientation of 
helices. α-Helices have orientations of side chains that favor nonparallel 
association w i t h an angle of approximately 25° between helix axes to pack 
optimally (see discussion and references ci ted i n C h o u et al . (296)) as seen i n 
the transmembrane helices of the photosynthetic reaction center (252) and of 
bacteriorhodopsin (297) . T h e surface tension of the membrane tends to 
minimize the volume of the helical bundle . T h e gating potential cou ld simply 
be sufficient to force the helical elements to align w i t h the potential field w i t h 
a concommitant separation of helices due to the increased steric interaction 
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between side chains. This mechanism increases the separation between the 
helical cylinders w i t h a resultant increase i n the diameter of the pore between 
them, as shown diagramatically i n F igure 19. T h e α-helix to 3 1 0 -he l ix transi
t ion allows local segments to optimize side-chain interactions by formation of 
mixed helical structures, as seen i n many crystal structures of peptaibols and 
i n molecular dynamics simulations (74). I n several cases such as alamethicin 
the gating current has been estimated and is larger than predicted by such a 
simple adjustment. In other cases, however, small gating currents are consis
tent w i t h experimental observation (92) and this mechanism becomes attrac
tive. T h e helical bundle peptides of L e a r et al . (298) show voltage depen
dence that is consistent w i t h this gating mode l or may simply reflect the force 
necessary for insertion of the amphipathic helices preformed on the surface. 

Aqueous 

Top 
View 

Aqueous 

Membrane Top 
View 

Aqueous 

Figure 19. Schematic diagram of the helix realignment mechanism for gating. 
The closed state of the channel (top) shows the normal nonparallel alignment of 
helices that optimizes packing of side chains, shown from the side and from 
above. The application of a transmembrane potential (bottom; indicated by + 
and — ) aligns helix dipoles with the field and increases the diameter of the 

channel interior due to steric repulsion between monomers. 
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Summary and Conclusions 
Although an amphipathic molecule of adequate length may be essential for 
pore formation i n membranes, the l ike l ihood of a variety of modes of 
interaction between the l i p i d , the membrane potential, and other peptide 
molecules dur ing the association, insertion, and gating phases of i o n channel 
formation is clear. In addit ion to the h e l i x - t u r n - h e l i x or h e l i x - h a i r p i n motif, 
w h i c h may play a role i n peptaibol and mel i t t in voltage-gating, other mecha
nisms such as that proposed for the eolicins, and the dipole flip-flop may be 
operative, depending on the peptide and the experimental conditions under 
study. Experimental ly distinguishing between these alternatives provides a 
challenge for future investigation. O n e useful approach might be comparison 
of different peptides under a variety of identical experimental conditions to 
help define w h i c h properties have a specific structural basis. Characterization 
of the structure of the channel itself w h e n activated b y the transmembrane 
potential requires further development of appropriate experimental tech
niques, such as spin-labeled electron spin resonance or solid-state Ν M R 
(299, 300) approaches. 
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Genetic Approaches to Electrogenic 
Proton Transport by a Yeast H+-ATPase 

D . S. Perlin 1, D . Seto-Young1, B. C. Monk 1 , S. L . Harris 2 , S. N a 2 , 
and J. E. Haber 2 

1 Department of Biochemistry, The Public Health Research Institute, 
New York, NY 10016 
2Department of Biology, Brandeis University, Waltham, MA 02254 

A genetic approach is used to probe electrogenic proton transport by 
the Saccharomyces cerevisiae plasma membrane H+-ATPase (PMA1). 
Mutations in PMA1 , selected by growth resistance to hygromycin B, 
cause a depolarization of cellular membrane potential. Enzyme from 
one mutant, pma1-105 (Ser368 -> Phe), is largely insensitive to im
posed membrane voltage and appears to catalyze electroneutral H+ 

transport. A countercurrent of K+ may provide charge compensation 
in this enzyme. Second-site mutations that partially revert the pma1-
105 phenotype were identified within the membrane sector and pro
vide strong evidence for coupling between cytoplasmic and membrane 
domains. Mutations conferring hygromycin Β resistance have been 
identified in both cytoplasmic and membrane domains, and multiple 
transmembrane segments are presumed to be important for electro
genic H+ transport. However, a special emphasis is placed on the role 
of transmembrane segments 1 and 2, which provide the starting point 
for a more inclusive structural model of the membrane sector. 

Approaching a Proton Transport Mechanism 
E n z y m e - l i n k e d proton transport systems have recently become the focus of 
intense molecular scrutiny. Such studies have established some of the ground 
work necessary to investigate long-standing mechanistic questions: (1) C a n a 
translocation mechanism that moves H + be defined at the molecular level? 
(2) C a n such a mechanism accommodate the transport of other ions l ike N a + , 

0065-2393/94/0235-0315$08.00/0 
© 1994 American Chemical Society 
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K + , and C a 2 + ? T o address these questions properly requires a better 
understanding of the three-dimensional structure of transport enzymes, the 
identification of pr inc ipal amino acids that participate i n the translocation 
reaction, and an appreciation of the protein molecular dynamics that con
tribute to ion b i n d i n g (and release) and movement i n the translocation 
domain. 

F e w examples exist where the molecular architecture of a transport 
protein can be described at h igh resolution ( i , 2) . Diff icult ies arise because 
of the amphipathic character and preference of membrane proteins for a 
hydrophobic environment. These properties make the growth of suitably 
diffracting three-dimensional crystals difficult (3) . T h e difficulties inherent i n 
visualizing these structures at h igh resolution have prompted most investiga
tors to rely on theoretical predictions for membrane protein disposition (4) 
and structure (5) . Models derived from theoretical considerations are gener
ally two-dimensional topographic maps that readily predict the sequences of 
hydrophobic amino acids that he wi th in the membrane but fail to predict the 
spatial relationships of individual amino acids or protein structure elements. 
Nonetheless, this model ing approach can be an extremely valuable tool i n 
targeting putative amino acids that may participate i n the transport reaction. 

T h e application of site-directed mutagenesis for investigating amino acid 
functionality has provided a significant advance i n attempts to probe the 
molecular basis of proton translocation. Numerous studies that encompass 
diverse proton transport systems have provided evidence for the role of 
membrane-embedded charged amino acids i n the transport reaction. These 
amino acids include G l u , A s p , Lys , A r g , and other residues capable of 
acid-base reactions such as H i s and Tyr . In several systems, models to 
describe localized proton b inding and release have emerged (2, 6, 7), but a 
generalized transport scheme has not been forthcoming. 

The essential role of protein structure dynamics as a mechanistic consid
eration i n proton transport has focused attention on amino acids such as 
proline (8, 9), w h i c h can confer localized flexibility wi th in and between 
helical segments. Except for the unique case of bacteriorhodopsin, w h i c h is 
amenable to spectroscopic examination (10), little is known about the nature 
of molecular dynamics i n transport enzymes. 

The Yeast H-ATPase as a Model System 
The plasma membrane H + - A T P a s e f rom Saccharomyces cerevisiae is a 
highly electrogenic proton p u m p that maintains cellular membrane potentials 
i n excess of —200 m V . This enzyme is used as a model system to probe the 
mechanism of electrogenic proton transport because it is readily amenable to 
genetic, biochemical , and biophysical analysis. The H + - A T P a s e plays an 
essential role i n intracellular p H regulation and maintenance of electrochemi-
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cal proton gradients across the plasma membrane ( I I ) ; it belongs to the 
P-type family of ion-translocating ATPases that form acyl phosphate interme
diates dur ing catalysis and are sensitive to inhibi t ion by vanadate (12). T h e 
gene encoding the H + - A T P a s e , PMA1, has been c loned and sequenced (13) 
and subjected to extensive mutagenesis for the purpose of functional mapping 
(14, 15). A h igh degree of amino acid sequence and structural homology has 
been observed w i t h H + - A T P a s e s f rom other fungi and plants, as w e l l as for 
more distantly related enzymes like the N a + - K + - A T P a s e and C a 2 + - A T P a s e 
(13, 16). The H + - A T P a s e can be puri f ied and reconstituted i n liposomes, and 
its electrogenic transport properties characterized i n vitro (17). These fea
tures make the yeast H + - A T P a s e an attractive enzyme for the study of 
charge-transfer reactions. 

T h e isolation of pmal mutants that are resistant to the aminoglycoside 
antibiotic hygromycin Β (18) has provided the opportunity to probe the 
charge-transfer process i n the H + - A T P a s e . These hygromycin Β resistant 
cells have a defect i n the H + - A T P a s e that causes a generalized depolarization 
of cellular membrane potential (19) . This chapter w i l l discuss how random 
mutations i n PMA1 may help identify putative transmembrane structures 
participating i n electrogenic proton transport. 

Genetic Probing of Electrogenic Proton Transport 
Genetic approaches to analysis of molecular structure and function can be 
divided into two types. N o n r a n d o m site-directed mutagenesis targets specific 
amino acids and is most successfully appl ied w h e n elements of structure are 
reasonably w e l l understood. T h e more classical, random mutagenesis ap
proach does not require assumptions to be made about essential residues. 
R a n d o m mutagenesis has the advantage that numerous and diverse function
ally defective mutants can be isolated. This latter approach was selected for 
init ial probe studies o f PMA1. R a n d o m mutagenesis required a special 
selection procedure to address the problem that the H + - A T P a s e is essential 
for ce l l growth and gross perturbation of enzyme function is lethal to the cel l . 
A positive selection method for isolating pmal mutants was developed based 
on growth resistance of cells to the aminoglycoside antibiotic hygromycin B . 
T h e ini t ia l screen generated a collection of 53 pmal mutants w i t h a wide 
range of cellular phenotypes inc luding sensitivity to low external p H , weak 
acid loading ( 0 . 1 - M acetate, p H 5.0), and N H 4

+ (18). A l l of the mutant 
enzymes characterized were found to have kinetic defects that decreased the 
maximum initial velocity ( V m a x ) or the M i c h a e l i s - M e n t e n constant (Km) for 
A T P hydrolysis, and several mutant enzymes were insensitive to vanadate-in-
duced inhibi t ion (15). T h e cellular basis for growth resistance to hygromycin 
Β was experimentally determined to be a deficiency i n the maintenance of 
the normal hyperpolarized membrane potential i n yeast (19) . This potential 
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has been estimated to exceed —200 m V (20) . Because direct electrophysio
logical examination of yeast is not possible, the l ipophi l ic distribution probe 
tetraphenylphosphonium ( T P P ) was used as a representative measure of 
cellular membrane potential. F igure 1 illustrates that mutant cells metaboliz
ing glucose take up 2 .5 -10- fo ld less T P P than wild-type cells, w h i c h suggests 
that pmal mutant enzymes were defective i n maintaining the normally high 
level of membrane potential . 

A Proton Transport Dilemma 
T h e membrane potential depolarization i n pmal mutants could be explained 
i f the mutant enzymes were less active i n p u m p i n g protons across the 
membrane. This notion was supported by kinetic studies o n A T P hydrolysis 
by these enzymes that showed small but significant decreases i n V m a x (15). 
However , a d i l e m m a arose w h e n whole cel l m e d i u m acidification experi
ments were performed, w h i c h reflect the action of the H + - A T P a s e i n vivo. 
T h e rate of glucose-induced proton efflux by pmal mutant cells was found to 
be considerably better than that o f wild-type cells (F igure 2). O n l y w h e n high 
external K + was inc luded i n the m e d i u m to minimize differences i n m e m 
brane potential between mutant and wild-type cells d i d the activity of the 

T I M E , min 

Figure 1. Uptake of [14C]TPP by pmal mutants. The uptake of [14C]TPP in the 
presence of glucose was determined for wild-type (A), pmal-101 pmal-105 
(U), pmal-114 (m), pmal-141 (w), pmal-147 fa), and pmal-155 (O) cells. The 
reaction was initiated by the addition of [14C]TPP to the cell suspensions. 
(Reproduced with permission from reference 19. Copyright 1988 American 

Society of Biochemistry and Molecular Biology.) 
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wild-type approach that of the mutants (Figure 2). These results suggest that 
a simple kinetic explanation is inadequate to account for the membrane 
potential defect i n pmal mutants. Clearly, some other fundamental property 
of electrogenic proton transport by the pmal mutant H + - A T P a s e had been 
altered. 

Electrogenicity by the H+-ATPase 
T o assess more directly whether the electrogenicity o f the H + - A T P a s e was 
altered, an i n vitro assay was developed to examine the activity of the enzyme 
as a function of appl ied voltage. This approach was necessary because 
previously it has not been possible to use conventional electrophysiology or 
patch-clamp techniques to study the current-voltage behavior of the H + -
A T P a s e i n yeast. A simple system was used to examine the effects of interior 
positive membrane potential formation on the catalytic properties of puri f ied 
H + - A T P a s e reconstituted into proteoliposomes. In this system, electron flow 
from vesicle-entrapped ascorbate to external K 3 F e ( C N ) 6 is mediated by the 
l ipophi l ic electron carrier tetracyanoquinodimethane ( T C N Q ) (Figure 3). 
Interior positive membrane potential formation was readily fol lowed using 
the optical probe oxonol V (Figure 3) and could be collapsed either by the 
addition of permeant anions l ike S C N ~ or by the addition of val inomycin to 
K + - l o a d e d vesicles (Figure 3). Potentials were calibrated by a nul l -point 
titration assay ut i l iz ing K + and val inomycin- induced diffusion potentials (17). 
A maximum membrane potential o f approximately 254 m V was found to 
reduce A T P hydrolysis by wild-type enzymes up to 46%. T h e sensitivity of 
the enzyme to inhibi t ion by vanadate was also modif ied under these condi
tions (17). T h e relationship between A T P hydrolysis and membrane voltage 
is shown i n F igure 4. T h e wild-type enzyme is relatively insensitive to voltage 
over approximately 100 m V , but then shows voltage-sensitive behavior. A 
simple nonlinear extrapolation of the data i n F igure 4 yields a predicted 
reversal potential of approximately 375 m V , w h i c h is consistent w i t h electro
physiological studies of the closely related Neurospora H + - A T P a s e (21) and a 
stoichiometry of 1 H + transported per A T P hydrolyzed (22) . I n contrast to 
the behavior of the wild-type enzyme, a typical pmal mutant enzyme f rom 
strain pmal-105 was found to be nearly insensitive to voltage, even at a 
maximum potential o f 254 m V (17). This observation suggests that mutant 
enzyme pmal-105 is insensitive to physiological levels of voltage. These data 
further suggest that other enzymes f rom hygromycin Β resistant pmal 
mutants may be defective i n electrogenic proton transport. 

Evidence for Ion Counterflow by Mutant H+-ATPase 
Electroneutrality b y the mutant pmal-105 H + - A T P a s e most l ikely results 
f rom a compensating charge movement fol lowing electrogenic proton trans-
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Figure 4. The relationship between ATP hydrolysis and membrane potential 
ATP hydrolysis by purified and reconstituted H+-ATPase from wild-type and 
pmal-105 was determined as a function of imposed membrane potential. ATP 
hydrolysis assays were performed for only 60 s to maintain a stable level of 
membrane potential. A nonlinear curve-fit routine was used to derive the 
extrapolated line drawn for the wild-type sample data. (Reproduced with 
permission from reference 17. Copyright 1991, American Society for 

Biochemistry and Molecular Biology.) 

port, and there is strong precedent for this behavior i n other P-type ATPases . 
In the gastric enzyme, an electrogenic H + current can be balanced by an 
equal and opposite K + current (23). I n the N a + - K + - A T P a s e , " u n c o u p l e d " 
N a + flux, w h i c h is electroneutral at p H 6.5, may require H + as a counterion 
(24). F inal ly , the apparent electroneutrality observed for the C a 2 + - A T P a s e 
f rom cardiac sarcolemma may also involve a counterflow of H + (25) . T h e 
fungal H + - A T P a s e has no apparent catalytic requirement for any ion other 
than H + , although it has been shown that pur i f ied and reconstituted enzyme 
f rom S. pombe transports K + i n an A T P - d e p e n d e n t manner (26). Recently, 
a patch-clamp analysis of hygromycin Β resistant pmal-105 mutant m e m 
branes identif ied an ATPase-dependent K + channel conductance i n a physio
logical voltage range (60-120 m V ) . A K + conductance was also present i n 
wild-type membranes, but it was not A T P activated and required higher 
gating voltages ( > 1 4 0 m V ) (27) . This work raised the possibility that K + 

transport is i n d u c e d i n mutant enzymes l ike pmal-105 and may provide the 
electrical countercharge necessary for apparent electroneutrality. 
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Prel iminary evidence suggests that the new K + conductance is directly 
mediated via the H + - A T P a s e , and two mechanistic schemes can be envi
sioned to account for this conductance (Figure 5). K + transport could involve 
the same translocation pathway as H + (but move i n the opposite direct ion to 
H + ) or require an independent antiparallel translocation pathway. There are 
no data to distinguish between these two alternatives. Nonetheless, a com
m o n translocation mechanism that could accommodate H + and K + may be 
the most attractive because ion selectivity could be most easily accomplished 
by a single specialized gating mechanism. 

Mapping pmal Mutations 
Genetic mapping of hygromycin Β resistant mutants was per formed to 
identify specific amino acids and domains of protein structure that influence 
the eletrogenic behavior of the H + - A T P a s e . Mutations wi th in the coding 
region of PMA1 map to either the membrane region or a large hydrophil ic 
region containing the catalytic center (15). F igure 6 A shows a schematic 
topography map of the H + - A T P a s e and the relative posit ion of three p r o m i 
nent mutations. It can be seen that G l y l 5 8 -> A s p , w h i c h partially uncouples 
H + transport f rom A T P hydrolysis (15), is expected to l ie w i t h i n the bilayer. 
T h e other two mutations, Ser368 —> Phe and Pro640 -> L e u , are expected to 
be wi th in the catalytic domain. This analysis is consistent w i t h the finding that 
these latter mutations alter the kinetics for A T P hydrolysis and confer relative 
insensitivity to the mechanistic inhibi tor vanadate (15). T h e fact that a 
mutation i n the cytoplasmic A T P hydrolysis domain can alter the mechanistic 
nature of proton transport wi t h in the membrane strongly supports the notion 
of coupl ing between these disparate domains. Recently, we provided more 

Figure 5. Schematic models for ATPase-mediated K + conductance. (A) K+ 

transport occurs through the same pathway as H+. (B) K+ transport occurs 
through a separate pathway from Η + but is still mediated by the enzyme. 
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(A) 
Ser368~>Phe 

Gly158->Asp 

Outside 

Membrane 

Asp378 
Site of 

Phosphorylation 

ATP 
Binding 
Domain 

(Β) 

A135S 
1133F 

A828S 

Asp378 
Site of 

Phosphorylation 

Figure 6. Diagram illustrating the membrane topography of the H+-ATPase. (A) 
The topography of the H+-ATPase was determined from analysis of hydropathy 
profiles (16). Amino acid substitutions representing pmal-114, pmal-105, and 
pmal-147 mutant enzymes are indicated with respect to previously assigned 
functional domains. (Reproduced with permission from reference 15. Copyright 
1989, American Society for Biochemistry and Molecular Biology.J (B) 
Topography map showing membrane locations of second-site mutations that 
suppress the NH/ and low-pH sensitive phenotypes of a pmal-105 mutant 
(Ser368 -» Phe). (Adaptedfrom reference 28. Copyright 1991, American Society 

for Biochemistry and Molecular Biology.) 
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direct evidence (28) for such coupl ing by showing that second-site mutations 
expected to lie w i t h i n the membrane bilayer can suppress the low p H and 
N H 4

+ sensitive phenotype induced by the Ser368 -> Phe mutation w i t h i n 
the cytoplasmic catalytic domain (F igure 6B) . 

Table I summarizes the existing set of genetically mapped mutations, 
isolated f rom assorted mutagenesis schemes, that are bel ieved to lie wi th in 
the bilayer and result i n hygromycin Β resistance. A n important outcome of 
the genetic mapping studies is that mutations conferring cellular hygromycin 
Β resistance arid, by inference, a depolarized cellular membrane potential are 
broadly distributed wi th in transmembrane segments 1, 2, 3, 4, and 7 of the 
enzyme. These data suggest that mult iple transmembrane elements partici
pate i n electrogenic proton transport and coupl ing to A T P hydrolysis. 

Role of Membrane-Embedded Helices 1 and 2 
in Electrogenic H+ Transport 
A detailed characterization of hygromycin Β resistant mutants suggests that 
transmembrane segments 1 and 2 participate i n electrogenic H + transport 
and coupl ing to A T P hydrolysis (28). These two segments and the connecting 
turn represent a template for the development of a three-dimensional model 
for the membrane sector of the enzyme and have been modeled as a hairpin 
loop structure that is dominated by a pair of antiparallel α helices (Figure 7). 
T h e hydrophobic helical elements are jo ined by a short ( 3 - 4 residues) turn 
region, w h i c h includes a polar serine residue and a highly charged A s p 
residue. The transmembrane loop is constrained into a single tightly packed 
configuration wi th the two helices p i tched at an angle of about 15° to form an 

Table I. Hygromycin Β Resistant Mutants Mapping 
within the Bilayer 

Mutation Helix Mutation Helix 

Alal35 -> Val 1 Leu298 -> Phe a 3 
Ilel33 -> Fhea'b Leu327 -> V a l a - c 3 
Alal35 -> Ser 1 Met346 -> Val 4 
Ilel47 -> Met* 2 Met346 -> Thr 4 
Cysl48 - * Ser f l 2 Ala828 -* S e r û ' c 7 
Vall57 - * P h e e ' c 2 Ser836 -» C y s a c 7 
Glyl58 -> Asp 2 

Ser836 -» C y s a c 

a These mutations were selected as second-site suppressors of either the low pH or 
N H 4 sensitive phenotype of pmal-105 (Ser368 —> Phe). They confer hygromycin 
Β resistance when separated form the primary-site (Phe368) mutation (28). 

He 133 -» Phe and Alal35 - * Ser comprise a double mutant. 
c These mutations were selected as in footnote a. They are hygromycin Β resistant 
when present with the Phe368 mutation, but it is not known whether they confer 
hygromycin Β resistance when separated from Phe368. 
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turn 

t t 
helix 1 helix 2 

Figure 7. Amino acid sequence and molecular model for transmembrane helices 
1 and 2. A molecular model generated with the program Quanta (Polygen, Inc.) 
that represents transmembrane helices 1 and 2 is shown next to its corresponding 

amino acid sequence. 

inverted V-type structure that resembles the first two helices of a four-helix 
bundle (29) . Several o f the mutations identif ied i n this region are predicted 
to alter the disposition of α helices relative to each other by sterically 
influencing the close packing of adjacent amino acid side chains. T h e close 
packing of amino acid side chains near the loop region suggests that muta
tions i n this region w o u l d be poorly tolerated. In keeping w i t h this notion, it 
was found that a relatively modest change, A l a l 3 5 -> V a l , produced a dra
matic perturbation i n the enzyme funct ion. This V-structure is highly confor-
mationally active as indicated by the finding that site-directed mutations i n 
the loop region, L e u l 3 8 -> T y r and A s p l 4 0 -> G l u , both confer growth 
resistance to hygromycin B . I f the hydrophil ic domain extending f rom trans
membrane segment 2 is r ig id and i n contact w i t h the central hydrophil ic 
domain containing the catalytic center, then it is possible to explain how a 
small perturbation i n a distant port ion o f a transmembrane segment can 
influence the catalytic behavior o f the enzyme. T h e role of transmembrane 
segments 1 and 2 i n H + (and possibly K + ) transport is currently being 
investigated by a comprehensive mutagenesis approach. 
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Summary and Conclusions 
Mutations i n the Saccharomyces cerevisiae H + - A T P a s e gene, PMA1, that 
confer cellular growth resistance to hygromycin Β cause a generalized depo
larization of cellular membrane potential . T h e normal hyperpolarized m e m 
brane potential i n yeast is maintained by the H + - A T P a s e , and it is bel ieved 
that the pmal mutations alter electrogenic proton transport by the enzyme. 
Electroneutral H + transport by the mutant enzymes may involve the counter-
transport of K + , but other ions inc luding H + could participate. M o r e direct 
evidence is needed to confirm the role of K + as a counterion and to probe its 
putative transport mechanism. It w i l l be important to determine whether H + 

and K + use the same mechanistic pathway for transport. 
A significant outcome f rom the mutant mapping studies was the finding 

that amino acid substitutions wi t h in either the membrane domain or cytoplas
mic catalytic domain render the enzyme defective i n electrogenic proton 
transport. T h e disparate environments represented by these two domains 
provide indirect evidence for coupl ing between A T P hydrolysis and proton 
transport. M o r e direct evidence for coupl ing was provided by the identifica
tion of second-site mutations wi t h in the membrane sector that partially 
suppress the phenotype of a primary-site mutation, Ser368 -» Phe, located 
near the site o f phosphorylation i n the large central cytoplasmic domain. 
M u l t i p l e transmembrane segments have been implicated i n electrogenic 
proton transport and coupl ing to A T P hydrolysis. A special emphasis was 
placed on transmembrane segments 1 and 2. Molecu lar mode l bu i ld ing 
suggests that these segments form a pair of antiparallel α helices that are 
both tightly compacted and highly conformationally active. It is bel ieved that 
this structure can serve as a template for bui ld ing a model of the entire 
transmembrane domain . Such a mode l w i l l provide an important experimen
tal tool for more detailed and direct genetic probing of the H + transport 
mechanism. 
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330 BIOMEMBRANE ELECTROCHEMISTRY 

Ν EUROTRANSMITTER RECEPTORS A N D IONIC C H A N N E L S are responsible for 

two fundamental properties of the brain: electrical excitability and synaptic 
transmission. N e u r o n a l signaling occurs through synaptic junctions between 
the nerve endings and the body of the nerve ce l l or other effector cells. 
Conduct ion and propagation of nerve signals through nerve cells and axons 
are mediated by voltage-gated channels ( J) . I n neurons, as i n other excitable 
cells, the influx of C a 2 + v ia voltage-sensitive calc ium channels generates both 
electrical and chemical signals. C a l c i u m influx carries depolarizing charge 
that contributes to electrical activity and also leads to a rise i n intracellular 
calc ium concentration f rom extracellular fluid or by release f rom intracellular 
stores. Changes i n calc ium concentration constitute a chemical message for 
calcium-sensitive mechanisms that control , for example, i o n channel gating 
and transmitter release ( I , 2). 

Transfer of incoming signals at the chemical synapses present at nerve 
terminals occurs by releasing neurotransmitters f rom their presynaptic termi
nal and effecting a change i n i o n permeabil i ty o f the postsynaptic cells. T h e 
channels i n the postsynaptic membrane are often chemically gated; that is, 
they open or close i n response to transmitter b inding. Acetylcholine ( A C h ) is 
released by the presynaptic neuron. T h e b inding of A C h to A C h receptors 
found on postsynaptic membranes of nerve terminals and neuromuscular 
endplates results i n the transient opening of cation-selective channels that are 
responsible for depolarizing the postsynaptic ce l l ( I ) . 

Pre- and postsynaptic elements, therefore, play a key role i n excitation of 
the brain. W e focus here on prototypes o f a presynaptic and a postsynaptic 
element. As an example of a presynaptic element, we selected the dihydropyr-
idine-sensitive calc ium channel, a member of the superfamily of voltage-gated 
channel proteins. T h e most extensively studied membrane protein, the nico
tinic cholinergic receptor, w h i c h belongs to the family of ligand-gated chan
nels, is present i n the postsynaptic membrane. These two examples are used 
to describe a strategy that aims to identify sequence-specific motifs that are 
responsible for the performance of unique functions and to outline an 
experimental approach to evaluate identif ied structural motifs. 

Inferences about Channel Protein Structure 
K e y functional elements o f voltage- and ligand-gated ionic channels are the 
mechanisms by w h i c h their conformation changes i n response to l igand 
b inding or variations i n membrane electric field; the sensor that detects a 
stimulus and couples it to the opening and closing of the channel; the 
permeation pathway, specifically pore size and ionic selectivity of the open 
channel; and the sites of action of drugs and toxins that specifically modify 
properties of the channel (J) . Molecu lar c loning and sequencing l e d to the 
elucidation of pr imary structures of several superfamilies of voltage- and 
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ligand-gated channels (3) . However , no high-resolution structural information 
is yet available. T h e challenge is, therefore, to try to identify f rom the primary 
sequences the structural elements that may determine the functional proper
ties of channel proteins (4, 5) . 

A search for sequences that are compatible w i t h a given function, such as 
the pore- forming structure of channel proteins, originated w i t h the wealth of 
sequence information available o n voltage- and ligand-gated channel proteins 
(3) . Extensive sequence homology among members of these families of 
proteins is evident; characteristic structural features include the occurrence 
of homologous subunits oriented across the membrane and organized as a 
symmetric or pseudosymmetric array around a central aqueous channel and 
the presence of segments capable of adopting α-helical transmembrane 
structures. It is plausible, therefore, that a unifying structural moti f i n the 
biological design of ion channels is a cluster of amphipathic α-helices 
arranged such that charged or polar residues l ine the central hydrophil ic pore 
and nonpolar residues face the hydrophobic environment of the protein and 
the bilayer interior (4, 5) . Such a structure may account for geometric 
requirements, determine ionic specificity, and explain the diversity of channel 
proteins based on sequence specificity and oligomer size. 

Identification of Possible Pore-Lining Segments 
Identification of presumed pore- l in ing segments is based on the primary 
structure of the channel protein and knowledge of the physiology of the 
molecule. Amphipath ic α-helical segments greater than 20 residues i n length 
—suff ic ient to span the w i d t h of the bilayer core—are identif ied by the use 
of empirical secondary structure predictors; specific residues allow for appro
priate ionic selectivity (6-8). 

T h e dihydropyridine- (DHP)-sens i t ive calc ium channel pur i f ied f rom 
skeletal muscle is composed of five subunits: α 1 ? a 2 , β, y, and δ ( 9 - 1 2 ) . T h e 
α 2 subunit (molecular weight M r ~ 170 k D ) forms a functional voltage-gated 
calcium channel (9 , 13-15) and contains the b inding sites for the three 
classes of calc ium channel modulators: 1,4-dihydropyridines (16), phenylal-
kylamines, and benzothiazepines (17). T h e primary structure of the a 1 

subunit was first elucidated f rom skeletal muscle (18); highly homologous 
sequences have since been c loned f rom cardiac muscle (13, 19, 20) and 
brain (21), aorta (22), and lung (23) tissue. 

Extensive sequence homology is evident between calc ium (13, 18-23), 
sodium (24-29), and potassium channel proteins (30-34). T h e pr imary 
structure of sodium and calc ium channel proteins suggests the occurrence of 
four homologous domains w i t h the four repeats organized as pseudosubunits 
around a central pore (4, 24), whereas potassium channels are considered to 
be constructed of a cluster of four subunits (35, 36), each of w h i c h corre-
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332 BIOMEMBRANE ELECTROCHEMISTRY 

sponds to a single repeat of sodium or calc ium channels. E a c h repeat contains 
six segments (S1-S6) that are predicted to form α-helical transmembrane 
structures. 

A c o m m o n funct ion of S3 segments f rom calc ium, sodium, and potassium 
channel proteins is suggested by the extensive sequence homology, part icu
larly wi th respect to the position of negatively charged or polar residues that 
may be involved i n l in ing a cation-selective channel . F o u r S3 segments may 
form a bundle of α-helices that create the transmembrane pore (4, 5, 
37-39). 

T h e A C h receptor ( A C h R ) f rom Torpedo californica ( M r « 250 k D ) is 
composed of four glycoprotein subunits w i t h a stoichiometry of α 2 β 7 δ that 
are assembled as a pentamer w i t h the i o n channel i n the center (40-42). 
Gat ing of currents through these channels depends o n b inding o f ligands 
such as A C h to specific sites o n the α subunits. Analysis of the primary 
structure l e d to the assignment i n each subunit o f four hydrophobic trans
membrane segments, M 1 - M 4 (3 , 42). T h e A C h R channel is an aqueous pore 
that selects against anions but passes cations and many nonelectrolytes < 7 Â 
diameter ( I ) . Theoretical and permeation studies suggest that the vestibules 
contain a net negative charge that attracts cations into the pore, w h i c h is 
presumed to be fined w i t h polar uncharged residues (43). L a b e l i n g of the 
channel by noncompetitive inhibitors such as chlorpromazine (44) and t r i -
phenylmethylphosphonium (45, 46) has identif ied serine-262 i n M 2 of the δ 
subunit as part o f a high-affinity site. Homologous regions f rom the different 
subunits contribute to the unique high-affinity site (47). Consequently, the 
M 2 segment of the δ subunit is thought to be involved i n forming the A C h R 
channel (5 , 48-51). 

Design of Pore-Forming Proteins 
T o demonstrate the existence of functional elements responsible for pore 
properties of channel proteins, peptides w i t h sequences that represent such 
functional segments are synthesized and their ability to m i m i c the targeted 
biological activity is tested by incorporation of the peptides into l i p i d bilayers. 
This approach allows rapid determination o f w h i c h presumed transmembrane 
helices may form functional channels. T h e peptides self-assemble i n the 
membrane to generate conductive oligomers, presumably w i t h hydrophobic 
surfaces that face the phosphol ipid and hydrophil ic residues that fine the 
pore. Channels of different sizes (oligomerie number) result (37, 48). 

T h e occurrence of a cluster of amphipathic α-helical peptides that forms 
the inner bundle of channel proteins and the determination of oligomerie 
number may be addressed through the design and synthesis of larger 
polypeptides that w i l l pack i n a predictable manner to y ie ld a protein w i t h 
predetermined conformational properties. Considerable effort has been de-
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voted to the design and chemical synthesis of large polypeptides that assume 
tertiary structures. These approaches include de novo design of a four-helix 
bundle protein (52) and a m i m i c of the serine protease catalytic tr iad (53). A 
promising strategy for the construction of proteins w i t h predetermined 
structure involves the covalent attachment of peptide segments w i t h a high 
potential for secondary structure to a mult i functional carrier molecule (tem
plate) to generate nonlinear protein molecules that exhibit template- induced 
secondary structure; the product of attachment is the template-assembled 
synthetic protein ( T A S P ) (54-56). A linear assembly of peptide blocks 
necessitates a specific fo lding process to achieve the proposed conformation, 
whereas the template molecules direct the attached peptide segments into 
the required conformation. T h e template molecule may be any mult i func
tional molecule w i t h proper spatial arrangement of attachment sites and 
l imi ted conformational flexibility. F o r example, spatial constraints induced by 
attaching amphiphil ie α-helix-forming peptides to a template enhance pep
tide interactions and act as the major dr iving force to fo ld the template-
assembled peptides into the predetermined conformation (57). 

Proteins that m i m i c the presumed pore-forming structure of the D H P -
sensitive calc ium channel and the nicotinic A C h R were designed using the 
T A S P strategy. A nine amino acid template molecule ( K K K P G K E K G ) 
(54-56) that allows for attachment of peptides at the e-amino groups of four 
lysines was used to generate four-helix bundle structures (49) by the assem
bly of four identical peptides. (Note that the standard one-letter amino acid 
code is used.) E a c h peptide represents the sequence of the S3 segment f rom 
the fourth internal repeat of the D H P - s e n s i t i v e calc ium channel ( T 4 C a I V S 3 ) 
(13, 18, 21) or the Μ 2 δ segment of the nicotinic A C h R ( Τ 4 Μ 2 δ ; F igure 1A) 
(58) . This approach has generated a novel class of membrane associating, 
pore- forming molecules (synporins) (49). T h e devised nomenclature specifies 
a template w i t h four attachment sites (T 4 ) , fol lowed by the conventional 
designation o f individual transmembrane segments. 

A homotetramer of IVS3 ( T 4 C a I V S 3 ) is a plausible m o d e l of the pro
posed heterotetramer that forms the pore of the authentic D H P - s e n s i t i v e 
calcium channel. T h e sequence of IVS3 is conserved between skeletal muscle 
and isoforms of cardiac muscle, brain, and aorta, and empirical secondary 
structure predictors (6-8) suggest that the peptide forms an amphipathic 
α-helix (hydrophobic moment <μ> = 0.19) w i t h a length sufficient to traverse 
the hydrocarbon core of the membrane. Such features are also characteristic 
of the other three S3 segments because of extensive sequence homology. 
Further , a synthetic peptide w i t h the sequence of a homologous S3 segment 
of the brain sodium channel forms cation-selective channels i n l i p i d bilayers 
(37) . 

M 2 exhibits h igh homology both between subunits of the Torpedo A C h R 
α 2 β 7 δ complex and between species (3) . Secondary structure predictors 
suggest that Μ 2 δ segments could form amphipathic α-helices ( ( μ > = 0.25). 
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Similarly, a synthetic peptide w i t h a sequence that represents the Μ 2 δ 
segment of the Torpedo A C h R forms discrete ionic channels i n l i p i d bilayers 
w i t h conductance properties comparable to those of the authentic A C h R 
channel (48). 

Four-Helix Bundles: A Plausible Model for the Pore 
Structure of Channel Proteins 
F o r the construction o f a four-helix bundle , the spatial orientation o f template 
amino acids is considered. T h e conformational characteristics of the side 
chains o f lysine predict a direct ion perpendicular to the plane of the tem
plate, and all attachment sites for peptide modules may be oriented cis 
relative to the plane of the template backbone. 

Energetic considerations conf irm that a bundle of four α-helices is a 
reasonable model for the pore structure o f channel proteins. Mode ls were 
generated using existent coordinates for the sodium channel S3 homo-
tetramer (39) by specific residue replacements. T h e I N S I G H T and D I S 
C O V E R program packages (Biosym Technologies, Inc., San Diego , C A ) were 
used. O p t i m i z e d helical structures for the homotetramers o f T 4 C a I V S 3 and 
Τ 4 Μ 2 δ are shown i n F igure I B and C . T h e template port ion of the 
molecules is modeled as a β hairpin w i t h attachment sites for the channel-
forming peptides al l cis to the plane of the template (F igure I B ) . T h e 
attached α-helical modules are parallel and aligned w i t h the coupl ing sites at 

(A) 

Template 
IVS3 

IVS5 

M26 

M16 

K K K P G K E K G 

D P W N V F D F L I V I G S I I D V I L S E 

Y V A L L I V M L F F I Y A V I G M Q M F G K 

E K M S T A I S V L L A Q A V F L L L T S Q R 

L F Y V I N F I T P C V L I S F L A S L A F Y 

Figure 1. (A) Amino acid sequences of template and oligopeptides used to 
generate the proteins studied, pore-forming molecules T4CaTVS3 and Τ4Μ2δ, 
and proteins designed using hydrophobic sequences, T4CaTVS5 and Τ4Μ1δ. 
IVS3 corresponds to amino acids 1180-1201, TVS5 corresponds to residues 
1269-1291 (18), and Μ2δ and Μίδ correspond to amino acids 255-277 and 
226-248, respectively (58). Peptides are attached to template lysines indicated 

with an asterisk (*). Standard one-letter amino acid code is used. 
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(Β) 

335 

Figure 1.—Continued. Computer-generated molecular model of synthetic pore 
proteins. (B) Energy-optimized parallel tetramers of T4CaIVS3 (upper) and 
Τ4Μ2δ (lower). Β is a side view with the nonapeptide template at the top and 
the Ν terminus at the bottom of the two α-helical bundles (Marrer, S.; Montai, 
M., unpublished). Residues are colored according to hydrophobicity: red, acidic 
residues; blue, basic residues; orange, serine and threonine; bnght yellow, 
methionine; yellow, tryptophane and phenylalanine; pink, asparagine and 
glutamine; white, glycine and proline; green, lipophilic residues; light blue, 
α-carbon backbone and its ribbon representation; magenta, solvent-accessible 

surface (dotted). Continued on next page. 
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(C) 

Figure 1.—Continued. Computer-generated molecular model of synthetic pore 
proteins. (C) Energy-optimized parallel tetramers of T4CaIVS3 (upper) and 
T4 M2 8 (lower). C is the end view with the Ν terminus in front (89). Residues 

are colored according to hydrophobicity; see previous page. 
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the €-amino groups of template lysines providing the spatial organization for 
the four-helix bundles. T h e orientation of the template relative to the bundle 
is dependent o n the conformational properties of attached helices. T h e 
N- termina l residues correspond to the untethered e n d of the helical modules 
and are assigned to the intracellular face of the membrane ( J , 18). T h e 
length of the bundles is sufficient to span the l i p i d bilayer (32 Â) (39) . T h e 
bundles show a left-handed twist w i t h an interhelical angle of « 15°. 

F igure 1 C shows an e n d view of the bundles; the Ν terminus is i n front. 
Hydrophobic and hydrophiUc residues occur o n opposite faces of the helical 
cylinders. The solvent-accessible surface (dotted) discloses the symmetric 
nature of the T 4 C a I V S 3 pore (ring of overlapping surface density). T h e 
square vestibule at the entry of the pore of T 4 C a I V S 3 is formed by indole 
nitrogens of tryptophanes (W-3) that hydrogen b o n d w i t h aspartates ( D - l ) . 
T h e cross section is 7.9 Â, w h i c h corresponds to a distance between solvent-
accessible surfaces of 4.5 Â. T h e l u m e n of the pore is l i n e d w i t h p o l a r - n e u 
tral residues and two sequential clusters of acidic residues, D - 7 and D - l 7 . 
T h e narrowest section of the pore occurs at D - 7 ; the distance between 
opposing carboxylates is 7.4 Â w i t h 4.2 Â del imited by the boundaries of 
solvent-accessible surfaces. This cluster of negatively charged residues may 
provide a high-affinity b inding site for permeant cations (59, 60). 

T h e l u m e n of the Τ 4 Μ 2 δ pore is l i n e d w i t h po lar -neut ra l residues. S-8 
corresponds to serine-262 i n the actual protein sequence and faces the l u m e n 
of the pore. Serine-262 is considered exposed to the l u m e n of the pore and 
may participate i n the conduction of ions through the A C h R channel (39, 
44-46, 49-51). T h e cross section is 9.5 Â. F-16, w h i c h corresponds to 
phenylalanine-270 i n the protein sequence, is exposed to the lumina l surface 
and forms the narrowest section of the pore (8.3 Â). E - l , w h i c h corresponds 
to glutamate-255 of the δ subunit sequence, hydrogen-bonds w i t h K - 2 of 
each helix, and generates a ring of charged residues. E - l corresponds to the 
postulated intracellular e n d of the receptor channel, considered to be nega
tively charged (39, 42, 43, 49, 61). 

Hence , bundles of four amphipathic α-helices fulf i l l the structural and 
energetic requirements for the inner bundle that forms the pore of the 
D H P - s e n s i t i v e calc ium channel and the nicotinic A C h R channel. 

Synthesis and Purification 
Synthesis of the four-helix bundles was accomplished by a two-step procedure 
(outl ined as a flow chart i n F igure 2). Proteins were synthesized b y solid 
phase methods i n accordance w i t h general principles (62-64) using a peptide 
synthesizer (model 431, A p p l i e d Biosystems ( A B I ) , Foster Ci ty , C A ) . L - e o n -
figuration amino acid derivatives were used (The Peptide Institute, Osaka, 
Japan). T h e acid-labile terf-butyloxycarbonyl- ( i -Boc)-protect ing groups were 
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(A) 

( ^ - B O ^ B N - H C - C - C Z J 4 resin ) 1 
Θ "Ν 

-C-CH-NH-Qt-BocJ ) 

t -Boc >HN-HC-C=0 

© 
1. t -Boc d e p r o t e c t i o n 

2 . DCC coup I i ng w i t h 

0.25 e q . t - B o e - f I B O C - L y s 

3 . capping of r e m a i n i n g s i t e s 

(Β) 

A c -HN-HC-C-

A c |-HN-HC-C=0 

® : 
C - C H - N H - O C H - N H 
II 
0 

NH -(faoc^) 

assembly of template 

Figure 2. Flow chart of the protocol used to synthesize tetrameric bundles of 
defined amino acid sequence. (A) The highly substituted polystyrene resin, 0.75 
mmol/g, that contains t-Boc glycine (Gj attached through a Ρ AM linker (open 
box). (B) The most accessible sites are selected by coupling with only 0.25 
equivalents of the t-Boc-fmoc lysine. The remaining unreacted sites are blocked 

using an excess of acetic anhydride (Ac). 
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(C) 

(D) 

(Ε) 

E ( o B z l ) G K ( C I - Z ) 

Λ(ΛΑΛ ΛΑΑΛ/Ξ^ 
K(fmoc) K ( f a ô c ) Κ (f iâoc) 

1. t -Boc d e p r o t e c t i o n 

2. cappi ng 

IKC1-Z) 

p i p e r i d i n e d e p r o t e c t i o n of fmoc 

CC/HOBt coup 1i ng w i t h 

Boc Amino A c i d 

Figure 2. —Continued. Flow chart of the protocol used to synthesize tetrameric 
bundles of defined amino acid sequence. (C) The completed template 
KKKPGKEKG. (D) The free Ν terminus of the template is blocked with excess 
acetic anhydride. (E) The fmoc groups are removed by treatment with 20% 

piperidine in DMF. Continued on next page. 
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Ι 
assembly of h e l i c a l c h a i n s 

DCC/HOBt coup I i ng 

I 
Figure 2. —Continued. Flow chart of the protocol used to synthesize tetrameric 
bundles of defined amino acid sequence. (F), (G) Single amino acids are added 
to sequentially assemble the peptide modules of the synthetic proteins. Continued 

on next page. 

used for Na protection. A l l coupl ing steps were per formed i n N-methylpyr-
rolidone ( N M P ) containing dimethyl sulfoxide ( D M S O ) for at least 30 m i n 
using a 10-fold excess of pre formed 1-hydroxybenzotriazole ( H O B T ) esters. 
C o u p l i n g efficiencies at each step were monitored by the quantitative ninhy-
d r i n test (65). 
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2.wash w i t h e ther 

Figure 2. —Continued. Flow chart of the protocol used to synthesize tetrameric 
bundles of defined amino acid sequence. (H) Single amino acid added to 
sequentially assemble the peptide modules of the synthetic proteins. Continued 

on next page. 

Steric constraints of the four-helix bundle proteins require the use of 
low-substitution resins for opt imal synthetic y ie ld . R e d u c e d loading capacity 
of the preloaded f - B o e - g l y e i n e - P A M (4-oxymethylphenylacetamidomethyl) 
resin (0 .76-mmol/g capacity; A B I ) was accomplished dur ing coupling of the 
first amino acid: a reduced amount of N a - £ - B o c - N e - f m o c (9-fluorenylmeth-
oxycarbonyDlysine (0.25 equivalent) was al lowed to react w i t h the resin for 1 
h (Figure 2A) . T h e remaining sites were capped w i t h acetic anhydride. This 
strategy was designed to allow coupl ing to only the most accessible sites o n 
the resin. B y use of this lower substitution (0.1-0.3 m m o l / g ) , the number o f 
recouplings required to attain > 99 .5% coupl ing efficiencies was reduced 
and increased weight gains were obtained. 

A c o m m o n nine amino acid template A c - K ( N e - f m o c ) ~ K ( N e - C l -
Z ) - K ( N e - f m o c ) - P - G - K ( N e - f m o c ) - E ( 7 - O B z l ) - K ( N e - f m o c ) - G - P A M resin 
(where A c is acetyl, C l - Z is 2-chlorobenzyloxycarbonyl, and O B z l is benzyl 
ester) was synthesized. F a i l e d sequences dur ing synthesis of the template 
were capped using acetic anhydride (Figure 2B and C ) . T h e sequence was 
conf irmed by automated E d m a n degradation on a peptide sequencer ( A B I 
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(I) 

M u l t i p l e HPLC 

pur i f i c a t i o n s 

Figure 2. —Continued. Flow chart of the protocol used to synthesize tetrameric 
bundles of defined amino acid sequence, (i) HF cleavage releases the synthetic 
protein from the support and deprotects the amino acid sidechains. (]) 

Chromatography using HPLC generates the purified channel proteins. 

model 477A), and the N- termina l lysine was blocked by treatment w i t h 1 7 % 
acetic anhydride and 7 % diisopropylethylamine i n Ν M P for 10 m i n . 

Assembly of peptide blocks typically starts w i t h 0.05 m o l of template 
resin. T h e base-labile N e - fmoc-protec t ing groups were removed b y incuba
t ion wi th 2 0 % piperidine (v/v) i n dimethylformamide for 20 m i n (Figure 
2 D ) . T h e four peptide blocks were assembled simultaneously (Figure 2 E - G ) 
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by stepwise synthesis using HOBt-ac t iva ted esters of N a -£ -Boc amino acid 
derivatives on a synthesizer ( A B I model 431). T h e side chains of tr ifunctional 
amino acids were protected as follows: E ( O B z l ) , D ( O B z l ) or D(cyclohexyl 
ester) (Oc-Hex) , S(benzyl ether) (Bzl) , T(Bzl ) , R(tosyl), and W ( C H O ) . M u l t i 
ple couplings ( 3 - 5 per residue) were per formed to ensure coupl ing eff i
ciencies > 9 9 . 5 % for each step. C a p p i n g of failed sequences wi th acetic 
anhydride was inc luded i n some syntheses. Tracer amounts of [ 3 H ] t-
B o c - l e u c i n e were added to quantitate concentrations. Ν termini were not 
capped. Weight gains of > 8 0 % were typically obtained for the channel 
proteins. Seven separate syntheses were per formed for Τ 4 Μ 2 δ , whereas five 
syntheses were completed for T 4 C a I V S 3 . 

Dif ferent cleavage protocols were used (Figure 2 H and I): for Τ 4 Μ 2 δ , 
cleavage and deprotection were per formed i n anhydrous H F for 30 m i n at 
—10 °C and for 90 m i n at 0 °C i n the presence of p-eresol and p-thioeresol, 
1.4 m L / g of resin. After H F was removed, the resulting pept ide - res in 
mixture was washed w i t h anhydrous diethylether and d r i e d overnight under 
vacuum over K O H pellets. T 4 C a I V S 3 was cleaved from the solid-phase 
support using a l o w - h i g h H F protocol (66) that considered the presence of 
tryptophane residues i n the peptide segments. T h e low H F step was carried 
out i n the presence of dimethylsulfide and p-cresol for 2 h at 0 °C. H F was 
removed and the resin was washed extensively, first w i t h diethylether and 
then w i t h chloroform. A standard H F protocol was then employed for 60 m i n 
at 0 °C. Cleaved pro te in - res in mixtures are stored under vacuum i n the dark 
at room temperature. 

Peptide composit ion and sequences were conf irmed by amino acid 
analysis on a phenylthiocarbamyl ( P T C ) derivatizer-analyzer ( A B I m o d e l 
420) as w e l l as automated E d m a n degradation on a peptide sequencer ( A B I 
mode l 477A). C r u d e proteins were puri f ied by reversed-phase high-perfor
mance l i q u i d chromatography ( H P L C ) as shown i n F igure 3. B o t h T 4 C a I V S 3 
and Τ 4 Μ 2 δ elute f rom the co lumn as well-resolved peaks. Homogenei ty of 
the preparation was conf irmed by capillary zone electrophoresis (67) and 
sodium dodecylphosphate ( S D S ) gel electrophoresis (68) o n 1 6 % tricine gels 
(Novex, Encinitas, C A ) . Molecu lar weights ( M r ) were determined using 
low-range molecular weight markers (Diversi f ied Biotech, N e w t o n Centre , 
M A ) . T h e molecular weight of Τ 4 Μ 2 δ « 11,000 and T 4 C a I V S 3 « 9000. 
Yields are l o w — < 1 % of the cleaved p r o t e i n - r e s i n mixture. 

Reconstitution in Planar Lipid Bilayers and Single-
Channel Assay 
Proteins were incorporated into planar l i p i d bilayers f rom mixed l i p i d - p r o -
tein monolayers. Pur i f ied protein was extracted w i t h l i p i d (Avanti B iochemi -
cals, Alabaster, A L ) : P C [l ,2-diphytanoyl-5n-glycero-3-phosphochohnel or 
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Ε tut i o n t i e e ( a i n ) Ε tut i o n t i i e ( l i n ) 

Figure 3. Reversed-phase HPLC of synthetic channel proteins. (A) T4CaTVS3 
was purified by repeated reversed-phase (RP) HPLC (4 x) with a base-stable 
4.6-mm X 150-mm ΡΕΒΡ-Ξ-βμ, 300-Â C-18 column (Polymer Laboratories 
Ltd.) equilibrated in deionized-distilled water (pH 6.5) that contained 15% Β 
(Β = 90% 2-propanol in water, pH 9.0). Ammonium hydroxide was used to 
adjust pH. The crude cleaved peptide—resin mixture was dissolved in trifluo-
roethanol (TFE, 99 + %; Aldrich) and filtered through glass wool. The TFE 
solution was adjusted to pH 7.0 with dilute NH4OH. Dissolved protein was 
injected onto the column. Protein was eluted using the previously described 
gradient. Fractions were analyzed by SDS polyacrylamide gel electrophoresis 
(PAGE) (16% tricine; Novex). Fractions that contained the correct molecular 
weight species were pooled and rechromatographed as before except that the 
TFE solution was diluted with 10 M guanidinium-HCl followed by 2 min of 
sonication and 5 min of centrifugation in a microfuge. This procedure was 
followed for the subsequent two HPLC runs. Further HPLC (beyond 4 x) did 
not yield improved separation. The small peak that elutes at 52 min is also 
present in blank runs. (Β) T4 M2 8 was purified by multiple HPLC runs on a 
Vydac C4 (semiprep) 214 TP 1010 RP column equilibrated in 75% solvent A 
(deionized-distilled water containing 0.1% HPLC grade trifluoroacetic acid; 
Pierce) and 25% solvent Β (80% ν /ν HPLC grade acetonitrile and water 
containing 0.1% trifluoroacetic acid). Protein was purified through a series of 
gradient steps followed by 30-min isocratic periods at 55, 62, and 75% of 
solvent B. Fractions were collected and analyzed by SDS PAGE. Purified 
protein was reinjected onto a narrow-bore Vydac C4 RP column TP 214 54 
equilibrated as previously described. Protein was eluted using the gradient 

shown. 

P O P E - P O P C [ l - p a l m i t o y l - 2 - o l e o y l - 5 n - g l y c e r o - 3 - p h o s p h o e t h a n o l a m i n e 
( P O P E ) and l-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine ( P O P C ) ] i n a 
4:1 ratio, 5 m g / m L i n hexane (49). Bilayers were formed at the tip of patch 
pipets by apposition of monolayers init ial ly formed at the a i r -water interface 
(69) . Bilayer experiments were per formed at 24 ± 2 °C. Electr ica l recordings 
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and data processing were carried out as described i n the literature (49, 69). 
Conductance values were calculated from Gaussian fits to current histograms. 
C h a n n e l open and closed lifetimes were determined by probability density 
analysis (69). 

F igure 4 shows single-channel current records obtained w i t h T 4 C a I V S 3 . 
T h e single-channel conductance i n symmetric 5 0 - m M C a C l 2 is 7 pS . T h e 
channel is cation-selective and conducts both divalent and monovalent cations 
w i t h an apparent selectivity ratio inferred f rom conductance ratios of B a 2 + > 
C a 2 + > S r 2 + > N a + > K + r§> C I " (70, 71). C h a n n e l conductance and selectiv
ity are i n agreement w i t h k n o w n values for the authentic D HP-sensit ive 
calc ium channel (59) . 

The D H P - s e n s i t i v e calc ium channel exhibits nanomolar affinity for many 
D H P derivatives ( 16). I n addit ion, enantiomers that act as activators (agonists) 
or blockers (antagonists) of calc ium channels have been described (17). T h e 
synthetic pore protein T 4 C a I V S 3 emulates pharmacological properties of the 
authentic channel . F igure 4 shows the effect of addition of the agonist B a y K 
8644 (Figure 4B) . A d d i t i o n of the drug results i n an increased channel mean 
open t ime as w e l l as an increased open-channel probability. Channels are 
b locked by the D H P derivative nifedipine, as w e l l as the phenylalkylamine 
verapamil , the local anesthetic derivative QX-222 , and by C d 2 + and C a 2 + . 
T h e remarkable stereospecific action of D H P enantiomers on authentic 
calc ium channels by the agonist and antagonist effects of (—)BayK 8644 and 
(+)BayK 8644, respectively, is closely matched by the action exerted o n 
T 4 C a I V S 3 (71). 

Τ 4 Μ 2 δ forms ionic channels i n l i p i d bilayers (Figure 5). Conductance 
events are homogeneous, and openings that last several seconds are frequent. 
T h e channel is cation-selective. T h e single-channel conductance i n P C bilay
ers and symmetric 0 . 5 - M K C l is 24 pS . T h e channel is b locked by micromolar 
concentration of the local anesthetic channel blocker, Q X - 2 2 2 (49). These 
channel properties match properties characteristic of the authentic Torpedo 
A C h R (Table I). 

Sequence Specificity 
T h e involvement of specific residues i n the determination of conductance 
properties of the protein is readily addressed by use of the synthetic proteins. 
Accordingly, a tethered tetramer of Μ 2 δ segments i n w h i c h serine-8 is 
replaced w i t h alanine was synthesized. This analog, T 4 M 2 ô ( S —» A ) , also 
forms channels i n P C membranes w i t h a single-channel conductance i n 
symmetric 0 . 5 - M K C l of 20 pS (49), lower than the 24 pS observed w i t h 
Τ 4 Μ 2 δ . These results are i n accord w i t h observations obtained w i t h site-
directed mutagenesis of rodent acetylcholine receptors (72). 
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(A) 

OPEN 

(Β) 

Figure 4. Singh-channel recordings from a lipid bilayer containing T4CaIVS3 in 
symmetric 50-mM CaCl2. Currents were recorded at 100 mVfrom POPE-POPC 
membrane before (A) and after (B) addition of 100-nM racemic Bay Κ 8644. 
Addition of BayK 8644 results in an increase in the open-channel probability 
from 5% to 35% and the concurrent prolongation of the channel mean open 

time. 
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160 ms 

Figure 5. Single-channel currents from lipid bilayers containing the synthetic 
Τ4Μ2δ and T4M2ô(S -» A) proteins. Currents were recorded at 100 mV in 
symmetric 0.5-M KCl from PC membranes containing Τ4Μ2δ (À) and Τ4Μ2δ 
(S -> A) (Β). Calculated single-channel conductances are 26 and 20 pS, 

respectively. For other details, see reference 49. 

Table I. Ionic Conduction Characteristics of Authentic Muscle and 
Neuronal AChR and of the Synthetic Protein Τ 4Μ2δ 

AChR AChR Μ2δ Τ4Μ2δ 
Property (Muscle)a (Neuronal)b Peptide0 Tetramerd 

7 K + (pS) 50 25-48 48 24 
7 K + / 7 N a + 1.1 « 1 1.2 1.33 
7Cr/7Na + <0.01 Cation <0.03 <0.03 

selective 

a Determined in symmetric 0.5-M NaCl and KCl and from reversal potential measurements of 
Torpedo AChR (77). 

Determined in 0.14-M KCl or CsCl and from reversal potential measurements on rat retinal 
ganglion cells (88) and chick ciliary ganglia (78). 
c Refers to the most frequent event determined in symmetric 0.5-M NaCl and KCl and from 
reversal potential measurements (48). 

Determined in symmetric 0.5-M NaCl and KCl and from reversal potential measurements 
(49). 

Other hydrophobic sequences postulated to form transmembrane seg
ments i n these two channel proteins were also considered. Μ ί δ of the A C h R 
and I V S 5 of the D H P - s e n s i t i v e calc ium channel were selected (Figure 1A); 
these sequences are also highly conserved but are not considered to l ine an 
aqueous channel ( 4 - 7 ) . Tetramers of Μ ί δ and IVS5 are predicted to form 
clusters of α-helices and are of sufficient length to span the l i p i d bilayer. 
Accordingly, tethered tetramers Τ 4 Μ 1 δ and T 4 C a I V S 5 were synthesized. 
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W h e n these proteins are incorporated i n l i p i d bilayers, they do not form 
distinct unitary conductance events characteristic o f channel proteins (49, 
71). Therefore, a requirement for sequence specificity i n the design is 
apparent. 

Oligomer Size as a Plausible Determinant of Single-Channel 
Conductance 
Single-channel current records f rom membranes containing T 4 C a I V S 3 ( F i g 
ure 4) or Τ 4 Μ 2 δ (Figure 5) show increases i n membrane conductance that 
occur as discrete steps—integral multiples o f the elementary conduc
tances—that indicate that a tethered tetramer, and not a self-assembled 
oligomer, is the conductive species. Therefore, the four-helix bundle proteins 
(Figure 1) are plausible structures that underl ie the conductance events. 

T h e Torpedo A C h R , a muscle-type A C h R , is a pentameric protein 
whereas the Τ 4 Μ 2 δ pore- forming protein described is a four-helix bundle . 
T h e five-helix bundle ( Τ 5 Μ 2 δ ) has not yet been characterized; therefore, a 
detailed comparison of the single-channel conductance o f Torpedo A C h R 
w i t h a Τ 5 Μ 2 δ is not possible. However , information about the channel 
properties of other members of the superfamily of nicotinic A C h R s is 
available. 

Neuronal A C h R s puri f ied f rom avian, rodent, or bovine brains are 
composed of two classes o f subunits: an α-like subunit that contains two 
adjacent cysteines that are homologous to the C-192,193 o f the Torpedo 
A C h R α subunit, and a β-like subunit (73). It was suggested that a tet-
ramerie α 2 β 2 array could account for the k n o w n biochemical properties of 
neuronal A C h R s . This contrasts w i t h the α 2 β 7 δ subunit structure of pen
tameric muscle A C h R s . T h e single-channel conductance (with N a + as the 
permeant ion ; Table I) of avian (20 pS) (74) and rodent (13 pS) (75) neuronal 
nicotinic A C h R s expressed i n Xenopus oocytes after c D N A or c R N A injec
t ion are remarkably lower than those o f bovine muscle (50 pS) (76) or 
Torpedo (60 pS) (77) A C h R s expressed and recorded under comparable 
conditions. Single-channel recordings f rom native neuronal A C h R s i n chick 
ciliary ganglia (78) have documented the occurrence of events w i t h single-
channel conductance for monovalent cations « 20 pS . Sequences of the M 2 
segments of these A C h R subunits are ostensibly homologous, w h i c h suggests 
that the distinct conductances may not arise f rom sequence specificity. It is 
l ikely that oligomeric size is a factor that underlies the conductance disparity. 
T h e similarity of single-channel conductances measured wi th Τ 4 Μ 2 δ to that 
of the neuronal A C h R s suggests that a tetrameric structure may underl ie the 
conductance events of neuronal A C h R s i n contrast to the pentameric struc
ture identif ied for muscle A C h R s . 
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Concluding Remarks and Perspectives 

T h e results summarized i n Figures 4 and 5 and i n Table I show that the 
designed pore-forming proteins contain a functional ion-conducting pore, an 
i o n selectivity filter, channel blocker b inding sites, and stereospecific drug-
b inding sites, and exhibit transitions between the closed and open states i n 
the mil l isecond time range. T h e fact that these functional elements of the 
pore- forming structure of authentic channel proteins (1) are contained w i t h i n 
the bundles of α-helices w i t h specific amino acid sequence (Figure 1) 
demonstrates that the design mimics the key features of the inner bundle that 
forms the pore of voltage- and ligand-gated channel proteins. 

A plethora of peptides aggregate i n l i p i d bilayers, either to form w e l l -
defined single-channel events or to produce more erratic membrane-disrup
tive effects, as recently reviewed (79). Amphipath ic peptides that aggregate 
as ordered aligned arrays that are parallel to the bilayer normal may expose 
charged or polar residues toward a central pore and thus form discrete 
conductance events. Aggregates of different oligomeric number and hence 
distinct conductances are expected to occur (5 , 48, 79). However , dependent 
on the specific sequence, amphipathic peptides may preferentially orient 
themselves perpendicular to the membrane normal or form transient micelles 
that produce sporadic changes i n conductance that resemble single-channel 
events (80). Consequently, it is of paramount importance that the channel-
forming ability of peptides be thoroughly documented, inc luding a careful 
selection of suitable controls, because otherwise erroneous conclusions are 
l ikely to be drawn. 

Recently, a study was publ ished on an amphipathic peptide, ΜΑ-β, that 
approximates the sequence of a segment of the nicotinic A C h R (81). T h e 
amino acid sequence of the synthetic ΜΑ-β peptide inc luded the substitution 
of the C- terminal glutamic acid for lysine. This change may profoundly 
influence potential channel properties of the peptide. T h e conclusion that 
synthetic peptides do not serve as a reliable model system for the pore 
structure of channel proteins is thus based on results obtained wi th a single 
peptide that does not exactly represent the sequence of the target protein. 
Further , the M A segments of the A C h R are otherwise not considered to be 
involved i n pore l in ing (5, 39, 42, 44-47, 49, 61). N o efforts to evaluate the 
potential significance of the results obtained w i t h the ΜΑ-β peptide w i t h 
respect to the pore- forming structure of the A C h R are apparent (81). ΜΑ-β 
is reported to form heterogeneous conductance events of diverse open-chan
nel l i fetime. Ionic selectivity of observed channels was not addressed. Record
ings w i t h ΜΑ-β were obtained w i t h concentrations of peptide up to 50 
μ g / m L , a large excess for detection of single molecular events. Recordings 
were displayed at t ime resolution too low to validate the occurrence of 
discrete single-channel events, and very few events were analyzed; about 200 
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events were used to establish conductance levels. In addition, no control 
peptides of similar length or amino acid composit ion were investigated; 
neither were peptides that represent other segments of the authentic A C h R 
or peptides w i t h site-specific substitutions of the ΜΑ-β sequence. T h e very 
l imi ted characterization o f ΜΑ-β only demonstrates that the peptide indeed 
interacts w i t h the bilayer but does not substantiate its channel-forming ability. 
Thus, these results do not warrant any deductions w i t h regard to the 
relevance of synthetic peptides i n emulating the structure of the authentic 
A C h R channel . 

Positively charged residues of a peptide interact w i t h negatively charged 
lipids and cause channel activity (82). This l imitat ion is associated w i t h the 
study of the ΜΑ-β peptide (81) as w e l l as a study of a positively charged 
peptide that represents an S4 segment of the voltage-dependent sodium 
channel (83); both peptides were studied i n a negatively charged bilayer. T h e 
lack of appropriate controls further weakens the conclusions of such studies. 
Unfortunately, such superficial studies that lack rigor i n design and character
ization (81, 83, 84) are not infrequent and hamper the development o f sound 
model systems for pore proteins. 

T h e comprehensive strategy described here aims to identify i n the 
primary structure of voltage- and ligand-gated channel proteins sequence-
specific motifs that define the pore- forming properties. Particular emphasis is 
on pore size and ionic selectivity of the open channel . T h e validity of this 
approach is supported by 

• the ability of both synthetic monomel i c peptides that represent 
a single presumed transmembrane segment to self-assemble i n 
l i p i d bilayers to form conductive oligomers 

• the pore- forming capability of larger nonlinear synthetic pro
teins w i t h sequences that represent suggested transmembrane 
segments, designed to adopt a predetermined conformation. 
Synthetic m o n o m e l i c peptides w i t h sequences of the Μ 2 δ 
segment of the acetylcholine receptor or an S3 segment of the 
brain sodium channel form cation-selective channels i n l i p i d 
bilayers (37, 48), and four-helix bundle proteins that represent 
the presumed pore structure o f the A C h R channel and the 
D H P - s e n s i t i v e calc ium channel m i m i c the activity of the target 
channel proteins (49, 71). W o r k i n progress indicates that this 
strategy is also valuable for identification of pore- l ining ele
ments of a voltage-gated potassium channel and of the glycine 
receptor (85). 

Synthetic peptides 2 1 - 2 3 amino acids i n length, w h i c h represent the 
sequence of one transmembrane segment, provide a tool to readily assay the 
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involvement of such segments and the participation of specific residues i n 
l in ing the pore. In addition, short peptides are quite accessible to chemical 
synthesis and purification. A salient advantage inherent i n the design of 
branched molecules that favor the formation of α-helical bundles is the 
control o f oligomeric number . A t present, tethered tetramers of identical 
peptide blocks have been shown to m i m i c key pore properties of the target 
protein. A n immediate goal is to design and synthesize proteins that more 
closely match the sequence of the authentic channel: T h e realization of 
heterooligomers as w e l l as pentameric or hexameric structures w o u l d greatly 
enhance the power of this approach i n investigations of the structure and 
functional properties o f the pore- forming element. 

T h e extensive sequence conservation and the occurrence of homologous 
domains wi th in the superfamilies of voltage- and ligand-gated channel pro
teins suggests the existence of a c o m m o n moti f for the pore- forming element 
of these proteins. A tightly packed, ordered structure of proteins gives rise to 
regular structural motifs, such as the α-helix. Amphipath ic segments of 
sufficient length to traverse the hydrocarbon core of a l i p i d bilayer and w i t h a 
propensity for α-helical conformation are identifiable i n all pr imary structures 
of channel proteins (5) . Membrane-spanning helices 2 0 - 2 2 residues i n 
length have been identif ied i n the high-resolution structure of two membrane 
proteins, bacteriorhodopsin (86) and the photosynthetic reaction center (87). 
Consequently, a bundle of amphipathic α-helices that form an aqueous pore 
is a plausible unifying structure for this key functional element of channel 
proteins. 
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Fractal Analysis of Channel 
Mechanisms 

Larry S. Liebovitch 

Department of Ophthalmology, Columbia College of Physicians and Surgeons, 
Columbia University, 630 West 168th Street, New York, NY 10032 

The sequence of open and closed states measured from individual ion 
channels is fractal; namely, the pattern of openings and closings at one 
temporal resolution is similar to that viewed at other temporal resolu
tions. This phenomenon suggests that ion channel proteins have (1) 
many states that are shallow energy minima, (2) different physical 
processes that cooperate to open and close the channel, (3) activation 
energy barriers between states that vary in time, and (4) a set of 
processes that have different widths in their distribution of activation 
energy barriers. If the switching between different conformational 
states is deterministic chaos rather than a stochastic process, then 
channels may be able to organize structure fluctuations into coherent 
patterns of motion. 

Ion Channels 
As already described in detail i n the previous chapters, ion channels are 
proteins that consist of a few thousand amino acid residues and a few 
hundred carbohydrate residues that span the l i p i d ce l l membrane ( I , 2 ) . 
These channel proteins can have several different three-dimensional struc
tures called conformational states. Some conformational states have a central 
hole, so that the channel is open to the flow of ions into or out of the cel l . 
Other conformational states are closed to the flow of ions. Because these 
conformational states differ by energies that are less than the thermal 
fluctuations, a channel is always spontaneously switching between different 
open and closed states. 

0065-2393/94/0235-0357$08.00/0 
© 1994 American Chemical Society 
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T h e sequence of open and closed states of an individual ion channel can 
be revealed by the patch clamp technique developed by Neher , Sakmann, 
Sigworth, H a m i l l , and others ( I , 2) . A small piece of cel l membrane, w h i c h 
may contain one i o n channel, is sealed i n the tip of a micropipette. T h e 
picoampere currents w h e n the channel is open can be resolved. Thus, as 
shown i n F igure 1, the durations of the times spent i n the open and closed 
states can be measured. Because this measurement is per formed on a single 
protein molecule, it is a m u c h more sensitive probe of protein kinetics than 
other biochemical or biophysical techniques that average their signals over 
many molecules i n different states. 

T h e switching between different conformational states results f rom phys
ical processes i n the channel protein. Thus, the patch clamp data is an 
important probe of the mechanisms that cause the channel protein to change 
its conformational state. W e w i l l review how the changing interpretations of 
the patch clamp data l ed to a new understanding of the mechanisms that 
open and close the ion channel . 

Hodgkin-Huxley Model 
In 1952 H o d g k i n and Huxley (3) proposed a mathematical form that could 
represent the currents measured across cel l membranes. They noted (3) that 
"these equations can be given a physical basis i f we assume that potassium 
can only cross the membrane w h e n four similar particles occupy a certain 
region of the membrane . . . and i f the sodium conductance is assumed to be 
proportional to the number of sites on the inside of the membrane w h i c h are 

fc = 10 Hz 

5 pA 

50 msec 

Figure 1. The current through an individual ATP-sensitive potassium channel of 
rat pancreatic Β cells recorded by K. Gillis, L. Falke, and S. Misler. At the 
bottom, one opening is shown at finer time resolution to illustrate that it has 
self-similar fractal properties. (Reproduced with permission from reference 38. 

Copynght 1990 New York Academy of Sciences.) 
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occupied simultaneously by three activating molecules but are not b locked by 
an inactivating molecule . " Al though it is now known that channels function as 
fixed units rather than transitorily assembled forms, the central idea of this 
model that channels have only a few discrete states has remained. It is 
assumed that the switching between these different states is random; that is, 
there is a constant probabil i ty per second of switching f rom one state to 
another. This mathematical formulation is cal led a M a r k o v model . T h e 
physical interpretation of these mathematical assumptions is that the channel 
protein has a few distinct, independent conformational states, w h i c h are 
separated by significant activation energy barriers, that are constant i n t ime. 

Fractals 
T h e psychologist M a s l o w wrote that " i f the only tool you have is a hammer, 
you tend to treat everything as i f it were a n a i l " (4). M a r k o v processes based 
on the H o d g k i n - H u x l e y mode l had been widely used to describe ionic 
currents measured i n many different experiments. However , i n 1986, we 
began to use a new tool to analyze the patch clamp data. T h e insight gained 
f rom this new analysis has changed our ideas about the processes that open 
and close the i o n channel. T h e new tool is based on fractals. 

Fractals have fascinating properties that are present i n many natural 
objects and had not been incorporated i n previous models of nature (5, 6). I f 
any small piece of a fractal is magnified, it appears similar to a larger piece. 
This property is called self-similarity and is illustrated by the fractal i n F igure 
2. Self-similarity can occur only i f structures at a small scale are related to 
structures at a larger scale. Fractal objects include the repeated bifurcations 
of the airways i n the lung (7) , the distribution of b lood flow i n the ever-smaller 
vessels i n the heart (8) , and the ever-finer infoldings of cellular membranes 
(9) . 

Quantitatively, self-similarity means that a property L measured at scale 
χ is proportional to the same property measured at scale ax; namely, 

L(x) = kL(ax) (1) 

where k is a constant. Such self-similarity means that a property L measured 
at resolution scale χ w i l l be a power law function of the scale x: 

L(x) =Axl~d (2) 

where A is a constant and d, w h i c h is between 1 and 2, is cal led the fractal 
dimension. T h e scaling relation of e q 2 can be verif ied by substituting e q 2 
into e q 1. 

Fractals have some mathematical properties that many scientists may find 
surprising. F o r example, the moment of a set of measurements, such as the 
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360 BIOMEMBRANE ELECTROCHEMISTRY 

Figure 2, The Sierpinski triangle is an example of a fractal object. It is 
self similar, that is, small pieces are similar to the whole object. (Reproduced 
with permission from reference 38. Copynght 1990 New York Academy of 

Sciences.) 

mean or variance, exists w h e n it approaches a finite l imi t ing value as 
additional data are analyzed. However , i n a fractal, a moment may not exist 
because as more data are analyzed, the value of the moment may continually 
increase or decrease rather than approach a finite l imi t ing value (6) . This 
changing moment value is due to the fact that self-similarity means that the 
small scale deviations are repeated as ever-larger deviations at larger scales. 
F o r example, examination of F igure 2 at ever-finer spatial resolution reveals 
ever more holes, and thus the average density approaches zero rather than a 
finite value. I n a fractal t ime series, there w i l l be ever-larger deviations that 
have the self-similar shape of the smaller deviations, and thus the variance 
w i l l approach infinity. T h e value of the signal averaged over short times can 
thus fluctuate widely. 
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Single Channel Recordings Have Fractal Properties 
Researchers who do patch c lamp experiments ( including us) often find that 
the activity of channel openings and closings fluctuates i n t ime and changes 
suddenly f rom periods of great activity to periods of little activity. These 
changes are interpreted as reflections o f sudden physical changes i n the 
channel protein. However , to us these alternations resemble the fluctuations 
produced by a fractal process, w i t h infinite variance, where the underlying 
physical process remains absolutely constant. 

This interpretation is supported by the self-similar nature of the data 
shown i n F igure 1. There are bursts wi th in bursts w i t h i n bursts of openings 
and closings. C h a n n e l data collected w i t h i n the upper hierarchies of bursts 
w i l l have high channel activity, whereas data collected between the hierar
chies w i l l have little channel activity. 

These impressions were suggestive but only qualitative. Thus, we needed 
new quantitative methods to test i f the channel data were fractal. Previously, 
people had assumed various kinetic schemes and fit these schemes to the data 
to determine the parameters of these models. O u r approach was very 
different. W e developed new methods to analyze and display the data (10, 
I I ) . O n these new plots, fractal and other models obviously have different 
forms. Thus, we can plot the data and let the form of the plots reveal the 
characteristics of the channel kinetics. 

W e recorded the current through potassium channels i n the corneal 
endothel ium i n analog form on a frequency modulat ion ( F M ) tape recorder. 
W e sampled the data wi th an analog-to-digital ( A / D ) converter and then 
determined the distributions of closed times on our computer. T o sample the 
same data at different t ime scales we repeated the analysis at different A / D 
sampling rates. These results are shown i n F igure 3. E a c h histogram has a 
very different t ime scale. W h e n the data are sampled very rapidly, the 
analysis concentrates on the short closings; w h e n the data are sampled very 
slowly, the analysis concentrates on the long closings. Yet, as seen i n F igure 3, 
the shape of each distribution is similar. This is self-similarity i n t ime. That is, 
the form of the distribution is the same w h e n the data are sampled at 
different t ime scales. This observation implies that there exists a fractal 
scaling relationship that describes how the br ie f closings are related to the 
long closings. W h e n the data are not fractal, the histograms sampled this way 
do not have this form (10). 

T h e self-similarity of the data suggests another new quantitative measure 
of the channel kinetics. T h e most frequently used kinetic measure is the 
kinetic rate constant, w h i c h is the probabil i ty per second that the channel 
switches f rom one state to another. However , the channel must remain i n a 
state long enough to be detected i n that state. Thus, what we really want to 
measure is the conditional probability (per second) that i f the channel 
remains i n a state for at least a certain t ime t e f f that it w o u l d switch to 
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Number 

A/D s 5000 Hz 

100 180 260 340 

A/D = 1700 Hz 

594 1122 

100 χ 

K l 
10 

0.1 

to 

A/D = 500 Hz 

n 
200 1000 1800 2800 3400 

100 

10 

0.1 

ft A/D = 170 Hz 

-H-
3300 5940 11220 

Closed Time in ms 
Figure 3. To determine if the current through a potassium channel in the 
corneal endothelium has fractal properties, we sampled the same analog 
recording of the current at four different analog-to-digital (A /D) conversion 
rates. The histogram of closed times determined from each A /D rate are shown. 
The time axis of each histogram is quite different because the fast A /D sampling 
rates preferentially sample the brief closings, whereas the slow A /D sampling 
rates preferentially sample the long closings. Note that the form of each 
distribution is similar. That is, the form of the closed-time histogram is the same 
when the data are sampled at different rates, indicating that these data are 
fractal in time. Thus there exists a fractal scaling relationship that describes how 
the brief closings are related to the long closings. (Reproduced with permission 

from reference 38. Copyright 1990 New York Academy of Sciences.) 
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another state. W e called this measure the effective kinetic rate constant, ke{f 

(10, I I ) . T h e t ime f e f f required for detecting the state of the channel is the 
effective time resolution at w h i c h we measure the data. 

T h e nature of the channel data can be determined by evaluating how the 
effective kinetic rate constant fceff varies as a function of the effective t ime 
scale £ e f f at w h i c h it is measured. W e developed several different methods to 
determine this function f rom the experimental data (10, I I ) , and subse
quently our methods have been improved by others (12, 13). 

I f the channel openings and closings are fractal, then i n analogy to e q 2, 
we find that 

W r f ) = ^ (3) 

T h e effective kinetic rate constant ke(f is the probability for changing states 
w h e n we observe the data at temporal resolution f e f f . N o t e that because 
1 < d < 2, fceff increases w h e n we observe the channel at finer temporal 
resolution £ e f f . That is, the faster we can look, the faster we see the channel 
open and close. I f log ke{{ is plotted versus log f e f f , then e q 3 is a straight 
l ine. W h e n the data are not fractal, this plot has other forms. F o r example, 
w h e n there are only a few discrete states, such as those predicted by the 
M a r k o v model , then there are a few w e l l separated plateaus o n this plot (10) . 
Thus , without making any a pr ior i assumptions about the data, we determine 
the function fceff(ieff) and thus plot log keff versus log teS. T h e form of this 
plot can thus tel l us the characteristics of the channel kinetics. 

As shown i n F igure 4, for the channel i n the corneal endothel ium, we 
found (10) that the logarithm of the effective kinetic rate constant fceff as a 
function of the logarithm of the effective t ime scale £ e f f is a straight l ine, 
w h i c h is consistent w i t h eq 3. Thus, this channel has fractal kinetics. W e also 
found a similar form for the currents recorded through channels i n cultured 
hippocampal neurons ( I I ) . 

I f Pit) is the cumulative probabil i ty that a channel remains i n a state for 
a t ime t or longer, then it can be shown (10, I I ) that 

*eff(*eff) = ~ { 4 l n P(t)]/dt}t=te({ (4) 

Thus, for a channel w i t h fractal kinetics, equations 3 and 4 imply that the 
cumulative dwel l t ime distribution has the form 

P(t)=exp{[-A/(2-d)]t2-d} (5) 

w h i c h is a form found i n many fractals and is known by many different 
names, inc luding stretched exponential, W e i b u l l distribution, and W i l l i a m s -
Watts law il4). W h e n d « 2, then e q 5 is approximately 

Pit) = Bt (6) 
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364 BIOMEMBRANE ELECTROCHEMISTRY 

effective time scale 
t(eff) in msec 

Figure 4. The effective kinetic rate constant is the probability that the 
channel changes state when the current through the channel is measured at an 
effective time resolution te^. The data shown were measured from a potassium 
channel in the corneal endothelium and have the power law form of eq 3, which 
is indicative of self-similar fractal behavior. (Reproduced with permission from 

reference 38. Copynght 1990 New York Academy of Sciences.) 

where α and Β are constant. T h e data f rom many different channels have 
this power law form (15, 16). 

T h e data f rom some channels are more complex than the forms of 
equations 5 or 6. F r e n c h and Stockbridge {12, 13) found a surprising and 
interesting form on their plots of log fceff versus log i e f f f rom potassium 
channels i n fibroblasts. These plots were power laws at short times w i t h a 
plateau at long times. Thus , the kinetics were fractal at short t ime scales and 
had a single wel l -def ined discrete M a r k o v state at long t ime scales. T h e 
kinetics o f the channel changed w h e n the voltage across the membrane or the 
calc ium concentration i n the solution was changed. W h e n F r e n c h and 
Stockbridge fitted their data w i t h a M a r k o v mode l wi th three closed and two 
open states, the many kinetic rate constants of that model showed no 
consistent trends w i t h voltage or calc ium concentration. However , plots of log 
keff versus log f e f f revealed that the kinetics changes could be characterized 
by a change only i n the value of the plateau of the M a r k o v state. This 
discovery of unanticipated forms shows the value of using these plots. 
Moreover , because this description can characterize the changes i n the 
kinetics i n such a simple way, it may lead us to a better understanding of the 
underlying mechanisms. 
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16. LIEBOVITCH Fractal Analysis of Channel Mechanisms 365 

Inspection of a large amount of publ ished data suggests that some 
channels are best described by fractal scalings, some channels are best 
described by discrete single M a r k o v states, and other channels show fractal 
behavior at some t ime scales and discrete-state M a r k o v behavior at other 
t ime scales. 

Protein Properties Suggested by the Fractal Interpretation 
T h e M a r k o v description of ion channel kinetics, originally derived f rom the 
H o d g k i n - H u x l e y model , implies that the ion channel protein has certain 
physical properties. 

1. T h e M a r k o v model assumes that the channel protein can have 
only a few conformational states. T h e structure of a protein can 
be represented by a potential energy function. Stable conforma
tional states correspond to local m i n i m a i n that potential func
t ion. Thus, the wel l -def ined discrete states of this mode l sug
gest that there are a few deep local minima i n the potential that 
are w e l l separated f rom other local m i n i m a . 

2. T h e fact that the kinetic rates that connect different states are 
determined as independent parameters f rom the data suggests 
that the physical processes that cause these transitions are 
independent. 

3. Because the probabil i ty to switch f rom one state to another is 
assumed to be constant i n time, this mode l also suggests that 
the energy structure remains constant. 

T h e discovery of the fractal properties of the single-channel recordings 
now suggests a different picture of the physical properties of the i o n channel 
protein than the foregoing three properties that were suggested by the 
M a r k o v model . 

1. The continuous nature of the effective kinetic rate constant 
function k e { { ( f e f f ) suggests that there is actually a broad contin
u u m of many channel states. That is, the energy structure of 
the channel must have a very large number of shallow local 
minima, rather than the few deep m i n i m a suggested by the 
M a r k o v model . 

2. T h e fractal nature of the single-channel data means that there 
is a relationship between short and long dwel l times i n a state. 
That is, rapid processes are related to slow processes, rather 
than being independent. R a p i d processes are transitions over 
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366 BIOMEMBRANE ELECTROCHEMISTRY 

small activation energy barriers, whereas slow processes are 
transitions over large activation energy barriers. Thus, the small 
activation energy barriers are related to the large activation 
energy barriers wi th in the channel protein. E a c h transition over 
an activation energy barrier can be represented by a kinetic rate 
constant. Hence , the kinetic rate constants that connect the 
states are related, rather than being independent of each other. 
Thus, even though there are very many kinetic rate constants, 
we do not need a mode l w i t h very many adjustable parameters, 
because the kinetics can be described by a fractal scaling w i t h a 
small number of parameters. This fractal scaling determines the 
relationship between the kinetic rate constants. Because dif
ferent processes are interrelated, the opening or closing of the 
channel depends on the coordinated interaction of these many 
different physical processes; that is, they function cooperatively. 
This mechanism is a very different physical picture f rom that 
suggested by the M a r k o v model i n w h i c h the different physical 
processes, represented by the different kinetic rate constants, 
are assumed to be completely independent. B o t h the fractal 
and M a r k o v interpretations can have many states. T h e differ
ence i n the physical pictures suggested by these models is that 
the fractal model implies that the transition rates between these 
states are causally related because of the physical structure and 
dynamics in the channel protein. T h e relationships between the 
kinetic rate constants that are needed to result i n kinetics w i t h 
fractal properties were derived by Liebovi tch (17) , Mi l lhauser 
et al . (18), Levit t (19), and K i e n k e r (20). 

3. E a c h change i n channel conformation can be described as the 
transition across an activation energy barrier. T h e sequence of 
such barriers that are crossed thus describes the kinetics. A 
sequence of different barriers can be equivalently thought of as 
a single barrier whose value is different at different times. 
Thus, the cooperativeness of the different physical processes i n 
the channel protein, suggested by the fractal properties, can 
also be equivalently described as transitions across an activation 
energy barrier that varies i n time. This interpretation suggests 
that the energy structure of the channel protein is changing, 
rather than constant i n t ime. Such transitions can be described 
by a t ime-dependent rate constant. T h e t ime dependence of 
such kinetic rates that are needed to result i n kinetics w i t h 
fractal properties was derived by Liebovi tch et al . (10, 11, 17) 
and Lâuger (21). 
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T h e different physical properties of the i o n channel protein suggested by 
the M a r k o v model and fractal properties of the data can also be described 
another way. T h e channel kinetics can be described as transitions between 
open and closed substates separated by activation energy barriers (22, 23). 
W h a t distribution of activation energy barriers is needed to explain the 
statistical properties of the single-channel data? T h e M a r k o v model assumes 
that this distribution is a small set of D i r a c delta functions, as shown i n 
Figure 5. That is, there are a few such activation energy barriers and each 
occurs only at one discrete energy rather than being spread over a distr ibu
t ion of energies. This set of energy barriers is assumed to remain constant i n 
t ime. T h e M a r k o v model , a pr ior i , imposes a distribution of this form. This 
distribution is specified by its parameters, w h i c h are the number of activation 
energy barriers, their activation energies, and their relative strengths. T o fit 
the data, only the parameters of this distribution are adjusted. This form of 
the distribution of activation energy barriers implies (23) that the cumulative 
probabil i ty distribution P(t) that the channel remains i n a state for a t ime t 
or longer has the form 

P(t) = aYe'h* + a 2 e ' b 2 t + ··· +ane~h»t (7) 

where η is the number of discrete activation energy barriers, bn are the t ime 
constants of the exponential terms, and an are the relative weights of the 
exponential terms. 

O n the other hand, rather than impose a functional form, we can 
determine the distribution of activation energy barriers f rom the observed 
channel kinetics. L iebovi tch and T o t h showed (23) that w h e n the channel 
data have fractal properties, this distribution has a broad peak. The broader 
this peak, the more fractal the data; the narrower the peak, the more the data 
resemble that of a single M a r k o v state. Rubinson (24) and Croxton (25) have 
also derived distributions of activation energy barriers that result i n kinetics 
w i t h fractal properties. As noted i n the previous section, many channels seem 
to have fractal properties at some t ime scales and yet single-state M a r k o v 
properties at other t ime scales. Fractal kinetics result f rom physical processes 
that span large ranges of t ime scales and thus have very broad distributions of 
activation energy barriers. Single-state M a r k o v processes result f rom physical 
processes w i t h sharply defined time scales and thus very narrow distributions 
of activation energy barriers. 

T h e fractal scaling arises w h e n a continuous distribution of activation 
energy barriers spans a large range i n energy. A similar scaling w i l l occur i f 
there are a large number of discrete activation barriers that nearly uni formly 
span a large range i n energy. Thus, fractal scalings can also be constructed 
f rom discrete Markov-type models w i t h appropriately chosen energy barriers; 
namely, w h e n there are many states that have enough activation energy 
barriers to nearly uniformly cover a large range i n energy (18, 19). This new 
type of M a r k o v model , however, is qualitatively different and has a very 
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Markov 

distribution 
of 

activation 
energy 

activation energy 

Fractal 

distribution 
of 

activation 

Figure 5. The kinetics of the channel switching between different states can be 
described by the distribution of activation energy barriers that connect the 
different states. Top: The Markov model assumes that this distribution is a small 
set of Dirac delta functions at discrete activation energies. That is, each 
activation energy barrier is sharply defined at only one unique value. Bottom: 
The published data from many channels suggest that the distribution of activation 
energy barriers consists of sets of activation energy barriers, each of which is a 
distribution with a finite width. At time scales corresponding to activation 
energies that have wide distributions, the kinetics have very strong fractal 
properties, which correspond to physical processes extending over many time 
scales. At time scales that correspond to activation energies that have narrow 
distributions, the kinetics are more like that of a single Markov state, which 
corresponds to physical processes that occur only over a small range of time 

scales. 
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different interpretation than the traditional M a r k o v model , w h i c h has only a 
few states whose rate constants are independent of each other. B o t h the 
continuous fractal distribution and the new type of M a r k o v model w i t h many 
states w i t h dependent rate constants imply that there are many states and that 
the form of the distribution of energy barriers arises f rom some physical 
mechanism wi th in the channel protein. 

T h e publ ished data suggest that most channels have different processes 
that span different ranges of t ime scales. Some processes extend only over a 
l imi ted range of t ime scales, have relatively narrow distributions of activation 
energy barriers, and thus are more Markov- l ike . Other processes extend over 
a very wide range of t ime scales, have very broad distributions of activation 
energy barriers, and thus are more fractal-like. C h a n n e l proteins display a 
collection of different types of physical processes wi th these different charac
teristics. Hence , the distribution of activation energy barriers that w o u l d fit 
the channel data is the distribution schematically shown i n F igure 5. 

Fractal Interpretation Consistent with Known Properties 
of Globular Proteins 
T h e biophysical properties of membrane-bound proteins, such as i o n chan
nels, are m u c h more difficult to determine than the properties of globular 
proteins because the structure and function of membrane proteins depend o n 
their unique location: partially embedded i n the hydrophobic l i p i d m e m 
brane, yet reaching into the hydrophil ic aqueous solution. The structure of 
membrane-bound proteins significantly changes w h e n they are removed f rom 
the l i p i d membrane. Thus, few membrane proteins have been crystallized for 
analysis by X-ray diffraction to determine their three-dimensional structure. 
Lack of this structural information also has l imi ted theoretical simulation 
techniques, such as molecular dynamics, w h i c h require such experimental 
information as a starting point . Hence , the detailed biophysical properties of 
i o n channels are not yet known. However , we expect that i o n channel 
proteins share many properties w i t h their cousins the globular proteins. Thus, 
we w i l l briefly review the properties of globular proteins and compare them 
to the properties suggested by the M a r k o v and fractal interpretations of the 
single-channel data. 

Calculations of the potential energy funct ion of a large number of 
different globular proteins demonstrate that these proteins al l have a very 
large number of shallow local energy m i n i m a (26) . This analysis is consistent 
w i t h the physical properties of ion channel proteins suggested by the fractal 
properties of the channel data and inconsistent w i t h the few deep m i n i m a 
predicted by the M a r k o v model . 

T h e t ime course of the b inding of C O to myoglobin is determined by the 
distribution of activation energy barriers that the C O must cross to reach its 
b inding site. Thus, experiments that measure the number of myoglobin 
molecules that have b o u n d C O after a given t ime can be used to calculate the 
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distribution of activation energy barriers (22) . T h e t ime course of the flipping 
of a tryptophan ring, as reported by fluorescence, can also be used to 
determine the distribution of activation energy barriers through w h i c h the 
r ing moves (27) . These examples, and many other experiments, demonstrate 
that globular proteins have a broad continuous distribution of activation 
energy barriers. Such distributions are consistent w i t h the physical properties 
of ion channel proteins suggested by the fractal properties o f the channel data 
and inconsistent wi th the set o f a few D i r a c delta functions predicted by the 
M a r k o v model . 

Molecular dynamic simulations of the fluctuations in proteins show that 
the energy structure varies i n t ime and that such variations i n the activation 
energy barriers are crucial i n the functioning of enzymes. F o r example, the 
energy barrier determined f rom the static crystallographic structure o f myo
globin is so large that oxygen w o u l d never be expected to reach the b inding 
site i n the protein. However , as t ime goes by, small fluctuations i n the 
structure open up a passageway for oxygen to reach the b i n d i n g site (28) . T h e 
time dependence of the energy structure is consistent w i t h the physical 
properties of ion channel proteins suggested by the fractal properties of the 
channel data and is inconsistent wi th the static structure predicted by the 
M a r k o v model . 

Thus, the biophysical studies demonstrate that globular proteins have (1) 
a very large number of conformational states corresponding to many shallow 
local m i n i m a i n the potential energy function, (2) very broad continuous 
distributions o f activation energies, and (3) t ime-dependent activation energy 
barriers. A l l these properties are consistent wi th the physical properties of i o n 
channels derived from the fractal properties observed i n the channel data and 
are inconsistent wi th the physical properties derived f rom the M a r k o v model . 

Controversy 
T h e physical properties of the ion channel protein suggested by the M a r k o v 
model differ f rom the properties suggested by the fractal properties of the 
single-channel data. T h e M a r k o v model suggests that (1) there are a few 
discrete conformational states corresponding to wel l -def ined energy minima, 
(2) the processes that cause transitions between these states are independent, 
(3) the energy structure of the channel remains constant i n t ime, and (4) the 
distribution of activation energy barriers that separate these states are a few 
D i r a c delta functions at discrete activation energies. T h e fractal properties of 
the single-channel data suggest that (1) there is a broad cont inuum of 
conformational states corresponding to a large number of shallow energy 
minima, (2) the processes that cause transitions between states are related, 
(3) the energy structures, such as the activation energy barriers, vary i n t ime, 
and (4) the distribution of activation energy barriers consists of some distr ibu
tions that are very broad and some that are narrow. 
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There is stil l some question as to whether the ion channel protein has the 
physical properties suggested by the M a r k o v model or the fractal properties 
of the single-channel data. F o r example, note the lively exchange of views i n 
the letters i n the Biophysical Journal by L iebovi tch (29), H o r n and K o r n 
(30), and M c M a n u s et al . (31). T h e M a r k o v models can fit the single-channel 
data w i t h great accuracy. However , this does not prove the validity of these 
models because the M a r k o v models have a very large number of adjustable 
parameters; sometimes as many as 16. W i t h such a large number of ad
justable parameters, even an inval id model is l ikely to fit any data. Arguments 
have been made that some M a r k o v models are a statistically better fit to the 
single-channel data than some fractal models (32-34). However , the mathe
matical justification that is the basis for this statistical comparison has been 
shown to be inval id (35) . T h e extensive experimental and theoretical studies 
of globular proteins support the physical properties suggested by the fractal 
interpretation. However , it is not yet known i f there are important differences 
between the properties of globular proteins and membrane proteins such as 
ion channels. 

W e think that i o n channels have the physical properties suggested by the 
fractal interpretation because the fractal properties are so clearly present i n 
the experimental data, and these properties are consistent w i t h the extensive 
experimental and theoretical studies of globular proteins. However , this issue 
can only be resolved by future work that includes X-ray diffraction and Ν M R , 
w h i c h are needed to determine the three-dimensional structure of the 
channel protein at h igh resolution; molecular dynamic simulations, w h i c h are 
needed to determine the dynamics of the motions wi th in the channel; and 
molecular biology, w h i c h can test our ideas of channel structure and dynam
ics by purposeful alterations of the channel. 

Chaos 
T h e entire previous discussion assumed that the switching of the i o n channel 
f rom one conformational state to another is an inherently stochastic or 
random process. T h e kinetic rate constant, or the effective kinetic rate 
constant, tells us the probabil i ty per second that the channel w i l l switch f rom 
one state to another, but it does not te l l us exactly w h e n this switch w i l l 
occur. A r e these transitions f rom one state to another really stochastic? 

W e now know that there are processes, w h i c h are not stochastic, whose 
output mimics stochastic behavior. This phenomenon is now called chaos. 
Chaos is a jargon w o r d that means that a system has certain mathematical 
properties. It should not be confused w i t h its nontechnical homonym that 
means confusion or disorder. A chaotic system can be described by a set of 
nonlinear difference or differential equations that have a small number of 
independent variables. Because these equations can be integrated i n t ime, the 
future values of the variables are completely determined by their past values. 
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That is, the system is completely deterministic; there is no randomness at a l l . 
However , the evolution of the values of the variables is exquisitely sensitive to 
their exact init ial values. That is, very slightly different init ial values of the 
variables w i l l soon evolve i n very different ways. Because these ini t ia l 
conditions can only be specified w i t h finite accuracy, the exact long-term 
behavior of the system is unpredictable, although its statistical properties can 
often be determined. Thus, chaotic systems are deterministic, yet unpre
dictable i n the long r u n . 

W e have shown that chaotic models can describe the qualitative features 
and statistical properties of the single-channel data (36, 37) . I n these models 
the switching between different conformational states is a completely deter
ministic rather than a stochastic process. T h e i o n channel is a mechanical 
structure of masses and springs, cal led atoms and bonds. These chaotic 
models suggest that such a mechanical structure can funct ion as a nonlinear 
oscillator to amplify its o w n motions, to force itself f rom one conformational 
state to another. Alternatively, one could say that the channel is organizing 
the nonperiodic thermal fluctuations of its structure into coherent patterns of 
motion. Thus, the motions w i t h i n channels that change the conformational 
state may be more organized than the stochastic switching models (previously 
described) suggest. These ideas are stil l i n their infancy, but they may 
ultimately change the way that we view and understand channel structure and 
dynamics. 

Summary 
T h e patch c lamp technique can measure the sequence o f open and closed 
times i n a single ion channel . This allows us the unprecedented opportunity 
to study how an individual protein switches between different conformational 
states. This single-channel data has fractal properties and is self-similar; that 
is, the statistical properties o f the switching between open and closed states, 
v iewed at one-time resolution, are similar to the properties v iewed at finer 
t ime resolution. Thus, the short dwel l times i n a state are related to the long 
dwel l times. These fractal properties suggest that the i o n channel protein has 
certain physical properties: 

1. There is a broad cont inuum of conformational states corre
sponding to a large n u m b e r o f shallow energy m i n i m a . 

2. T h e processes that cause transitions between states are related. 

3. T h e energy structure, such as the activation energy barriers, 
varies i n t ime. 

4. T h e distribution of activation energy barriers consists of distri
butions that are very broad and distributions that are narrow. 
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16. LIEBOVITCH Fractal Analysis of Channel Mechanisms 373 

It had always been assumed that the changes i n conformational state are 
inherently stochastic processes. However , new chaotic models suggest that 
channel proteins may organize fluctuations i n structure into coherent patterns 
of motion, so that the switching between conformational states may be 
deterministic rather than stochastic. 
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Noise in Biological Membranes and 
Relevant Ionic Systems 

S. M. Bezrukov1,3 and Igor Vodyanoy2,4 

1 University of Maryland, College Park, M D 20742 
2 Code 1141SB, Office of Naval Research, 800 North Quincy Street, 
Arlington, VA 22217 

We review progress in understanding electric noise sources and their 
physical mechanisms in biological membranes and relevant ionic sys
tems. Specifically, attention is given to noise components whose origin 
is different from the channel switching between conductance states. 
Nyquist’s formula applications and limitations in model and biological 
membranes and electrolyte solutions are discussed in view of current 
expérimental data. New experiments on conductance noise in elec
trolyte solutions, molecule number fluctuations in ion pores, and 
reversible protonation of the channel-forming molecule residues are 
presented. Several empirical and model approaches in studies of 1/f 
noise are critically reviewed. A simple analytical consideration of 
one-dimensional diffusion noise generation is presented to highlight 
the potential capacity of diffusion-induced kinetics in noise phenom
ena description. 

EILECTRIC NOISE MEASUREMENTS IN IONIC SYSTEMS were first reported i n 
1928 by Johnson, who inc luded several second-order conductors i n his 
classical study of equi l ibr ium noise ( I ) . Since then a great deal of experimen
tal and theoretical work has been performed. Ever-growing interest i n 
electric noise measurements is motivated by two primary concerns. First , to 
acquire, process, and transduce information, l iving organisms use many ionic 
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376 BIOMEMBRANE ELECTROCHEMISTRY 

systems. Most popular examples include sensory (such as visual, olfactory, and 
auditory) signal transduction and nerve impulse propagation along the axonal 
membrane of neuron cells. F luctuat ion phenomena and noise i n these 
biological systems set l imits o n the sensitivity and reliability o f their funct ion. 
Second, an electric noise is a source of information about the system under 
study. A classical example is the determination o f the value of the electronic 
charge f rom the shot noise i n vacuum tubes. D u r i n g the last two decades 
correlation and spectral analysis of noise i n biological and model membranes 
have provided novel insight into the molecular mechanisms of ionic conduc
t ion through these structures. 

Use of classification long established i n experimental physics enables 
identification of several sources that contribute to the total noise level i n 
biological membranes I n application to membrane ionic transport, such a 
classification was first introduced by Stevens (2) . Al though these noise 
sources are not always distinctly different by physical mechanism of noise 
generation or by spectral features, they can be fisted as follows: 

1. Johnson noise (equi l ibr ium voltage or current noise) 
2. Shot noise (charge transport noise) 
3. Conductance noise ( impedance modulat ion noise) 
4. 1/f noise (flicker noise) 

Most review papers on the subject of biological membrane noise have 
been devoted pr imari ly to conductance noise that arises f rom channel switch
ing between different conductance states. Several excellent reviews that vary 
i n volume and i n mathematical level of presentation o f material are available 
( 3 - 9 ) . 

T h e aim of this chapter is to review progress i n the field w i t h particular 
attention to the area that is still developing and is far f rom complete. 
Specifically, we discuss noise components that have a different origin f rom or, 
at least, are not soundly established as channel switching between conduc
tance states. A n u m b e r of studies per formed w i t h electrolyte solutions and 
other relevant ionic systems are considered. 

Johnson Noise 
Ionic systems, such as water solutions of N a C l , C u S 0 4 , K 2 C r 0 4 , and 
C a ( N 0 3 ) 2 and solutions of sulfuric acid i n ethyl alcohol, were among the 
objects of Johnson's experiments ( I ) that l e d h i m to conclude that there exists 
equi l ibr ium electrical noise of a universal nature that manifests thermal 
mot ion of charged particles i n conductors on a macroscopic level. Indepen
dently of a particular conductivity mechanism, the voltage spectral density, 
Sw(f), of this noise can be calculated f rom the real part of the system 
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17. BEZRUKOV AND VODYANOY Noise in Biological Membranes 377 

impedance, Re Z ( / ) , by the relation 

S v ( / ) = 4 f c T R e Z ( / ) (1) 

where is the Bol tzmann constant and Γ is the absolute temperature of the 
system. The spectral density of current noise can be obtained by dividing 
both sides of this relation by |Z(/)| 2, w h i c h gives the real part of system 
admittance on the right-hand side of eq 1. 

This relation was proved by Nyquist (10) to be a consequence of basic 
thermodynamics laws and, except for quantum corrections, was never really 
challenged. Studies performed with glass microelectrodes (11) and heteroge
neous ionic systems (12) showed that for zero ionic gradients and zero 
applied currents, the measured levels of noise were i n agreement w i t h noise 
levels calculated f rom the impedance according to e q 1. Hence , a study of 
electrical noise of a system under equi l ibr ium conditions can be initiated for 
only two reasons. First , i f there is some a p r i o r i information that the system is 
i n equi l ibr ium, then measurements of the system impedance or temperature 
can be per formed without external perturbations (quantum effects are not 
considered here). Second, i f impedance and temperature are measured 
independently by some other techniques, noise measurements can verify that 
the system under study is i n an equi l ibr ium state. 

Initial measurements on val inomycin-doped membranes (13, 14) showed 
that l i p i d bilayers, w h i c h provide cells w i t h an effective permeabil i ty barrier, 
are equi l ibr ium objects by this criterion. W i t h i n an accuracy of several 
percent, the experimentally obtained values of the spectral density of voltage 
noise showed agreement w i t h those calculated from relation 1. F igure 1 
illustrates this agreement for three val inomycin concentrations. F o r the 
v a l i n o m y c i n - K + system chosen for these experiments and for the frequency 
range used i n measurements, the dispersion i n membrane impedance was 
caused only by geometrical capacitance of the bilayer; the characteristic times 
of the transport process itself were too small to influence impedance i n this 
range. 

Similar results that show complete correspondence between noise and 
impedance (or admittance) i n equi l ibr ium conditions were independently 
reported for l i p i d bilayers i n the presence of hydrophobic ions (15-17) and 
for the v a h n o m y c i n - R b + transport system (18). 

Indeed, even nonequi l ibr ium systems do not necessarily show measur
able excess noise and, thus, deviate f rom relation 1. A n appropriate example 
that is relevant to the subject is a capillary channel that contains a stream of 
electrolyte maintained by an external pressure difference. Measurements on 
several aqueous polymer solutions w i t h added electrolytes per formed at up to 
5000 d y n / c m 2 shear stresses and zero external voltage showed that measur
able excess noise can be observed only for non-Newtonian solutions exhibit
ing elasticity (19, 20). Similar results were obtained for col lo id suspensions 
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F r e q u e n c y , H z 

Figure 1. The agreement of the spectral density of voltage fluctuations from 
valinomycin-modified phospholipid bilayers at equilibrium conditions (13, 14) 
with the Nyquist relation 1. An aqueous 0.01-M KCl solution at 33 °C was used 
in the experiments. Bilayer direct current resistances and valinomycin solution 
concentrations were 0.52-ΜΩ and 1.5 X 10~8 M (l), 0.19 ΜΩ and 5 X 10~8 

M (2), and 0.055 Μ Ω and 1.5 Χ 10~7 M (3). Solid lines are drawn in 
accordance with relation lfor the impedance of a parallel resistance—capacitance 
(RC) circuit using foregoing resistance values and a value of membrane 

geometrical capacitance. 

(21) and micellar solutions (22). I n these experiments the differences i n 
noise spectral densities of " u n p e r t u r b e d " electrolyte-fil led capillaries and 
capillaries w i t h maintained flow were below experimental accuracy of several 
percent. 

Transport Noise 
T h e Nyquist relation is no longer val id for nonequi l ibr ium systems. W h e n a 
nonzero mean electrical current flows through the system, the spectral 
density of electrical current fluctuations may differ by orders of magnitude 
f rom the fluctuations calculated f rom e q 1. 

T h e first source of nonequi l ibr ium noise, described as early as 1918 (23) 
( in fact 10 years earlier than Johnson noise), was shot noise that stems f rom 
the discrete nature of charge transfer. T h e current spectral density, Sj(/), o f 
this noise is white (independent of frequency /) up to frequencies of the 
order of the inverse t ime of elementary charge transfer and is given by 
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Sehottky's formula: 

S I ( / ) = 2 < 7 < 7 > (2) 

where (I) is the mean current through the system and q is the charge of 
flowing particles. This result holds for any system, independent of its com
plexity, i f the transport of charge is unidirect ional and charge-transfer events 
are uncorrelated. 

Indeed, for a current pulse i(t) produced as a result of the passage of a 
single charge-carrying particle, we can write 

Γ i(t) dt = q (3) 

J — 00 
where q is the charge of the particle. T h e one-sided spectral density of 
current noise produced by the uncorrelated sum (i.e., b y the Poisson wave) of 
such pulses is 

S1(f)=2v\G(f)f (4) 

where ν is the average number of pulses per second and 

G ( / ) = Γ i ( i ) e x p(-27r#) dt (5) 
J — 00 

Because of condit ion 3 the value of G(f) at / -» 0 approaches the value of 
the particle charge. T h e n we have 

Sanlf-.o^Zvq* (6) 

Use of the evident equality νq = (I) leads to relation 2, w h i c h implies that 
the low-frequency spectral l imit of noise produced by unidirectional flow of 
noninteracting charge carriers is always described by the Schottky formula . 

A persistent misconception that multistep charge transfer lowers shot 
noise exists i n the current literature. Several papers devoted to superconduc
tivity problems (24-26) make a misleading conclusion about the ability of 
intermediate stops of vortexes at p inning centers to lower the zero-frequency 
level o f magnetic shot noise. Similar statements about transport i n i o n 
channels are found i n biophysical literature, as evidenced by a direct quote 
f rom reference 27: " I f ions pass through a channel i n mult iple steps, each 
moving the i o n through only a fraction of the w i d t h of the membrane, the 
result w i l l be less transport noise than i n the simple shot process." This 
statement can be true only for very high frequencies that are comparable to 
the inverse t ime of i o n passage through a channel. 
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O n l y correlations between elementary steps of different charge carriers 
can change the low-frequency shot noise ampli tude. T h e simplest example of 
such a system, w h i c h is shown i n F igure 2, is a series arrangement o f 
macroscopic shot noise generators, where each generator for a given mean 
current (I) can be represented by an equivalent circuit that consists o f an 
" i d e a l " noise generator 2q(I) i n parallel w i t h an " i d e a l " (noiseless) resistor 
R. Because the expression 2q(I) stands for the spectral density and not for 
the current itself, the noise o f the whole arrangement, w h i c h is voltage-
c lamped at terminals A and B , is described by 2q{ I )/N. This is clear for the 
case Ν = 2 and, as a consequence, for any Ν that is an integral power of 2. 
H e r e , the decrease of shot noise amplitude is attributable to "anticorrelations" 
in transport events that arise f rom voltage fluctuations i n connectors between 
generators. This simple example illustrates one of the reasons why shot noise 
is rarely seen i n linear macroscopic conductors. 

Some useful theoretical approaches have been developed to describe the 
noise of many special transport mechanisms, such as ion channels, carriers, 
and electrogenic pumps (28-33). Unfortunately, there are few experimental 
studies of transport noise i n biological membranes and l i p i d M a y e r s . 

A significant contribution was made by H e i n e m a n n and Sigworth, who 
studied noise i n open gramicidin channels (27, 34). Remarkably, these 
authors m i n i m i z e d al l other noise sources i n the complex reconstitution 
system so that measurements o f transport noise o f a single i o n channel 
became possible. I n the case of N H j and N a + the measured noise was lower 
than the noise predicted by the Schottky formula. H e i n e m a n n and Sigworth 
explained this result using a four-state channel model . T h e model introduces 
an interaction between ions i n such a way that certain anticorrelations arise 
between moments o f successive ion passages through the channel. This 
anticorrelation results i n lowered noise intensity at the frequencies used for 
spectral measurements. 

F o r K + , R b + , and C s + the level of noise was larger than anticipated for 
transport noise and could not be described by the model . This noise level 

; ι 2q<I> I I 2 2q<I> 1 I Ν 2q<I> 

r<S>-i r<2>H r<E>n 
A 1 ( 1 < 

— W W — w w — — W W 
R i i R R 

Figure 2. Shot noise damping in a simple model circuit demonstrates why 
macroscopic linear conductors are usually free from this type of noise. The 
circuit is a series connection of Ν "ideal" current noise generators paralleled by 
"ideal" resistors. Anticorrelations in elementary transport events arise from the 

voltage fluctuations in connectors between generators. 
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increase was attributed to conformational fluctuations i n the channel struc
ture. 

Open-channel noise levels i n excess of the Schottlcy formula were also 
reported i n several papers on the same subject ( 3 5 - 3 9 ) . E isenberg et al . (39) 
obtained a 1/f type spectrum for a cation channel of frog lens epi thel ium. 
T h e intensity of the spectrum is orders of magnitude higher than expected for 
corresponding shot noise. A n approximately flat noise spectrum of about 
3 X 1 0 " 3 0 A 2 / H z f rom a potassium channel of lobster sarcoplasmic ret iculum 
was reported by Eisenberg et al . (40), who c la imed that it was close to the 
level of the channel Johnson noise. 

N o n e q u i l i b r i u m noise generated by carrier-mediated i o n transport was 
studied i n l i p i d bilayers modif ied by tetranactin (41). A s expected, deviations 
of measured spectral density f rom the values calculated f rom the Nyquist 
formula 1 were found. T h e instantaneous membrane current was described as 
the superposition of a steady-state current and a fluctuating current, and for 
the complex admittance i n the Nyquist formula only a small-signal part of the 
total admittance was taken. T h e justification of this procedure is occasionally 
discussed i n the literature (see, for example, Tyagai (42) and references ci ted 
therein), but is unclear. 

A generalization of the Nyquist formula, e q 1, was proposed by Grafov 
and L e v i c h (43) to describe fluctuations i n a nonlinear steady state. This 
approach is based on the fluctuation-dissipation thermodynamics of i rre
versible nonlinear systems and introduces the so-called dissipative resistance 
(42), w h i c h differs f rom small-signal resistance i n a general case. This result 
indicates that separation of equi l ibr ium and transport noise is not a w e l l -
defined procedure. 

Conductance Noise 
A noise that has a clearly distinct origin f rom noise discussed in previous 
sections is the electric noise that originates i n modulation of i o n transport by 
fluctuations i n system conductance. These temporal fluctuations can be 
measured, at least i n principle , even i n systems at equi l ibr ium. Such a 
measurement was conducted by Voss and C l a r k i n continuous metal films 
(44). T h e idea of the Voss and C l a r k experiment was to measure low-frequency 
fluctuations of the mean-square Johnson noise of the object. In accordance 
w i t h the Nyquist formula, fluctuations i n the system conductance result i n 
fluctuations i n the spectral density of its equi l ibr ium noise. Measurement of 
these fluctuations (that is, measurement of the noise of noise) yields informa
t ion on conductance fluctuations of the system without the application of any 
external perturbations. The samples used i n these experiments require rather 
large amplitude conductance fluctuations to be distinguished f rom Johnson 
noise fluctuations because of the intrinsic l imitat ion of statistics. Voss and 
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Clark (44) reported successful measurements for a InSb bridge w i t h relative 
fluctuations as large as SG(f)/(G)2 = 1 0 " 1 H z " 1 at 1 0 ~ 2 - H z frequency. 
H e r e G is conductance of the sample and SG(f) is spectral density of 
conductance fluctuations. 

In biological ionic systems, conductance noise is induced by membrane 
structures such as ion channels and fluctuations i n electrolyte conductance. 
Noise that originates f rom the switching o f i o n channels between different 
conductance states has been reviewed extensively ( 3 - 9 ) . Therefore, we l imit 
ourselves to a discussion of conductance fluctuations i n electrolyte solutions 
(45) and new noise sources that have been identif ied recently for currents 
through open i o n channels (46, 47). 

A n excellent review of the early history o f noise studies of different ionic 
systems, such as single pores i n th in dielectric films, microelectrodes, and 
synthetic membranes, is reference 3. T h e review by Weissman (48) describes 
several state-of-the-art fluctuation spectroscopy methods that include (1) 
determination of chemical kinetics f rom conductivity fluctuations i n salt 
solutions, (2) observation of conductivity noise that arises f rom enthalpy 
fluctuations i n the electrolyte w i t h high temperature coefficient of resistivity, 
and (3) detection o f large conductivity fluctuations i n a binary mixture near 
its crit ical point. 

F luctuat ion phenomena i n ionic solutions are a subject of growing 
interest (49SÏ). However , for several reasons (48), experimental approaches 
to studies of conductance fluctuations i n l i q u i d phase samples are not as w e l l 
established as those i n the sol id state. Strong electric fields that are used to 
measure conductance fluctuations (to produce noise i n excess of the Johnson 
noise) cause pronounced electroosmotic and electrophoretic complications. 
As a result, the measurements of conductance fluctuations are usually made 
w i t h a significant uncertainty factor (cited as 0.4 i n reference 52). 

I n pr inciple , as far as homogeneous and stationary objects are concerned, 
two alternative methods can be used to measure a single-time correlator of 
conductance fluctuations. O n e method is to instantaneously divide the sample 
volume (using a hypothetical procedure) into a set of identical elements, for 
instance, cubes. Af ter the conductance G o f each of the cubes is determined, 
the standard deviation of the conductance f rom the mean value is found. T h e 
other method is based on a sufficiently long (unperturbing) observation of the 
conductance o f a particular element that communicates w i t h an outer i o n 
reservoir. E q u i l i b r i u m exchange o f ions between the element and the rest o f 
the sample w i l l give rise to conductance fluctuations, and the standard 
deviation is obtained f rom consecutive readings. F o r ergodic systems, both 
methods should provide identical answers w i t h an accuracy dependent on the 
number of elements processed or on the measurement (observation) t ime. 

A method of large-scale conductance fluctuation measurements i n flow
i n g ionic solutions was developed (21) recently to measure the space average 
squared value of these fluctuations w i t h an accuracy of several percent. This 
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method is similar i n nature to the procedure of dividing the electrolyte 
volume into a set of identical elements. T h e laminar electrolyte flow consecu
tively changes elements of the volume i n a capillary and determines the 
fluctuation spectrum by its velocity profile. Parameters of the capillary and 
the hydrostatic pressure difference can be selected to minimize the effect of 
diffusion and electrokinetic phenomena. This approach eliminates the uncer
tainties inherent i n other experimental setups and substantially increases the 
absolute accuracy o f the conductance fluctuation measurements. 

T h e foregoing method was used to study fluctuations i n solutions of 
strong electrolytes (45) and i n ionogenic and nonionogenic micellar colloids 
(22). Strong electrolytes were chosen to represent 1:1 electrolytes w i t h nearly 
equal ( N a C l ) and significantly different ( H C l ) mobilities of anions and cations 
and a 2:1 electrolyte ( C a C l 2 ) . 

T h e results of these measurements are shown i n F igure 3 as the 
dimensionless value ((bG)2)/(G)2. T h e uppermost sol id straight l ine is 
drawn so that the relative mean square value of fluctuations is normal ized to 
the total number o f dissolved electrolyte molecules, NM ; that is, 

<(8C)2> = J _ 
< G > 2 NM

 { > 

T h e central and bottom straight fines are normal ized w i t h respect to a double 
and triple number of molecules, respectively. Analysis of the experimental 
dependencies shows that as the electrolyte concentration decreases, the 
fluctuation level approaches the value anticipated for a system of identical 
noninteracting particles. This t rend is observed both for N a C l and H C l , 1:1 
electrolytes that y ie ld two ions per dissolved molecule, and for C a C l 2 , a 2:1 
electrolyte that dissociates into one doubly charged and two singly charged 
ions. 

This " i d e a l gas behavior" of conductance fluctuations appears to be 
rather unaccountable. First , electrolyte solutions are systems w i t h pro
nounced interactions that are attributable to a slow decrease of C o u l o m b 
forces between ions; this brings about substantial correlation between mutual 
positions of ions i n space. Second, even i n the hypothetical case of weakly 
interacting charge carriers, the conductance fluctuation level is expected to 
be equal to the value calculated f rom the total number of carriers only w h e n 
the mobilities of different carriers are identical . Indeed, substantial differ
ence i n mobilities, say for a 1:1 electrolyte, forces lower mobil i ty carriers to 
be electrically " inv i s ib le " and, thus, the conductance fluctuations must be 
normal ized only to i o n species w i t h higher mobility; that is, to the total 
number of dissolved molecules. F igure 3 shows that this conclusion contra
dicts the H C l electrolyte experiments i n w h i c h the mobil i ty of cations is 
almost five times as large as that of anions. Nevertheless, the level of 
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0 . 0 1 0 .1 1.0 

Sa l t c o n c e n t r a t i o n , M 

Figure 3. Large-scale conductance fluctuations in aqueous solutions of several 
strong electrolytes measured by the laminar flow method vs. electrolyte 
concentration (45). The upper solid line shows the inverse total number of 
dissolved electrolyte molecules in the sample (that is, in solution volume 
confined by a fused quartz capillary channel of 13-radius and 0.4-mm 
length). The middle and lower lines correspond to inverse total numbers of ions 
for 1:1 and 2:1 electrolytes. At small electrolyte concentrations the fluctuation 
level is within several percent of the inverse number of ions independent of 

electrolyte type. 

conductance fluctuations is close to the value calculated f rom the normaliza
t ion that used the total number of ions. 

A generalization of the classical result of Lax and Mengert (53) to the 
case of multicharge ions and combined systems demonstrates that just 
because of the long-range C o u l o m b forces between ions, the conductance 
fluctuation level i n dilute simple electrolytes must be normal ized to the total 
number of ions regardless of the electrolyte type and i o n mobil i ty difference 
(45). However , this condit ion does not h o l d for complex electrolytes or 
electrolyte mixtures that contain more than one type o f cation or anion. I f the 
mobilities of different types of ions of the same sign are not equal, the 
fluctuation level w o u l d increase so that normalization to the total n u m b e r of 
ions in the sample w o u l d fail . 

A higher fluctuation level compared to the noise of an individual elec
trolyte was found i n the case of N a C l and H C l electrolyte mixtures. T h e 
results are presented i n F igure 4. Reference solutions of 0.025 M were mixed 
i n different proportions to assure variation of ionic composit ion whi le main
taining the total number of ions constant. Mobi l i t ies of positive ions, w N a and 
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3.0 

2.5 i 

2.0 

1.5 

N a C l - ^ H • H C l 

/ KNt 

1 1 1 1 1 1 1 1 
0.0 0.3 0.5 - 0.7 

l l 1 

1.0 

R e l a t i v e c o n c e n t r a t i o n o f H C l 

Figure 4. Mixtures of NaCl and HCl electrolytes show higher conductance 
fluctuations than individual electrolytes (45). The sample composition changes 
from pure NaCl solution (KH = 0.0J to pure HCl solution (KH = 1.0); the total 
number of ions is held constant. Experimental points for pure electrolytes are in 

good agreement with the inverse number of ions in the capillary. 

uH, i n dilute solutions of these electrolytes differ approximately by a factor o f 
7. T h e solid l ine is drawn according to theoretical considerations, w h i c h give 
the formula for the deviation of relative conductance fluctuations f rom the 
inverse total number o f ions i n the sample. T h e ratio θ of fluctuation level i n 
the electrolyte mixture to that i n a simple 1:1 electrolyte can be wri t ten as 
(45): 

a , ^ 2 K H ( l - K H ) ( u H - M N a ) 2 

0 = 1 + — (o) 
[ucl + wNa + KH(uH - u N J \ 

where the relative concentration of H C l is defined through proton and 
sodium concentrations, K H = nE/(nH + n N a ) . 

Indeed, m u c h higher levels of conductance fluctuations were reported 
for electrolytes that contain polystyrene latex suspensions (21) or micellar 
colloids (22). Fluctuations were shown to depend on concentration, charac
teristic size, and the charge o f co l lo id particles. F o r uncharged nonconductive 
spherical particles that occupy volume fraction F of the total sample volume 
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V , excess conductance fluctuations were i n agreement w i t h the expression 

< ( 8 G ) 2 > 3 >nd*F 

w h i c h directly relates particle diameter d w i t h relative fluctuation level 
< ( Ô G ) 2 > / < G > 2 . 

T h e present results describe an additional source of electrical noise that 
exists i n biological signal transduction media . T h e contribution o f this noise to 
currents through ion channels can be calculated by considering conductance 
fluctuations i n the region along the convergent ionic paths f rom the bulk 
electrolyte m e d i u m to the mouth o f the channel . Order-of-magnitude estima
tions show that although electrolyte conductance fluctuations are not impor
tant for small single channels where their contribution is significantly below 
the shot noise level, these fluctuations can be seen i n the case of closely 
packed mult ichannel arrays and larger transmembrane pores w h e n access 
resistance (54, 55) is comparable to the resistance of the channel proper. 

T w o newly identif ied mechanisms of conductance noise generation i n 
open i o n channels were reported recently. Experiments w i t h water-soluble 
polymers of different molecular weights showed that a "mesoscopic" trans
membrane pore formed by alamethicin permits observation o f electric noise 
generated by polymer molecule number fluctuations (46). Alamethic in i n 
duces aqueous pores of about 10-A radius that show several conductance 
levels. These pores are large enough to transport water-soluble polymers w i t h 
molecular weights u p to several thousand daltons. In polymer-free solutions, 
noise spectra of open-pore currents are frequency-independent i n the 
4 0 - 4 0 0 0 - H z range and decrease slightly w i t h conductance level number . T h e 
magnitude of this noise i n 1 - M N a C l solutions at 100-mV membrane voltage 
is comparable but stil l larger than shot noise anticipated for corresponding 
currents. 

T h e addition of water-soluble polymers to electrolyte solutions increases 
open-channel noise. Fluctuations i n the number of polymer molecules i n the 
channel produce a supplementary noise component. F o r polyethylene glycols 
w i t h 200-10 ,000-Da molecular weights, this component was white i n the 
frequency range of several M o h e r t z . F igure 5 presents the spectral density o f 
the open-channel noise averaged over 200-2000 H z as a function of polymer 
weight. In contrast to results for polymer-free solutions, the noise grows as 
the level number increases. Exper imental points for polymers smaller than 
4000 D a are i n agreement w i t h a simple theory of polymer number fluctua
tions. T h e theory takes into account the dependence o f polymer partit ion into 
the channel o n polymer weight obtained f rom the "macroscopic" effect of the 
polymer addition o n channel conductance and permits the estimation of the 
characteristic t ime of polymer diffusion through the channel . 
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15 

0 - | 1 1 
2.150 3.150 4.150 

Polymer molecular weight (log) 

Figure 5. Spectral density of polymer-induced current noise in the open 
alamethicin channel vs. polymer molecular weight (46). Data represent noise in 
different channel-conducting levels at 150 mV in the presence of polyethylene 
glycols of different sizes added to 1-M NaCl aqueous solutions to obtain 15% 
weight-to-weight concentration. The vertical scale is given in 10~ A2/Hz 

units. 

Studies of single channels formed i n l i p i d bilayers by Staphylococcus 
aureus alpha toxin showed that fluctuations i n the open-channel current are 
pH-dependent (47). T h e phenomenon was attributed to conductance noise 
that arises f rom reversible ionization of residues i n the channel-forming 
molecule. T h e p H - d e p e n d e n t spectral density of the noise, shown i n F igure 
6, is w e l l described by a simple m o d e l based o n a first-order ionization 
reaction that permits evaluation of the reaction parameters. This study 
demonstrates the use of noise analysis to measure the rate constants of rapid 
and reversible reactions that occur wi th in the l u m e n of an i o n channel. 

1 / f Noise 
Noise w i t h a spectral density that is inversely proportional to frequency over a 
wide frequency range is a wel l -known phenomenon found i n a great n u m b e r 
of quite different objects that include biological membranes and other ionic 
systems. Extensive reviews of earlier works relevant to membrane biophysics 
can be found i n the literature (3 , 6, 56). 

M u l t i p l e reports on the presence of this noise i n such a diverse group of 
systems as carbon resistors, semiconductors, metallic th in films, and aqueous 
ionic solutions l e d researchers to believe i n the existence of some profound 
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Figure 6. Noise of protonation in the current through an open alpha-toxin 
channel as a function of pH (47). Spectral density is white at low frequencies 
and is represented by values averaged over the 200-2000-Hz range. The data 
were obtained in 1-M NaCl solutions at 150 mV of membrane voltage. The solid 
line is a two-parameter fit to the first-order ionization reaction that describes a 

réversible protonation of residues in the channel-forming molecule. 

law of nature that applies to al l electric conductors and results i n 1/f noise. 
This general idea was undoubtedly b e h i n d the famous Hooge formula (57 ) 
that relates the level of 1/f noise i n the system to the total number of free 
charge carriers, N{, through the empir ical parameter a: 

S y ( / ) W ) _ α 

<v>2 a> 2 NJ 1 ; 

Equat ion 10 thus states that any dependence o f 1/f noise o n dimensions and 
the geometry of a particular object can be reduced to the effective value of 
N{. Hooge's formula was the subject of cr i t ic ism i n recent literature o n noise 
(49, 50), but, i n our opinion, the formula is still most he lpful and a popular 
way to characterize 1/f noise of specific systems. As a matter of fact, only 15 
years ago the influence of Hooge's empir ical relation was so strong that it was 
used i n attempts to solve the inverse problem; that is, to estimate the n u m b e r 
of ions i n the membrane channel f rom membrane 1/f noise (58, 59). 

I n early experiments (60) the results of electrolyte noise measurements 
were best described by relation 10 i f the dimensionless parameter α was 
assumed to be proportional to the electrolyte concentration and was taken to 
be equal to 10 for 1 - M aqueous solutions o f strong electrolytes. 
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In later experiments w i t h ionic solutions separated by porous m e m 
branes, significant deviations of the magnitude of 1/f noise intensity f rom 
that predicted by Hooge's formula were found (61). F o r single holes of 
~ 5-μπι diameter i n 1 2 . 5 ^ m - t h i c k M y l a r film i n 0 . 1 - M K G l aqueous solu

t ion, the 1/f noise can be described by the m u c h lower value of α = 1 0 ~ 2 . 
Significant deviations f rom Hooge's formula also were found for i o n 

channels i n biological membranes after special difference procedures (7 ) for 
recording fluctuations f rom specific channels were introduced. F o r example, 
for sodium channels modif ied by batrachotoxin i n myelinated nerve (62), the 
number of mobile ions derived f rom the formula w i t h the original value of α 
is nearly 30 times higher than the number of open-membrane channels. 

In experiments w i t h amphotericin pores i n l i p i d bilayer membranes (63) 
and w i t h single macroscopic capillaries (64-66) filled w i t h carefully pur i f ied 
aqueous solutions of potassium chloride, 1/f noise was found to be negligible 
i n comparison w i t h other noise components. T h e conclusion was that 1/f 
noise i n electrolytes is absent w i t h an upper l imit on α of about 10~ 3 . D e 
Vos et al . (67 ) suggested that occasionally reported results on measurable 1/f 
noise i n electrolytes (see, for instance, reference 68) stem from uncontrol led 
contamination of the samples by inclusions of solid, l i q u i d , or gaseous phases. 

T h e effect of added foreign-phase dispersions on the excess noise i n 
electrolytes was studied (21, 22). F r o m relation 15 of Bezrukov et al . (21), it 
follows that the mean-square value of the relative conductance fluctuations 
that originate f rom nonconducting contaminants does not depend o n the 
electrolyte concentration. Hence , to present the results of the excess noise 
measurements i n the form of Hooge's formula, w i t h the samples equally 
contaminated o n the average, the parameter α must be taken to be propor
tional to the electrolyte concentration. 

Nevertheless, the phenomenon of membrane 1/f noise does exist and 
cannot be viewed as some artifact that stems f rom nonoptimal data processing 
or poor sample preparation. Apart f rom 1/f-like spectra reported for thick 
(~ 1-mm) synthetic membranes of different types (see references 69 and 70 
and reviews (3, 6) for earlier works), this noise was found i n the current and 
voltage o f l i p i d bilayer membranes modif ied by several channel- inducing 
compounds (71-74). The first extensive study of 1/f spectra was conducted 
on chemically d imer ized gramicidin A by Sauve and Bamberg (71). Regular 
gramicidin A generates a Lorentzian-type power spectrum because of an 
association-dissociation reaction of transmembrane channel formation. In 
contrast to regular gramicidin A , the covalently l inked d imer exhibits clear 
1/f noise behavior over several orders of frequency magnitude. The intensity 
of current noise was proportional to membrane conductance, that is, propor
tional to the number of channels i n the membrane, for three decades of 
conductance change. Relat ion 10 w e l l described the current noise intensity i f 
Ni was used to denote the number of channels and a = 1 0 ~ 2 . Compar ison 
of these results w i t h results obtained for large aqueous pores (61) l e d to the 
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conclusion that 1/f noise i n this system is related to some general phe
nomenon of i o n transport. 

T h e experimental findings o f Sauve and Bamberg were reproduced for 
several chemically d imer ized gramicidin A analogs that had different l ink ing 
chain lengths (72-74). These analogs also produced clear 1/f noise. T h e 
noise intensity was dependent o n the l i p i d composit ion o f the membrane and 
proportional to the n u m b e r of channels over a 100-fold increase i n their 
density i n the membrane. T h e idea of i o n transport through the open channel 
as a source o f 1/f noise was experimentally tested (72, 73). G i v e n the 
intensity of 1/f noise i n a mult ichannel membrane, Sj(/), the mean current 
through a single open channel , (i), and the mean current through a 
mult ichannel membrane, ( I ) , we can calculate the level o f the root-mean-
square current fluctuations i n the open channel, ^((hi)2) , i f we suppose 
that these fluctuations should account for noise observed i n the mult ichannel 
membrane. I f τ is the t ime resolution of single-channel recording and τ 0 is 
the t ime o f observation, w e have 

(D (2 T T T Q ) 

where the mult ipl ier before the integral is equal to the inverse mean number 
of simultaneously open channels. 

T h e results o f this calculation and comparison to a single-channel record
i n g are presented i n F igure 7. T h e root-mean-square level, w h i c h is required 
to explain 1/f noise i n membrane current by transport phenomena through 
the open channel, is m u c h higher than the actual level . T h e conclusion is that 
1/f noise i n an open channel ( i f it exists) cannot account for 1/f noise i n a 
mult ichannel membrane. 

,m«m*m 2 { < ( 6 i ) 2 > } 1 / 2 

Figure 7. The noise of an open channel formed by chemically dimerized 
gramicidin A is at least 1 order of magnitude less than the noise required to 
explain 1/f noise in multichannel membranes (72, 73). Glutaryl-bis-
desformylgramicidin was applied at 10~16-M concentration in 1-M aqueous KCl 
solution bathing a bilayer from glycerol monooleate and cholesterol at 100-mV 

membrane voltage. 
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The same system (i.e., a glutaryl-bis-desformylgramicidin channel i n a 
l i p i d bilayer) was used to study the level of 1/f noise i n a single channel (36, 
37) . O n l y a white component, approximately 1 order of magnitude higher 
than the level predicted by Schottky's formula, e q 2, was found i n the 
3 - 3 0 0 - H z frequency range. T h e origin of this component was not clear and 
was tentatively attributed to unresolved channel switching to a closed state. 
This experiment set an upper l imit for the possible value of the universal 
(system-independent) 1/f noise i n ionic conductors (viz. α < 10~ 5 ) . T h e 
same value for the l imit of α can be inferred f rom the experiments of 
H e i n e m a n n and Sigworth (27, 34), who reported 1 order of magnitude lower 
values of white noise component i n the gramicidin channel but used some 
correction procedure for their spectra and 1 order of magnitude higher 
frequency range. Close values for the upper l imit were recently reported for 
macroscopic capillaries filled w i t h electrolyte solutions (see reference 75 and 
references therein). 

A model membrane system that also shows reproducible and clear 1/f 
behavior was described by Bezrukov and Brutyan (76). Fluctuations o f 
current through l i p i d bilayers w i t h one-sided application of three different 
polyene antibiotics of very close chemical structure (i.e., amphotericin B , 
nystatin, and mycoheptin) were studied. F o r one-sided application these 
antibiotics form channels that are weakly b o u n d to the membrane as com
pared w i t h the channels of the two-sided action. A l l three compounds 
produced pronounced noise component w i t h spectral distribution of 1/f type 
(F igure 8). It was found that the noise intensity scales as the ratio of single 
channel conductances for amphotericin B , nystatin, and mycoheptin: namely, 
hA:hN:hM = 10:5:1. F o r mycoheptin the spectrum is described by the func
t ion 1 / f 0 8 6 over the whole frequency range used. W i t h two-sided application 
of these antibiotics, channels are more stable and strongly b o u n d to the 
bilayer. I n this case, significantly lower noise intensities were found; the 
spectrum for amphotericin Β was described by a single Lorentz ian spectrum 
of relatively small amplitude (63). 

Based on these and earlier findings, a suggestion was made that 1/f 
noise i n membranes can arise f rom diffusion-induced channel transitions 
between open and closed states (72-74, 76). C h a n n e l switching can be 
generated not only by channel conformational changes, but also as a result of 
translational or rotational mot ion of the whole channel that can br ing it to a 
position where it cannot transport ions through the membrane. F o r weakly 
b o u n d and easily washable one-sided polyene channels, this channel switch
ing can be the process of equi l ibr ium transitions of antibiotic molecules 
between solution and membrane. This hypothesis is supported by the strong 
dependence of 1/f noise on membrane l i p i d composit ion reported i n refer
ences 72 -74 and by recent work on fractal properties of biological m e m 
branes and membrane protein aggregates (see references 77 and 78 and 
references therein). 
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Figure 8, Membrane current noise for one-sided application of three different 
polyene antibiotics of a very close chemical structure shows 1 /{-like spectra 
with intensities proportional to single-channel conductances for these antibiotics 
(76). Amphotericin Β (l), nystatin (2), and mycoheptin (3) spectra refer to the 

same membrane conductance of 7.1 X 10 8 S at 10 mV. 

T h e idea of diffusion as a source of 1/f noise is rather attractive and 
indeed was explored by many authors (79-81). D i f f u s i o n theories that 
attempted to explain membrane 1/f noise by considering fluctuations i n the 
number of charge carriers or diffusion polarization effects were reviewed by 
N e u m c k e (56). 

Recently G i n g l and Kiss (82) s tudied the noise of one-dimensional 
diffusion by computer simulation o f the process. Coordinate x(t) o f a free 
particle that undergoes diffusion motion was used as an argument of the 
function h(x) = sign(x)[abs(jc)]~ f c to obtain power spectra of h(x(t)) at 
different values of k. T h e conclusion drawn f rom this study was that spectral 
density 1/f corresponds to k = 0.3. This result seems to be somewhat 
inaccurate. 

L e t us consider this process analytically. W e shall calculate the spectrum 
of noise that arises f rom free one-dimensional dif fusion o f a particle, whose 
coordinate determines the value to be measured. First , let this value be 
defined as a periodical function of a coordinate that changes abruptly f rom 
zero to G 0 at equal intervals 2 i . T o visualize the model , imagine a single i o n 
channel that undergoes one-dimensional diffusion through the areas where it 
can transport ions d iv ided by the areas where it cannot transport ions (Figure 
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9B) . W e are interested i n the spectrum of noise i n conductance G(x(0), 
w h i c h is defined by 

S G ( / ) = 4 f ( G ( i ( i ) ) G ( i ( i + T ) ) > c o s ( 2 i r / T ) d T (12) 

F o r a probabil ity P ( x 0 , χ, τ ) to find a particle (channel) i n posit ion χ at 
t ime τ i f it was i n position x0 at τ = 0, w e can write 

^ θ £ Ρ ( χ 0 , χ , τ ) _ θ Ρ ( χ 0 , χ , τ ) U — - —• {la) dx θ τ 

where D is the diffusion coefficient. Because G ( x ) is an even function w i t h 
respect to χ = i t , we can introduce reflecting walls at these points that do 
not change the t ime behavior of G(x(t)\ This procedure yields conditions 
Θ Ρ ( χ 0 , χ, τ ) / dx = 0 at χ = ±i and permits us to write for the τ-dependent 
part o f the solution of e q 13, 

00 
P ( X 0 , X , T ) = £ a n e x p ( ~ T / T n ) c o s ( i r n x / i ) (14) 

ι 

where x n = I2/D(TÎTI)2 (15) 

W e make use of the condit ion 

? ( * ο . * > τ ) | τ . . 0 = δ ( χ - Χ ο ) ( 1 6 ) 

to obtain 

00 
P ( x 0 , χ , τ ) = ( 1 / t ) Σ β Χ Ό ( - T / T n ) c o s ( i r n x 0 / L ) c o s ( ' T r n x / L ) (17) 

ι 

T h e autocorrelation function i n e q 12 can be writ ten i n the form 

(G(x(t))G(x(t + T ) ) > = ^-{f G ( x 0 ) G ( x ) P ( x 0 , χ , τ ) dx0 dx (18) 

w h i c h gives a straightforward expression for the power spectral density: 

( 1 9 ) 
2 £ Γ fi 

SGU) = ~ϊΣ I G(x)cos(Trnx/i) dx 
ι ι L J - i 

2 T . 

1 + ( 2 < τ „ ) ^ 

Spectra calculated for several different functions G ( x ) are presented i n 
F igure 9. T h e model of noise at free one-dimensional dif fusion can describe 
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- ι ο ι χ 
Figure 9. Free one-dimensional diffusion generates fluctuations with practically 
all types of declining spectra that depend on the choice of the scaling function 
G(x). The sine wave scaling function gives a Lorentzian spectrum with the f~ 
high-frequency asymptote (A). The square wave produces a more complex 
spectrum with an extended 1 /{-like region and f ~3^2 high-frequency dependence 
(B). The (abs(x)) scaling function generates noise with a 1 /{ spectrum at 
high frequencies (C). (The actual function used in computations was (abs(x) + 

ιο-βΓ1/2.) 
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(D) log SG(f) 

395 

logf 
(E) log sG(f) 

logf 

(F) log ^(f) 

logf 

Figure 9. —Continued. All spectra are plotted in a log-log scale over four 
decades of frequency change. D, E, and F correspond to A, B, and C, 

respectively. 
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practically any type of noise w i t h decl ining spectral density. A s can easily be 
seen f rom e q 19, a sine funct ion for G(x) w i l l produce a Lorentz ian 
spectrum w i t h a f~2 high-frequency tail . A square wave w i l l y ie ld a more 
complex spectrum w i t h / 3 / 2 high-frequency behavior. T w o features are 
worth mentioning. First , even for the simplest mode l considered, the spec
t rum has a m u c h longer l//- l ike region than does a Lorentz ian spectrum. 
Second, the characteristic t ime, or rather set of characteristic times τ η = 
Ι2/Ό(ΊΓΠ)2, of the spectrum is proport ional to the square of characteristic 
length i , w h i c h means, for example, that the 100-fold range of fractal scaling 
found experimentally for many objects (83) cou ld lead to 10,000-fold fre
quency range of 1 // noise. 

F inal ly , function G ( x ) = ( a b s ( x ) ) ~ 1 / 2 w i l l generate 1/f noise at h igh 
frequencies. Indeed, try function G(x) = ( a b s i * ) ) * 1 " 1 . F o r sufficiently high 
frequencies (i.e., for large values of n) the integration i n e q 19 can be 
extended to ± w h i c h gives, for the term i n square brackets (84), 

r 0 0 , Γ ( μ ) / μ ^ \ 
2/ x^-lcos(iTnx/i)dx = ^ - ^ c o s — (20) 

•'ο ( ι τ η / ι ) \ 2 / 

i f 0 < μ < 1. T h e n , high-frequency asymptotic behavior of the spectral 
density can be evaluated by integration instead of summation i n e q 19 and by 
making the integral dimensionless w i t h respect to / (see also reference 79, 
page 137). I f we omit the details, we have 

sG(/) - j^m (ai) 

so that the 1/f spectrum corresponds to μ = 1/2. 
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Laser Doppler Scattering 
for the Determination of Ionic 
Velocity Distributions in Channels 
and Membranes 

Felipe Macias and Michael E . Starzak 

Department of Chemistry, State University of New York at Binghamton, 
Binghamton, NY 13902-6000 

The Doppler shift of light scattered from a moving particle provides a 
direct measure of the velocity of the particle. Laser Doppler velocime
try is applied to the observation of the velocity distribution of poten
tial-driven ions in gramicidin channels in bilayer membranes. The 
membrane-channel system constrains the ions to a limited range of 
directions. Because the length of the channel (2.6 nm) is small relative 
to the wavelength of the scattering light (632.8 nm), the scattering in 
the channels is constructive and produces a net observable signal as 
the sum of scattering from multiple, intrachannel ions. The frequency, 
or velocity, distribution is unimodal, which indicates that the intra
channel velocity is roughly constant as it traverses the channel. 
Potential binding sites within the channel produce small variations in 
the intrachannel velocity that are reflected in the width of the veloc
ity-Doppler frequency distribution. For transmembrane potentials 
from 10 to 150 mV, the intrachannel average velocities range from 
0.0375 to 0.238 m/s. 

COMPLETE CHARACTERIZATION OF THE KINETICS of membrane channels 
requires a detailed understanding of channel gating, selectivity, and i o n 
permeation. Ion permeation, the most basic of the three phenomena, has 
been described w i t h a n u m b e r of distinct models. Discrete state models 
postulate one or more b inding sites wi th in the channel. T h e ion then per-

0065-2393/94/0235-0401$08.00/0 
© 1994 American Chemical Society 
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meates through the channel i n a series of discrete kinetic steps. Rate 
parameters describe mot ion f rom b i n d i n g site to b inding site unt i l the i o n 
appears on the opposite side of the membrane ( I ) . Mathematical ly similar 
models postulate ion-channel states (e.g., two ions i n a single channel) and 
develop kinetics for the transitions between such stochastic states (2) . I n such 
formulations, the transition f rom a state that defines a channel w i t h a single 
ion to a second state that defines a channel w i t h two ions is a first-order 
kinetic process. Addi t iona l states might be channel states modif ied by the 
action of some b i n d i n g external to the channels (3 , 4). T h e total number of 
stochastic states can increase rapidly for complicated systems, and it becomes 
progressively more difficult to determine whether a good fit o f the experi
mental data using a large number of adjustable rate constants signifies an 
accurate mechanism for the permeation process. 

F o r multistep intrachannel ion-b inding models, the formulation o f the 
rate constants for individual transitions is complicated by the existence of two 
parameters i n the flux expression. Par l in and E y r i n g (5) and Starzak (6 ) 
developed a flux expression for ion flow through membranes or channels that 
used transition-state theory where the rate constant was characterized by an 
activation energy barrier. F o r dimensional consistency, this rate constant, k{, 
appeared i n conjunction w i t h a length, X i 5 the distance i n the channel that 
the ion must move to cross the energy barrier. 

T h e net flux, /, for ions w i t h concentration c{ at an intrachannel b inding 
site h{ is proport ional to the velocity w i t h w h i c h these ions progress to the 
next b inding site: 

/ = ι>Λ 

F o r consistency, the E y r i n g - P a r l i n parameters, \ { and ki7 must be combined 
into a single local velocity, vi9 for the transition f rom state bi to the next state. 
T h e flux is 

This local velocity, rather than the rate constant, is the parameter of interest. 
However , the magnitude of the local velocity can stil l be described by an 
energy barrier formalism: 

where E{ is the barrier height, R is the gas constant, and Τ is the 
temperature. A determination of al l local velocities for an i o n w i t h i n a 
channel then provides a complete description of the ion permeation. Stochas
tic models that focus o n stochastic states, w h i c h include both the channel and 
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18. MACIAS A N D STARZAK Laser Doppler Scattering 403 

the ion, must stil l be formulated using rate constants or transition probabi l i 
ties and are less amenable to a local velocity analysis. 

I f i o n permeation involves a discrete binding-site mechanism, the n u m 
ber of distinct local velocities that must be determined w i l l increase w i t h the 
number of b inding sites. F o r example, the permeation of a single i o n through 
a channel w i t h two discrete b inding sites requires six local velocities: three 
that lead the i o n through the channel to the opposite bath and three that 
describe the i o n motion i n the opposite direct ion. U n d e r conditions where 
the reverse velocities make a negligible contribution to the total flux (e.g., i n a 
large electric field that drives the ions to the opposite bath), a velocity 
distribution for the ion could consist of three separate peaks for (1) the local 
velocity f rom the solution to the first b inding site, (2) the local velocity f rom 
the first intrachannel b i n d i n g site to the second site, and (3) a final local 
velocity for the i o n as it moves f rom the second b inding site to the opposite 
bath. I f al l local velocities for this two-binding-site case are identical , the 
velocity distribution w i l l coalesce to a single peak. 

Discrete state models w i t h b i n d i n g sites suggest that the ion may 
physically b i n d at the intrachannel b inding sites. I f b i n d i n g does occur, the 
velocity distribution can be significantly broadened because of deceleration 
and acceleration as the ion approaches and leaves the b inding site. T h e local 
velocity formulation for permeation is more forgiving because it assumes that 
these accelerations and decelerations are far shorter than the net transit t ime; 
that is, the ion is i n a steady velocity state for each leg of its journey. T h e ion 
approaches the site w i t h one steady local velocity and rapidly assumes the 
second velocity as it passes the b i n d i n g site. There is no " b i n d i n g " , merely an 
abrupt change i n velocity. 

Al though many permeation processes can be described effectively by 
discrete state b i n d i n g sites w i t h i n the channel, they are not the only possible 
permeation mechanisms. T h e ion may diffuse through the channel to reach 
the opposite bath. This diffusional flow can be considered the l imi t o f 
discrete site diffusion because the number of discrete sites increases. I n such 
a model , the ion cannot make the abrupt changes i n velocity that could 
characterize the finite site, discrete state model . The velocity, however, can 
change continuously as the i o n moves through the channel . A discrete state 
velocity distribution w o u l d evolve naturally to a continuous velocity distr ibu
tion, where the relative numbers of ions at each velocity i n the cont inuum of 
velocities could be established. 

C o n t i n u u m models have been studied theoretically (7, 8) and are 
amenable to computer simulations (9) . In addition, cont inuum models may 
be more consistent w i t h physical evidence that indicates that each prermeating 
i o n is accompanied by a p l u g of water molecules (10) . These water molecules 
must also move through the channel w i t h local velocities and may act to 
ensure a more steady continuous ion flow i n the channel . 
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Although the discrete state and cont inuum models are analyzed i n 
different ways, both models must produce a local velocity distribution for the 
ions w i t h i n the channel . A cont inuum velocity distribution might be charac
terized by a single peak of finite bandwidth that reflects velocity fluctuations 
wi th in the channel, whereas a discrete state mode l might consist of several 
different peaks i n the distribution. Such velocity distributions have been 
generated f rom the models used because electrochemical experiments do not 
y ie ld detailed information on the internal kinetic parameters. These parame
ters are deduced f rom the experimental data, w h i c h are generally the net 
currents observed for a series of transmembrane potentials for a variety of 
bath ionic components and concentrations. M o r e detailed information o n the 
nature of intrachannel kinetics becomes accessible i f it is experimentally 
possible to deduce the velocity distr ibution of the ions i n the channel . 

T h e gramicidin channel is the ideal membrane channel for a detailed 
study of ion permeation. T w o gramicidin molecules dimerize i n a bilayer 
membrane to form an open channel; potential-dependent gating processes to 
generate an open channel are absent. R a n d o m current fluctuations can be 
observed, however, and have been attributed to changes i n the channel itself. 
These changes include conformation fluctuations o f the channel protein ( I I ) , 
channel block (12), and ion entry (13). 

Al though most univalent ions are permeable i n the gramicidin channel, 
the channel has some conductance properties that suggest that the perme
ation process may be more complicated than ion motion d o w n a narrow 
" tube" . C h a n n e l " b l o c k " by divalent cations is mechanistically complicated 
(14). Also , w h e n T l + i o n is present as the sole permeant ion , it is an excellent 
permeant ion that retains l inear behavior to very large transmembrane 
potentials (15). However , w h e n this ion is present as the minori ty cation i n 
variable mole fraction solutions of T l + and N a + , T l + ion severely l imits set 
channel currents (16) . Such anomalous behavior can be elucidated i f the local 
velocity of a specific i o n (e.g., T l + ion) can be determined experimentally. I n 
fact, the laser D o p p l e r scattering technique produces a detectable scatter 
only w i t h the T l + so that i o n motions wi th in the gramicidin channels can be 
differentiated. 

Laser Doppler Velocimetry 
T h e elucidation of a mechanism for the permeation of cations i n gramicidin 
channels requires a complete velocity distribution for these cations i n the 
channels. T h e distribution describes the fractional concentration or probabi l 
ity of finding an ion at a specific local velocity i n the channel . A n i o n that 
moved through the channel at constant velocity w o u l d give an extremely 
narrow distribution; 100% of the ions are moving at that single local velocity. 
F o r a discrete state m o d e l w i t h two b i n d i n g sites, the distributions could 
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18. MACIAS A N D STARZAK Laser Doppler Scattering 405 

involve three separate peaks i n the distribution i f the three forward local 
velocities dominate and are al l different. T h e amplitudes of the distribution 
peaks provide a direct measure of the probabil i ty that the i o n moves w i t h a 
specific velocity; that is, the amplitudes are a measure of the concentrations 
of ions wi th in an ensemble of channels that have a specific velocity. Such 
distributions give the fu l l range of local velocities for each set of bath 
concentrations, potentials, and other experimentally modifiable conditions. 

W h e n light is scattered f rom a moving particle, the incoming light of 
frequency / is Doppler -shi f ted to a new scattering frequency / ' . This 
f r e q u e n c y / ' is directly proportional to the relative velocity, υ, of the moving 
particle relative to the speed of light, c: 

Although the frequency shift 

f -A1 - 7 ) 

Α / - Ι / - / Ί 

is small , it can be detected as a difference frequency w h e n the input 
frequency, /, and Doppler-scattered frequency, / ' , are mixed i n a nonlinear 
detector. T h e observed difference frequency, Δ/, is 

υ υ 

c λ 

where λ is the wavelength of the input light beam. Because a range of input 
light wavelengths w o u l d generate a range of frequency differences, such 
D o p p l e r scattering experiments are opt imized wi th narrow bandwidth laser 
excitation. 

F o r experiments w i t h a reference light beam and the Doppler-shi f ted 
scattered light beam, the signal is opt imized w h e n the amplitudes of these 
two signals have approximately equal amplitudes and traverse equal or 
in-phase path lengths (17), Because balanced amplitudes for the two signals 
can be difficult to establish experimentally, an alternative experimental con
figuration is preferable. T h e laser beam is split into two equal amplitude 
halves that are then displaced equal distances f rom the optical axes. These 
displaced beams are then directed parallel to the optical axis and passed 
through a lens that refocuses them onto the optical axis at a c o m m o n point 
(F igure 1). I f the beam angles relative to the optical axis are each a , the two 
optical beams give positive and negative projections of 

υ sin α 
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406 BIOMEMBRANE ELECTROCHEMISTRY 

Figure 1. The velocity components required for a net Doppler frequency 
difference for a crossed-beam system with reference angle a. The net velocity 

difference 2 ν sin a gives a Doppler shift Av = 2\sin ak~1. 

A nonlinear detector w i l l detect the net frequency difference produced by 
the difference of these two velocity components as 

2v sin α 

— — 

As illustrated i n F igure 1, the frequency difference w i l l be generated by 
velocity components that are perpendicular to the optical axis of the system. 

W h e n a h e l i u m - n e o n ( H e N e ) laser w i t h X = 632.8 n m is used as the 
input beams and the two equal beams are separated and refocused to give an 
intersection angle α = 10.72° for each beam, the relative velocity of the 
scattering particles relates to the observed difference frequency as 

ν = 1.7 Χ 10~~6 Δν m/s 

Because a normal for the planar bilayer must be oriented at some angle θ 
relative to the optical axis, only a component of the actual velocity is 
observed. This component, w h i c h is perpendicular to the optical axis of the 
system, can be converted into the total velocity, vt, as 

* sin θ sin θ 

F o r observations at the standard orientation of 45° for the H e N e laser, the 
total velocity is related to the observed frequency difference as 

vt = 2.4 Χ 10~ 6 Δ / m/s 
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18. MACIAS A N D STARZAK Laser Doppler Scattering 407 

Instrumentation 
A crossed-beam scattering system (Figure 2) was the preferred method for 
low-intensity scattering because scattered light background or pedestal (17) 
can be reduced. T h e beam f rom a 2 0 - m W H e N e laser (Jodon) was separated 
into two equal beams that were displaced 25 m m from the optical axis i n 
opposite directions i n the horizontal plane using a beam spli t ter-displacer 
(TSI , Inc.). T h e beams were reflected parallel to the main optical axis i n the 
beam spli t ter-displacer . A 50 -mm lens refocused these beams to a c o m m o n 
point o n the main optical axis approximately 120 m m from the lens. Because 
the intersecting beams diverged after the intersection point, they could be 
masked so that only scattered light was observed on the optical axis. This 
forward-scattered light was collected w i t h a telephoto lens and focused o n a 
pinhole . The light through the pinhole was detected by a photomult ipl ier 
(1P21). Because the photomult ipl ier acts as a nonlinear detector, the differ
ence frequency between the two frequency components of light scattered by 
the two displaced beams appeared as a difference frequency i n the photomul 
t iplier output. This signal was directed to a M o h e r t z frequency spectrum 
analyzer (Hewlett -Packard 3561A). Al though a current-to-voltage converter 
was also used between the photomult ipl ier and analyzer, this device d i d not 
improve the signal-to-noise ratio. 

T h e optical and electronic systems were calibrated using flowing water 
seeded w i t h colloidal spheres ( D u p o n t Ludox) . T h e constant velocity solution 
flow was inserted into the beam intersection region w i t h the water flow 
perpendicular to the optical axis for direct detection of the total velocity for a 

ens 

Phot.o- . 
multiplier! 

Spectrum 
Analyzer 

Figure 2. Block diagram of the laser Doppler gramicidin channel system. 
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single colloidal particle. As each colloidal particle entered the beam intersec
t ion region, it produced a " tone burst" spectrum that was captured o n a 
storage oscilloscope (Tektronix). T h e frequency wi th in each tone burst gave 
the D o p p l e r difference frequency and the velocity o f the colloidal particle 
that correlated w i t h the known flow velocity o f the water. 

Because laser D o p p l e r velocimetry has been used extensively to deter
mine the velocity o f large charged particles i n electrophoresis (18-20), the 
velocities of charged particles i n an appl ied electric field were studied for 
further calibration of the experimental configuration. T h e intersecting beams 
irradiated a water solution seeded wi th charged latex microspheres (Interfa-
cial Dynamics) . A field was appl ied to move the microspheres i n a direct ion 
perpendicular to the main optical axis. T h e velocity increased linearly w i t h 
the appl ied field, w h i c h signaled a constant microsphere mobil i ty over the 
range of fields studied. 

These test systems involved large single particles that serve as effective 
scattering centers. T h e scattering centers for i o n flows i n gramicidin channels 
are the ions themselves. Al though individual ions cannot scatter as effectively 
as a large col loidal sphere or very large protein, these ions w i l l all experience 
homogeneous, directed velocities w h e n they permeate the gramicidin chan
nels. T h e membrane constitutes a region o f spatial and electrical homogene
ity. T h e channel length is small relative to the wavelength of the light so that 
scattered light f rom ions i n a l l parts of the channel is essentially i n phase; that 
is, it interferes constructively. A channel transmits approximately 10 7 ions per 
second to produce a large number of scattering centers i n a small spatial 
volume. This scattering amplitude enhancement b y a large number of scatter
i n g centers generates an observable i o n scattering signal. 

Planar bilayer scattering experiments were init ial ly conducted i n a rectan
gular chamber w i t h quartz windows for both the intersecting input beams and 
the Doppler-scattered light. T h e windows and bilayer normal were oriented 
at different angles relative to the optical axis by placing the cel l on a rotating 
base. T h e rectangular cel l was replaced by a cyl indrical cel l to permit a 
greater range of orientation angles. I n both cases, the membrane was formed 
at a pinhole i n a support that separated the two solutions. Micrometer -con
trol led syringes that contained glycerin were used to orient the membrane 
exactly on the optical axis of the system. F i n e adjustment was obtained by 
maximization of the scattering signal that reached a photodiode that was 
inserted into the chamber b e h i n d the bilayer and support and lay along the 
optical axis. W h e n alignment was optimal , this photodiode was removed and 
replaced by a plat inized plat inum electrode for current measurements. A 
second electrode i n the opposite bath was used to apply the transmembrane 
potential . 

Planar bilayer membranes were formed f rom solutions of 25 m g of 
glycerolmonooleate (Sigma Chemical ) i n 0.9 m L of decane (Wiley) . I n both 
chambers, 0 . 1 - M solutions of thallous acetate (T lAc) w i t h a trace of T l C l were 
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used. Al though other univalent ions were used as permeant ions, T l + gave 
the only observable signal w i t h both membrane chambers. A potential ramp 
was used to verify the presence of the bilayer membrane and the incorpora
t ion of gramicidin channels. T h e experiments were per formed w i t h a constant 
transmembrane potential produced by a battery-potentiometer arrangement. 
Currents were recorded using a current-to-voltage converter and were slightly 
smaller than the currents generated by the ramp potentials. Some electrode 
polarization may have resulted f rom the long times at constant potential 
(10 -15 min) required for spectral analysis of the scattered light signal. 

T l + i o n w i t h the largest atomic number ( Z = 81) was the only ion that 
gave consistent observable D o p p l e r scattering. Margina l signals were ob
served for C s + w i t h the rectangular cel l but were not observed w i t h the 
cyl indrical cel l . N o D o p p l e r scattering was observed for R b + , A g + , or K + . 
T h e T l + spectrum was also observed using a 1 0 - M H z bandwidth spectrum 
analyzer (Tektronix) to verify the absence of additional high-frequency bands. 
The 1 0 - M H z bandwidth encompassed all frequencies possible for the ions at 
the maximal electric field strength. 

Because membrane surface waves can also produce a D o p p l e r scattering 
signal (21), the frequency distribution for T l + was observed w i t h the ce l l at a 
series of angles relative to the optical axis. Because surface waves and i o n 
motions i n the channel move i n mutually perpendicular directions, it is 
possible to discern the direct ion of motion that produces the D o p p l e r shift by 
observing the change i n observed frequency difference w i t h a change i n the 
angle of orientation. As shown i n F igure 3, the D o p p l e r frequency increased 
linearly wi th the sine of the angle of orientation ( Φ ) between the optical axis 
and the membrane normal . T h e scattering is produced by particle motions 
normal to the membrane surface; that is, consistent w i t h the motions of ions 
through channels. 

T h e frequency distributions for each potential constituted a single, 
connected spectrum. Some of these difference spectra are shown i n F igure 4. 
T h e average frequencies for these spectra are determined by the spectrum 
analyzer for the 0 . 1 - M T l + solutions w i t h the chamber oriented at 45° and 
are tabulated i n Table I along w i t h their corresponding average velocities. 
T h e single spectral region suggests that the ions move through the channel 
under a given transmembrane potential at a steady l imi t ing velocity w i t h 
m i n i m a l acceleration and deceleration. T h e bandwidths of the single spectral 
regions for each potential ranged f rom 200 to 1500 H z , w h i c h indicates some 
velocity fluctuations wi th in the channel . However , these fluctuations appear 
to be perturbations of a dominant single permeation velocity. I f b inding sites 
are present i n the region of the channel where the ions produce the observed 
D o p p l e r scattering, these sites only serve to produce perturbations i n the 
steady velocity of the permeating ion . N o distinct spectral regions that 
indicate different velocities between different b inding sites wi th in the chan
nel are observed. 
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Figure 3. Variation in Doppler frequency with orientation angle of the membrane 
system. Doppler frequency and ion velocity increase as the motion becomes 

more perpendicular to the optical axis. 
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Figure 4. Some typical Doppler spectra for Tl+ ions in gramicidin channels at 
different applied potentials. Va is the applied constant potential, and Av is the 

average Doppler difference frequency. 

T h e interior o f the gramicidin channel is postulated to serve as a 
"water l ike" environment for both the permeant i o n and other water molecules 
i n the channel. I f the channel interior is similar to bulk water, a permeant i o n 
is expected to have permeabil i ty properties similar to those of the ion i n 
water. This condit ion permits an estimate o f the upper l imits o f i o n velocity 
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18. MACIAS A N D STARZAK Laser Doppler Scattering 411 

Table I. Velocities and Transit Frequencies for Tl(l) Ion 
in Gramicidin Channels 

Potential Doppler Shift Velocity Transit Frequency 
(s'1 X 10-7) (mV) Observations (kHz) (m /s Χ 101) 

Transit Frequency 
(s'1 X 10-7) 

10 2 15.6 ± 0.19 0.375 1.44 
15 1 19.5 0.469 1.80 
20 2 24.2 ± 1.0 0.582 2.24 
25 1 30.1 0.724 2.79 
30 2 32.8 ± 0.8 0.788 3.03 
40 3 40.8 ± 1.3 0.981 3.78 
50 2 44.5 ± 1.4 1.09 4.21 
60 2 54.3 + 0.1 1.31 5.01 
70 2 61.2 ± 0.2 1.47 5.68 
80 3 67.5 ± 0.5 1.64 6.30 
90 3 73.5 ± 1.3 1.77 6.78 

100 3 78.3 ± 0.6 1.88 7.21 
110 3 83.8 ± 1.4 2.01 7.72 
120 3 87.4 ± 1.2 2.10 8.10 
130 3 92.3 ± 0.5 2.22 8.53 
140 3 96.4 + 0.6 2.32 8.93 
150 1 99.0 2.38 9.14 

w ith in the channel . T h e maximal electric field is the field generated w h e n the 
membrane acts solely as an insulating barrier. I n this case, the maximal 
electric field is the transmembrane potential d iv ided by the bilayer thickness. 
I f this field is mul t ip l ied by the aqueous mobil i ty of the permeant ion (22), 
the resultant velocity w i l l be a measure of the maximal possible velocity for 
the ion i n the membrane. These velocities range f rom 0.3 to 4.5 m/s for 
transmembrane potentials o f 10 and 150 m V , respectively. These maximal 
velocities are clearly an order of magnitude larger than the observed veloci
ties for the channels, so channel permeation is probably more complicated 
than simple aqueous diffusion. O f course, this hypothesis can only be tested 
wi th an accurate determination of the electric field wi th in the channels. T h e 
velocity distribution observations do not determine the i o n mobil i ty i n the 
channel, w h i c h w o u l d permit a direct comparison of the mot ion of the i o n i n 
aqueous solution and wi th in the conduct ing channel . 

T h e intrachannel velocities of the ions are experimentally observable 
parameters and, as such, can be used to determine other system parameters. 
Because the detailed velocities o f ions w i t h i n the channels have not been 
determined using electrochemical techniques, estimates of the motions o f 
ions through channels util ize other parameters such as the transit frequency, 
the number o f ions that pass through a single channel at a given transmem
brane potential each second (23, 24). Because the motion through the 
channels is essentially a constant velocity motion, the transit frequency can be 
estimated f rom the observed velocity and the distance traveled dur ing the 
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412 B I O M E M B R A N E E L E C T R O C H E M I S T R Y 

observation. F o r example, i f the observed velocity carries the i o n the entire 
w i d t h of the membrane, d, an ion transit frequency, υν is defined as 

υ 
Vt = l 

T h e transit frequencies are estimated and tabulated i n Table I for a channel 
length of 2.6 n m . T h e transit frequencies range f rom 1.4 Χ 10 7 to 9.1 Χ 1 0 7 

for appl ied potentials f rom 10 to 150 m V , respectively. T h e results are 
comparable to those obtained by Andersen and Procopio (23) for large 
transmembrane potentials. However , it is important to note that the actual 
distance covered at the observed velocity is not known w i t h certainty. Shorter 
distances of steady velocity mot ion w i l l produce a higher transit frequency. A t 
the same t ime, however, a delay t ime near the channel mouth whi le the i o n 
loses some waters of hydration may significantly reduce the net transit 
frequency. T h e experiments detect only motions i n a region where the i o n 
moves wi th a constant, directed velocity. 

Discussion 
Laser D o p p l e r velocimetry permits observation o f a velocity distribution for 
T l + ions wi th in the gramicidin channel. T h e l imi ted velocity range observed 
for a given transmembrane potential indicates that the i o n probably moves 
through the channel at a constant velocity. T h e instrument is ideal for such 
measurements because it monitors the motions of a large number of ions 
moving i n the same direct ion i n a l imi ted volume of space. Ions i n solution or 
i n the interfacial region undergo a general direction motion as we l l as other 
velocity and directional variations. D o p p l e r spectra f rom such ions cannot 
produce the constructive interference necessary for observable scattering. 
T h e technique has the ability to focus only on those ions that are located 
wi th in the membrane channels. 

Techniques that increase scattering amplitude can be used to increase 
the intensity o f the Doppler-scattered signal. F o r example, replacement of 
the H e N e laser w i t h an argon-ion laser of shorter wavelength w i l l produce 
approximately a threefold increase i n the scattering amplitude. Such tech
niques may make it possible to detect scattering f rom smaller ions i n the 
channels (e.g., K + or N a + ) . However , the ability of the system to detect only 
scattering f rom T l + ions constitutes an advantage i n some cases. T h e total 
number of ions i n a channel each second can be estimated via electrochemi
cal measurements. Because the number of these ions that are T l + can be 
determined using laser D o p p l e r velocimetry, it is possible to determine the 
fraction of current carried by each ion i n studies w i t h mixed univalent ions. 

Because velocities w i t h i n the channels are the fundamental kinetic 
parameters, such studies to generate the velocity distribution for these ions 
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18. M A C I A S A N D STARZAK Laser Doppler Scattering 413 

makes it possible to establish the best kinetic mechanism for the permeation 
of an i o n through the channel and the kinetic parameters for this mechanism. 
Such detailed information can be obtained for more complicated ion-specific 
channels as w e l l . I n each case, the experiments provide detailed new informa
tion on the permeation of ions through the channels under the influence of 
an applied transmembrane potential . 
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Determination of Potassium- and 
Sodium-Channel Relaxation Times 
in Squid Nerve Fibers 
from Membrane Admittance Analysis 

Harvey M . Fishman 1 and H. Richard Leuchtag 2 

1 Department of Physiology and Biophysics, University of Texas Medical 
Branch, Galveston, TX 77555-0641 
2Department of Biology, Texas Southern University, Houston, TX 77004 

Complex admittances in the 12.5-5000-Hz frequency range were 
acquired rapidly (80 ms) and at various times after step voltage 
clamps of squid giant axons. In a Κ +-conducting membrane (Na+ 

conduction blocked) at 12.5 °C, admittances were in a steady state 100 
ms after steps, whereas in a Na +-conducting membrane (Κ + conduc
tion blocked) at 8 °C, admittances were time-invariant in the interval 
from 20 ms to 1 s after step changes. Admittances determined in the 
—65- to 0-mV voltage range were fitted by an admittance model to 
obtain conduction relaxation times for Κ + and for Na + as a function 
of voltage. Evaluation of macroscopic conduction in membranes via 
rapid admittance determinations provides a direct linear analysis that 
relates to linear theory and to Markovian models of single-channel 
conduction processes. 

(CONDUCTION OF IMPULSES along single giant nerve fibers of the squid is 
powered by two energy sources: a potassium ion gradient that maintains the 
membrane i n an excitable (resting) state, w i t h the axon interior negative 
(about —65 m V ) , and a sodium i o n gradient that, w h e n N a + conduction is 
triggered, transiently changes the polarity of the axon interior to a positive 
value and thereby generates an electrical pulse—the action potential ( I ) . T h e 

0065-2393/94/0235-0415 $08.00/0 
© 1994 American Chemical Society 
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416 B I O M E M B R A N E E L E C T R O C H E M I S T R Y 

ion flows are control led by two ion-conducting systems i n the membrane: the 
Κ system and the N a system. T h e conductance of the N a system has a 
remarkably steep dependence o n voltage over a range o f voltages just above 
the resting potential, and depolarization of the membrane triggers the onset 
of the action potential by al lowing N a + to flow into the axon. 

T h e ion-conducting systems are based o n two specialized macro-
molecules, the Κ channel (2) and the N a channel (3), embedded i n a 
relatively inert phosphol ipid bilayer. These channels differ i n ion selectivity, 
kinetics, and pharmacological sensitivities. However , both channels have at 
least two states, one conduct ing and the other nonconducting, and undergo 
stochastic transitions between states, the probabilities o f w h i c h depend on 
membrane voltage (present and recent past) and temperature. I n cells that 
allow direct access to the plasma membrane, unitary currents measured by 
micropatch techniques reflect transitions to a conduct ing state (openings) and 
transitions to a nonconducting state (closings) (4). T h e smooth currents 
measured by standard (nonmicropatch) methods represent sums of many 
unitary currents (5) . 

In microkinetic analyses of ion conduction through these single channels, 
transitions between channel nonconducting and conducting states are usually 
assumed to be described by a Markovian process. U n d e r this assumption a 
comparable macrokinetic description o f ion-channel-conduction relaxation 
times is available directly f rom a population of identical (single) channels. 
This analysis is accomplished b y fitting a linear mode l o f membrane driving-
point functions (complex impedance or admittance) to low-frequency (1-5000 
H z ) admittance determinations made i n a steady state dur ing voltage steps 
(clamps) of the membrane potential . W i t h the advent o f methods for rapid 
determination of the "smal l -s ignal" admittance of membranes (6-9), a direct 
l inear analysis of i o n conduction i n membranes became a viable alternative 
(8, 10, 11) to conventional voltage c lamp analysis, w h i c h was shown recently 
to y ie ld results that are not equivalent to a linear analysis (12). 

A n expression for the complex admittance, Y(jf), of an axon membrane 
is obtained by l inearizing the H o d g k i n - H u x l e y ( H H ) equations ( I ) and by 
applying a Laplace transformation (13, 14). T h e membrane admittance is 
then given by the general expression 

* ( / > - ^ + * + Σ ( 1 + * . Λ > ) (») 

where j = )/ — 1 , / is frequency, C is capacitance, g{ is a frequency-inde
pendent ion conductance, and the g p ( l 4- j2Trfr?)~l terms are the fre
quency-domain counterparts of t ime-domain relaxations of the i o n conduc
tances associated w i t h activation and inactivation kinetics of the specific type 
of ion channel be ing described. 
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19. FISHMAN AND LEUCHTAG Relaxation Times from Admittance Analysis 417 

Descr ipt ion of ion-channel kinetics via admittance analysis provides a 
framework wi th in w h i c h linear kinetic models can be compared to macro
scopic data (from a populat ion of channels) i n a membrane. Analysis o f 
conduction via driving-point-function determinations also provides proper 
data ( from a true l inear analysis) for comparison w i t h the relaxation times 
obtained f rom microscopic data f rom one or a small number o f channels i n a 
membrane patch isolated by a micropipette (4). In M a r k o v modeling, the 
open- and closed-time distributions are fitted to sums of exponential func
tions (15). 

Materials and Methods 
Preparation and Solutions. Giant axons f rom the hindmost stellar 

nerve of squid, Loligo pealei, were used i n these experiments. Conventional 
internal axial-electrode techniques, as described previously (10), were imple
mented. Axons were placed i n a cooled, flowing external artificial seawater 
( A S W ) composed of 4 3 0 - m M N a C l , 1 0 - m M C a C l 2 , 5 0 - m M M g C l 2 , 2 0 - m M 
sucrose, and 5 - m M tris(hydroxymethyl)aminomethane hydrochloride buffered 
to p H 7.4 at 22 °C. T o study K + conduction, intact axons (not internally 
perfused) were used and l - μ Μ tetrodotoxin ( T T X ) was added to the A S W to 
eliminate N a + conduction. F o r studies of N a + conduction, the A S W con
tained 5 0 % of the N a + fisted and the remaining 5 0 % was replaced w i t h 
tetramethylammonium ion . T h e purpose of the reduction i n N a + concentra
t ion was to facilitate spatial control of the membrane potential. T h e axons i n 
N a + experiments were internally perfused w i t h a solution composed of 
1 0 0 - m M potassium glutamate, 2 0 0 - m M cesium glutamate, 40-m M C s F , 
4 0 0 - m M sucrose, and 5 - m M T r i s C l buffered to p H 7.4 at 22 °C. I n addition, 
1 - m M 3,4-diaminopyridine was added to the perfusate to assure blockage of 
K + conduction. 

Data Analysis. C o m p l e x admittance determinations were fitted by an 
admittance function (13, 14, 16) based o n the l inearized H H equations ( J ) . 
Admittance measurements were made under steady-state conditions (see 
Figures 2 and 4). Series resistance (Rs), the access resistance between the 
two voltage electrodes and up to the inner and outer surfaces of the axon 
membrane was not removed f rom measurements. Instead Rs was inc luded 
and determined i n the fit o f the steady-state admittance m o d e l to the data. 
T h e measured complex admittance, therefore, is 
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T h e membrane admittance, Ym(jf), due to capacitance, leakage, and K + and 
N a + conduction, was modeled by 

Ujf) = 0 '2W ) a c m + g L + yK(jf) + YNe(iD ( 3 ) 

where the admittance of the potassium system is 

and the admittance o f the sodium system is 

Wif) = gNa„ + + r r $ ^ ( 5 ) 

C m is membrane capacitance, α is a n u m b e r less than 1 that reflects the 
constant phase angle character of Cm (17) , g L is the leakage conductance, 
and g K o o and g N a 0 0 are the chord conductances o f the respective K + and N a + 

systems. T h e g n term reflects the kinetic component (activation) o f the 
potassium conductance that relaxes w i t h t ime constant τ η and the gm and gh 

terms reflect the kinetic components (activation and inactivation, respec
tively) o f the sodium conductance that relax w i t h t ime constants T m and τ Λ , 
respectively. 

T h e F O R T R A N program C P X F I T was used to fit eqs 2 and 3 to complex 
admittance data obtained on either a Κ + - or a N a + - c o n d u c t i n g membrane. 
C P X F I T employed a gr id search [ G R I D L S (18)] method of least squares to 
explore the parameter space of the frequency function i n these equations. 
T h e parameter values that y ie lded the best fit ( m i n i m u m chi-square ( χ 2 ) 
value) was obtained by m i n i m i z i n g the χ 2 o f the vector difference ( formed by 
the real and imaginary parts o f the admittance) between the model and the 
data at each frequency. A useful feature of the program was a probe for a 
local m i n i m u m i n the fol lowing way. U p o n approach to a m i n i m u m χ 2 , the 
incremental step size of each parameter was reset to 1 0 % of its value and 
fitting resumed. This perturbation i n step size usually produced sufficient 
change i n the parameter space to proceed to a deeper m i n i m u m χ 2 i f the 
pr ior one was only a local m i n i m u m . 

Rapid Complex Admittance Measurements. T h e voltage clamp 
system, chamber, and axial electrode techniques were described previously 
(10, 12). B y superposing a repetitive small-amplitude (1 -mV root mean 
square) Fourier-synthesized signal (8, 16, 19) onto large step clamps, a 
current response was acquired dur ing voltage clamp pulses. Immediately 
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19. F I S H M A N A N D L E U C H T A G Relaxation Times from Admittance Analysis 419 

after a response was acquired, a 400-point complex admittance was computed 
(by software) i n the 12 .5 -5000-Hz frequency range as the ratio of the 
Fourier-transformed current response to that of the smaU-amplitude voltage 
signal previously stored. 

F igure 1 shows the t iming of the acquisition of admittance data dur ing 
the current response of a K + - c o n d u c t i n g axon membrane to a rectangular 
voltage-clamp pulse. T h e horizontal dashed Une w i t h periodic vertical marks 
indicates the start of a continuously applied repetitive 1-mV signal. A large 
voltage step (30 m V ) , f rom —65 to —35 m V , was appl ied so that the 
response to the small synthesized signal occurred after a specified premea-
surement interval (200 ms i n this example) and so that one complete cycle of 
the signal (during the data acquisition w i n d o w i n F igure 1) began precisely 
after the premeasurement interval. The small amplitude of the synthesized 
signal was necessary to assure that the response that contained the admit
tance information reflected primari ly the linear properties of the membrane 
(20). 

-45mV 

PREMEASUREMENT DATA 
INTERVAL ACQUIRED 

200msec 80msec 

86-43 

Figure 1. Illustration of the acquisition of a K+ current response during a 
voltage-clamp step (not shown) and with a 1-mV (root mean square) Fourier-
synthesized signal applied continuously and periodically, as indicated by the 
ticks on the dashed horizontal line. The Κ + current response to the small 
voltage perturbation was acquired after a "premeasurement interval" (200 ms) 
from the onset of a large voltage step from —65 to — 35 mV. The Fourier 
transform of the current response together with the previously stored Fourier 
transform of the synthesized voltage signal enabled calculation of the complex 
admittance, Y(jf) given by eqs 2, 3, and 4 with YNa(]f) = 0, during the time 
indicated by the dashed box (data acquired) after the step change in membrane 

voltage. (Reproduced with permission from reference 12. Copyright 1991). 
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T h e premeasurement interval al lowed the membrane to respond to 
several cycles of the perturbation signal before the data were acquired. This 
condit ion enabled satisfaction of the additional requirement that data be 
obtained i n a steady state so that the frequency structure of the admittance 
w o u l d not depend o n the t ime of measurement and thus be interprétable i n 
terms of linear time-invariant processes. In this respect, the frequency 
components introduced into the admittance function b y the slowly decaying 
phase of the mean-current response i n F igure 1 were also el iminated i n the 
t ime domain. This e l imination was accomplished by a coherence el iminat ion 
method described previously (8) i n w h i c h a pair of evoked responses was 
obtained wi th an inversion (polarity change) of the superposed synthesized 
signal between acquisition o f the paired responses. T i m e - d o m a i n subtraction 
of the pair o f responses el iminated the decaying phase i n the mean current, 
w h i c h was c o m m o n to both responses. T h e subtraction of paired responses 
also resulted i n reinforcement of the admittance-containing current response 
because of the intentional inversion of the small voltage signal between 
response pairs. 

F igure 2 illustrates acquisition intervals i n a N a + - e o n d u e t i n g axon m e m 
brane dur ing a rectangular voltage-clamp pulse. T h e crosshatching on Vm 

indicates the superposed signal, and the crosshatching o n lm represents the 
current response, w h i c h contains the admittance information. T h e dark 
horizontal bars are data acquisition periods (80 ms i n duration) after three 
premeasurement intervals o f 20, 100, and 200 ms. Admittances at the same 
membrane potential were determined at these times after steps to establish 
that the membrane admittance was invariant and thus was i n a steady state 20 
ms after a step (see F igure 5). 

1 1 msec 1 1 1 

0 100 m s e c 200 300 
L_l I « I I I I I I I L_J I 1 
— ) I 1 1 
—I 1 I 1 

1 ! ) I 

Figure 2. Representative drawing of the N a + current (lm) response to a 
voltage-clamp step, shown as V m , with superposed synthesized small perturbation 
(crosshatching). The acquisition of the current response to the small voltage 
perturbation, from which the admittance Y(jf) was calculated from eqs 2, 3, and 
5 with Y K ( j f ) = 0, occurred in the three intervals (20-100, 100-180, and 

200-280 ms) marked by heavy horizontal lines under the time scale. 
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Admittance data are plotted i n the fol lowing two ways: 

1. As magnitude, 

and phase, 

B(f) 
AY(jf) = arctan 

Gif) 

functions of frequency. 

2. As the reciprocal admittance i n the complex impedance plane 
[X(f) versus R(f)], 

Z(jf)=R(f)+jX(f) = 1 

njf) 
where Y(jf) = Gif) +jB{f). 

Results 
K + Conduction: Determination of Y K ( j f ) in a Steady State. 

R a p i d admittance determinations i n biological membranes can be used to 
characterize the linear response of membrane conduction (8-12, 16) pro
v ided that (1) the amplitude of the voltage stimulus elicits an insignificant 
nonlinear response (measured as higher harmonics) and (2) the admittance 
determination is invariant w i t h t ime. W i t h respect to provision 1, the ampl i 
tude of the voltage perturbation used to obtain admittance data at any given 
membrane potential i n these experiments was chosen to be 1 m V (root mean 
square), w h i c h was shown previously (20) by harmonic analysis to y ie ld 
essentially a linear response i n the squid axon. T o satisfy criterion 2, admit
tance data i n a predominantly K + - c o n d u c t i n g axon were acquired at 0.1 and 
at 0.5 s after step voltage clamps to membrane potentials ranging f rom — 80 
to 10 m V . These data are shown i n F igure 3, i n w h i c h the reciprocal of the 
admittance is plotted as 400 frequency points i n the complex impedance 
plane. T h e data were obtained f rom the same axon at each of the two times 
after steps to the same indicated voltages. T h e impedance locus at the two 
times shows slight differences at membrane voltages greater than —60 m V . 
Nevertheless, best fits of eqs 2, 3, and 4 w i t h YNa(jf) = 0 (solid curves) to 
these data yie lded estimates of the relaxation time, τη, that were nearly 
identical (Table I). Comparable results were obtained i n eight other axons. 
Thus , for a K + - c o n d u c t i n g axon the membrane admittance appears to be 
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-70mV 

-50mV 

o.isec-y: ) 

sec 

-45mV ^ 
0.1 sec-*' 

0.5sec 

) .8 1.6 

-!5mV 

R(f)-

Figure 3. Admittance data from a Κ ^-conducting membrane and curve fits 
(solid curves) of eqs 2 , 3, and 4 with Yw e ( j f ) = 0 plotted in the complex plane 
[X(0 vs. R(f)] as impedance [Z(jf) = R(f) + jX(f) = Y _ J f j f j ] loci (400 
frequency points) over the 12.5-5000-Hz frequency range. These data were 
acquired rapidly as complex admittance data, as illustrated in Figure 1, at 
premeasurement intervals of 0.1 and 0.5 s after step voltage clamps to each of 
the indicated membrane potentials from a holding of —65 mV. The near 
superposition and similarity in shape of the two loci at 0.1 and 0.5 s, at each 
voltage, indicates that the admittance data reflect a steady state in this interval 
after step clamps. Axon 86-41 internally perfused with buffered KF and externally 

perfused in ASW + TTX at 12 °C. The membrane area is 0.045 cm2. 
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Table I. Estimates of τ η 

V(mV) 0.1s 0.5 s 

- 7 5 7.3 6.9 
- 7 0 10.1 9.8 
- 6 0 12.7 12.1 
- 5 5 11.0 10.9 
- 5 0 8.3 7.0 
- 4 5 5.0 5.3 
- 3 5 2.1 2.0 
- 2 5 1.0 1.2 
- 1 5 0.84 0.86 

- 5 0.62 0.71 
10 0.86 0.67 

N O T E : All values are given in milliseconds and are taken from fits of 
the admittance data plotted as impedance loci in Figure 3 at the two 
premeasurement intervals (PMI) 0.1 and 0.5 s after step changes to 
membrane voltage, V. 

sufficiently time-invariant i n the interval between 0.1 and 0.5 s after a step to 
consider measurements i n this interval to reflect a steady-state condit ion. 

Evaluation of τη( V ) from Admittance Analysis. F igure 4 shows 
a plot of the estimates of τ η obtained f rom model curve fits to admittances 
acquired 200 ms after steps and obtained at nine membrane voltages span
ning the range f rom —65 to —25 m V i n a K + - c o n d u c t i n g axon. T h e three 
data points plotted at each membrane voltage i n F igure 4 were obtained i n 
the fol lowing manner. A t each membrane potential, eight separate admit
tance determinations were made. A n averaged admittance was calculated by 
averaging the real and imaginary parts f rom the eight single determinations. 
A t each frequency the real and imaginary parts ( from each of the single 
admittance determinations that went into the average calculation) were used 
to calculate the standard deviation of the real and imaginary parts f rom the 
corresponding parts of the averaged admittance. T w o new admittance func
tions were then generated by adding (and subtracting) one standard deviation 
to (from) the real and imaginary parts of the averaged admittance at each 
frequency. Best fits of eqs 2, 3, and 4 w i t h YNa(jf) = 0 to these three 
admittance functions at different voltages yie lded the values plotted as A V E , 
+ S D , and — S D i n F igure 4. Because the data fits involved al l 400 points, 
the A V E points d i d not always fall between the — S D and + S D points. 

T h e appearance of the admittance-derived Tn(V) curve is qualitatively 
similar to that produced by a Η Η analysis of large step-voltage responses. 
However , a quantitative comparison (12) showed significant discrepancies 
between the values at corresponding potentials and variability i n the discrep-
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424 B I O M E M B R A N E E L E C T R O C H E M I S T R Y 

Figure 4. Estimates of the potassium-con
ductance relaxation time, τη, from fits of 
eqs 2, 3, and 4 with YNa — 0 to admit
tance determinations at various mem
brane voltages, similar to those shown in 
Figure 3. Filled triangles are from fits of 
the average (AVE) of the real and imagi
nary parts of eight separate, successive 
admittance determinations at each volt
age. Open circles and squares are from 
fits of 1 standard deviation added to 
( + SD) or subtracted from ( — SD) the 
real and imaginary parts of the AVE 
admittance. Intact axon 87-39 in ASW + 

TTX(lpM)at 12.5 °C. 

0I I I I I I I I I 
-80 -60 -40 -20 0 

mV V m 

ancies at different voltages. Thus the functional shapes o f T n ( V ) obtained 
from the same axon by a Η Η analysis and by an admittance analysis are 
different. 

Na + Conduction: Determination of YNa(j[f) in a Steady 
State. Admittance data for a predominantly N a + - c o n d u c t i n g membrane, 
acquired after steps to four membrane voltages i n the - 6 0 - to 0 - m V range, 
are plotted as magnitude and phase angle functions of frequency i n F igure 5. 
A t each voltage, data were obtained at the premeasurement intervals (20, 
100, and 200 ms) shown i n F igure 2 and described therein. T h e most obvious 
change i n the admittance funct ion w i t h depolarization is the low-frequency 
asymptotic behavior of the phase function. A t — 60 m V (near the open-circuit 
rest potential) the low-frequency e n d of the phase function tends toward 0°, 
whereas at depolarized potentials ( — 40, — 20, and 0 m V ) the phase exceeds 
180°, w h i c h is the manifestation o f a steady-state negative conductance 
produced by the N a + - c o n d u c t i n g system, as described previously (10) . T h e 
180° phase angle at depolarized voltages reverted to an angle that approached 
0°, as at —60 m V , at al l voltages after external application o f 1 - μ Μ T T X . N o 
significant differences were seen i n these data acquired at different times 
after step changes to the same voltage, and thus the admittances determined 
20 ms after steps to a N a + - c o n d u c t i n g membrane reflected a steady-state 
condit ion. 

Best Fits of Impedance Data with the YNa( jf ) Model. A f t e r 
the existence of a steady-state condit ion 20 ms after step clamps was 
established, we acquired a set of admittance data i n the 5 - 2 0 0 0 - H z fre
quency range i n a N a + - c o n d u c t i n g axon at a premeasurement interval of 100 
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19. FISHMAN AND LEUCHTAG Relaxation Times from Admittance Andy sis 425 

Hz f Hz f 

Figure 5. Admittance data plotted as magnitude and phase angle vs. frequency 
as determined at the three premeasurement intervals (20, 100, and 200 ms) 
shown in Figure 2 and at the indicated membrane voltages. The superposition of 
the admittance data at each voltage indicates that the admittance is time-
invariant in the interval from 20 to 200 ms after step changes in membrane 
voltage. Axon 87-19 internally perfused with the perfusate described in the text 

and externally perfused with ASW at 8 °C. 

ms. These data (frequency points) are plotted i n the complex impedance 
plane i n F igure 6 at eight membrane voltages ranging f rom —65 to 0 m V . 
T h e solid curves are loc i of the best fits of the reciprocal o f the admittance 
function defined b y eqs 2, 3, and 5, w i t h YK(jf) = 0. T h e striking feature of 
the loc i i n the complex impedance plane is the change f rom a right half-plane 
[R(f) > 0] locus at —65 m V (near rest potential) to a left half-plane 
[R(f) < 0] locus at depolarized membrane voltages. T h e impedance [Z(jf) 
= R(f) +jX(f)] behavior at depolarized voltages reflects a negative resis
tance [R(f) < 0] process that is characteristic of the N a + - c o n d u c t i n g system 
of the axon membrane. 

Evaluation of T t o(V) and Th(V) from Admittance Analysis. 
Appl icat ion of the averaged admittance methodology to a N a + - c o n d u c t i n g 
axon enabled us to obtain three data points at each membrane voltage. F igure 
7 shows these data, w h i c h were obtained f rom best fits o f eqs 2, 3, and 5 w i t h 
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-65mV 55mV 

X(f) 0 

Figure 6. Admittance data from a No.*-conducting membrane and curve fits 
(solid curves) of eqs 2, 3, and 5 with YK()f) — 0 plotted in the complex plane 
[X(f) vs. R(f)] as impedance loci (400 frequency points) over the frequency 

range 5 to 2000 Hz. Same axon and conditions as in Figure 5. 

Y K ( j f ) = 0. T h e dependence of r m and ih on voltage has the appearance of 
t ime constants derived f rom a H H analysis. However , as w i t h the Κ ^ e o n -
ducting system, a quantitative comparison indicated discrepancies i n the 
estimates obtained f rom a H H analysis w i t h respect to estimates obtained 
f rom an admittance analysis at al l voltages (12). 

Discussion 
T h e complex admittance method described here allows data to be analyzed 
without reference to any particular model . This condit ion is particularly 
important at this t ime, w h e n new data and new concepts are challenging 
previously accepted concepts. T h e elucidation of the pr imary structure of 
channel proteins (2 , 3) has stimulated the development of a number of 
structurally oriented models (e.g., references 21 and 22). In addition, new 
physical and mathematical concepts have been brought to bear o n the 
problem of channel gating i n excitable membranes. These concepts include 
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19. F I S H M A N A N D L E U C H T A G Relaxation Times from Admittance Analysis 427 

Figure 7. Estimates of the sodium-conductance activation relaxation time, r m , 
and inactivation relaxation time, T h , from fits of eqs 2, 3, and 5 Y K(jf) = 0 to 
admittance determinations at various membrane voltages, similar to those 
shown in Figure 6. Filled triangles are from fits of the average (AVE) of the real 
and imaginary parts of eight separate, successive admittance determinations at 
each voltage. Open circles and squares are from fits of 1 standard deviation 
added to ( + SO) or subtracted from ( — SD) the real and imaginary parts of the 
AVE admittance. Axon 87-37 internally perfused with the perfusate described in 

text and externally perfused with ASW at 9 °C. 

transitions between ferroelectric and superionically conducting states i n N a 
channels (23, 24), fractal kinetics (25), and chaotic rather than stochastic 
models (26) . 
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Electrochemical Model 
of Voltage-Gated Channels 

Martin Blank 

Department of Physiology and Cellular Biophysics, Columbia University, 
630 West 168th Street, New York, NY 10032 

An electrochemical model of protein aggregation has been developed 
based on changes in surface free energy that accompany changes in 
molecular surface area and charge density. The surface free energy 
model quantitatively predicts the disaggregation of hemoglobin te
tramers into dimers at alkaline pHs, and also accounts for the energet
ics of the conformational changes in the reactions of hemoglobin with 
ligands (e.g., the Bohr effects, the Hill coefficient). Because membrane 
channels are oligomeric proteins, the model has been applied to 
channel opening and closing. Many physical properties appear to be 
direct consequences of this model, including the observed variation of 
the ion selectivity of voltage-gated channels with gating current and 
the cooling that accompanies channel opening. 

Electrochemical Perspective 

T h e two main threads of recent research on i o n channels—investigations of 
channel structure and channel funct ion—are interrelated i n that research i n 
each area illuminates both. Biologists realize that an understanding of func
t ion must be based on structure, but it has been difficult to extract clues 
relevant to function f rom the very detailed information about amino acid 
sequences and their arrangements i n the channel proteins. This is where the 
concepts of electrochemistry have proven useful. Considerat ion of average 
properties and large populations of channels, rather than specific groups i n an 
individual channel (the focus of m u c h current research), has made it possible 

0065-2393/94/0235-0429 $08.00/0 
© 1994 American Chemical Society 
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430 B I O M E M B R A N E E L E C T R O C H E M I S T R Y 

to treat channels as charged surfaces of proteins and to develop a macro
scopic description of channel function. This approach has provided insights 
into a number of important problems. In this chapter, we w i l l summarize our 
research on the energetics and kinetics of channel function and show how the 
electrochemical model deals w i t h two specific problems: i o n specificity and 
thermal responses that accompany channel opening and closing. 

Aggregated Protein Structures 
M a n y membrane processes i n cells (e.g., i o n p u m p i n g , sensory transduction, 
impulse conduction, energy transduction) involve charge movement across 
integral protein structures cal led channels. Channels are composed of sub-
units that have specialized hydrophi l ic and hydrophobic regions organized i n 
a cyhndrical geometry. There are many structural similarities i n groups of 
protein assemblies w i t h different physiological properties ( I ) , so specific 
biological properties must be achieved through relatively small variations of 
physical properties such as the surface charge (2) . T h e opening and closing of 
all channels requires changes i n p r o t e i n - p r o t e i n contacts, more accurately 
changes i n the area of prote in-water interface, so the gating process depends 
upon the same physical principles that govern aggregation and disaggregation 
i n oligomeric proteins. These principles are w e l l known. 

I n fine w i t h our knowledge of mass action, proteins of many sizes, 
shapes, and degrees of aggregation tend to aggregate as the monomer 
concentration increases. Aggregation decreases as the p H is further away 
f rom the isoelectric point and the charge o n the molecule increases. Surface 
charge plays an important role because the surface free energy of dissolved 
proteins is low and the electrostatic contribution is relatively large (3) . 

Protein aggregation reactions are generally described as entropy-driven 
because they proceed spontaneously w i t h the evolution of heat; that is, a 
positive change of enthalpy (4) . Because the net free energy change is 
negative for a spontaneous process, a large positive entropy change must 
accompany this reaction, most l ikely f rom the release of adsorbed water 
molecules when the oligomers associate. The accepted description is correct 
but incomplete. T h e description does not indicate w h y aggregation occurs 
only i n particular ranges o f p H . T o understand the p H dependence the 
aggregation process should be considered i n terms of surface free energy, 
w h i c h varies w i t h the surface charge. Because aggregation does not involve 
molecular rearrangements wi t h in the subunits, but rather interactions be
tween the subunit surfaces, we can approximate the total free energy change 
i n these processes by the surface free energy. T h e loss of adsorbed waters 
upon oligomer aggregation is equivalent to the loss of interfacial area, and 
disaggregation involves the formation of additional prote in-water interface. 
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20. B L A N K Electrochemical Model of Voltage-Gated Channels 431 

Surface Free Energy Changes in Protein Aggregation 
T h e surface free energy, F s , o f the protein can be calculated i n terms of two 
parameters: A , the area of the molecule i n contact w i t h the solution, and σ, 
the surface charge density ( σ = charge per A ) : 

F s = ( / 0 - T T ) A (1) 

where A is the molar area of the protein surface, f0 is the free energy per 
unit area of an uncharged protein surface, and IT is the surface pressure due 
to the charged surface layer, where IT < / 0 . A t low surface charge density 
(below 10 charges per 100 n m 2 ) , π = kv2, where k = 0.016 i f σ is i n 
charges per nanometer squared and ττ is i n ergs per centimeter squared. 
Therefore, 

Fs = (f0-ka2)A (2) 

and a small change i n F s , 

A F s = (/o " & σ 2 ) Δ Α - 2 & σ Α Δ σ (3) 

F r o m the positive Δ A term i n e q 3, it appears that increases i n area lead 
to a positive A F S , so this process w i l l not occur spontaneously. T h e unfavor
able free energy that accompanies an increase i n area can be overcome by an 
increase i n σ (i.e., Δ σ > 0), w h i c h contributes directly to a negative A F S and 
also contributes indirectly by decreasing the magnitude of the Δ A term. This 
principle is i n action i n the disaggregation of hemoglobin, w h i c h involves an 
energetically unfavorable increase in surface area. However , as the hemoglo
b i n tetramer becomes positively or negatively charged, there is a compen
satory decrease i n surface free energy w h e n the charge is spread over a 
greater area, and this decrease leads to disaggregation into dimers. 

In general, processes involve a change of both charge density (due to a 
change of p H or the b inding of an ion) and area (due to changes i n 
aggregation). Such changes alter the free energy m i n i m u m and shift the 
disaggregation constant, K D : 

Δ 1 η Κ 0 = ^ (4) 

where R is the universal gas constant and Γ is the absolute temperature. 
Substituting for AFS f rom e q 3, we can obtain an expression relating Δ In ΚΌ 

to the change i n surface charge density. 
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432 BIOMEMBRANE ELECTROCHEMISTRY 
Hemoglobin Disaggregation 
T o test the quantitative predictions of the model , we measured the disaggre
gation of the hemoglobin tetramer by the increase i n osmotic pressure w i t h 
p H (5) . W h e n the pressure is compared to that observed i n solutions of 
bovine serum a lbumin ( B S A ; a protein of comparable molecular weight that 
does not disaggregate), we can ascribe the difference i n pressure to disaggre
gation. In the titration of both protein solutions, the m i n i m u m pressure 
occurs at the isoelectric point ( I E P ) , w h i c h is 6.82 ± 0.06 for hemoglobin at 
25.0 °C. 

T h e osmotic pressures obtained dur ing alkaline titration are shown i n 
Figure 1 for hemoglobin and B S A as functions of the molecular charge. T h e 
B S A curve represents the osmotic pressure o f a charged biopolymer i n a 
complex G i b b s - D o n n a n equihbr ium. Because the hemoglobin solution should 
give the same osmotic pressure as B S A at the same molar concentration and 
biopolymer charge, the higher pressure is due to the increase i n concentra
t ion caused by disaggregation. T h e difference between the two curves (the 
dashed curve) indicates that disaggregation occurs at al l degrees o f charge, 
and that above 25 charges per molecule or pH = 9.5, disaggregation goes 
beyond the d imer to the monomer . 

30 τ 

Q (charges/molecule) 

Figure 1. The colloid osmotic pressure (in millimeters of water) as a function of 
the charges per molecule in the alkaline region of hemoglobin (Hb) and BSA. 
The difference between the two protein solutions at comparable charges per 
molecule is the dashed line labeled difference. (Reproduced with permission 

from reference 5. Copyright 1987.) 
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20. BLANK Electrochemical Model of Voltage-Gated Channels 433 

T h e excess concentration of osmotically active molecules, C, can be 
calculated f rom the dashed curve. T h e ratio of C to the init ial concentration, 
C0, is a direct measure of the degree of disaggregation and can be used to 
calculate the equi l ibr ium constant, ΚΌ: 

K ° ~ (1 

4M(C/C0f 

c/c0) 

where M is the molar concentration of dissolved hemoglobin tetramer. A plot 
of log ΚΌ versus the molecular charge, Q, is given i n F igure 2. T h e slope 
appears to be constant below 10 charges per molecule, and extrapolation to 
the I E P determines K D = 2.0 Χ 1 0 " 7 m o l / L at zero charge. Ackers (6 ) 

10"' 

10"* Η 

log Kp 

10 

10H 

10" 

/ 
/ 

/ . 

/ 
/ 

2.0 χ 10"7 

10 15 20 
Q (charges/molecule) 

25 30 

Figure 2. A semilog plot of the disaggregation equilibrium constant, KD, as a 
function of the charge on the molecule, Q . The slope of the initial part of the 
curve is 0.21 per charges per molecule and the intercept is 2.0 X 10 ~7 

(Reproduced with permission from reference 5. Copyright 1987.) 
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434 B I O M E M B R A N E E L E C T R O C H E M I S T R Y 

used somewhat different conditions to find a value of 1.08 X 10 6 m o l / L at 
p H 7.4. A t p H 7.4, our value is K D = 3.0 X 10~ 6 m o l / L . In addit ion to 
determining the p H s at w h i c h tetramers disaggregate into dimers, the calcu
lations agree w i t h observations i n regard to the effects of oxygenation and 
ionic strength (3) . 

T h e aggregation of sickle hemoglobin, w h i c h differs f rom normal 
hemoglobin by only one amino acid o n the beta chain, proceeds markedly 
under certain conditions. I f we assume that aggregation beyond the tetramer 
stage can also occur i n normal hemoglobin, it is possible to explain the 
unusually large increase i n viscosity that occurs i n hemoglobin solutions at 
high concentration (7) . Assuming that hemoglobin associates isodesmically, 
we can calculate the concentrations of the different ol igomeric species and 
their contributions to the viscosity. T h e calculations show an increasing 
viscosity wi th concentration and also suggest a change from flexible chain to 
rigid r o d as a result of head-to-tail interactions i n the same chain w h e n it 
becomes longer. 

Conformational Changes in Hemoglobin Reactions 

Conformational changes are frequently invoked to describe biochemical 
mechanisms qualitatively. W i t h the surface free energy model , it is possible to 
evaluate the energetic consequences o f conformational changes i n proteins. 
W e have done this for the l igand-binding reactions of hemoglobin (8) . 

T h e oxygen b inding curve of hemoglobin is sigmoidal i n shape, w h i c h 
indicates a change i n the affinity w i t h degree of oxygenation. T h e curve also 
shifts w i t h p H (the B o h r effect). B o t h properties are due to the conforma
tional changes i n the hemoglobin molecule u p o n oxygenation. W e can 
estimate the free energy of these changes along the fines indicated i n F igure 
3, w h i c h is a diagram of the changes that occur i n hemoglobin as a result of 
combination w i t h oxygen. T h e results of these calculations, shown i n Figures 
4 and 5, indicate that the oxygen-binding constant of hemoglobin varies w i t h 
p H , as i n the acid and alkaline (physiological) B o h r effects, and also w i t h the 
ionic strength. In F igure 4, the b inding constant is calculated to be a 
maximum below the I E P , as has been observed. 

Because the free energy of the hemoglobin system varies as a result of 
both the subunit aggregation reactions and the combination w i t h ligands, the 
two processes should be finked; that is, oxygenation should affect aggregation 
and vice versa. This l inking is one of the characteristics of hemoglobin 
reactions, and it is possible to understand it quantitatively w i t h the aid of the 
surface free energy mode l (3) . 

T h e surface free energy model also suggests a simple physical meaning 
for the H i l l coefficient, w h i c h is the empir ica l constant used to describe 
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20. B L A N K Electrochemical Model of Voltage-Gated Channeb 435 

Figure 3. A model for calculating the 
energetics of the conformational change 
of hemoglobin when it reacts with oxygen 
or another ligand. The decrease in area 
(ΔΑ) is due to the relative movement of 
the chains of the hemoglobin tetramer 
toward each other. The change in surface 
charge density (Δσ) is due to the changes 
in ionization of the histidine groups that 
are affected by the movements of the 
chains. The magnitudes of these two 
changes have been estimated from pub
lished X-ray and titration data. (Repro
duced with permission from reference 8. 

Copyright 1975.) 
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Figure 4. The calculated values of the equilibrium constant (Φ) in units of 
k' = ^1F S /RT, the surface free energy change due to the conformational 
change, superimposed upon the dashed curve of the Bohr effect in units of 
log P 0 5 , the oxygen pressure for half saturation of hemoglobin. The sets of 
values are made to coincide at pH 6.3 and are in the same units over the same 

pH range. (Reproduced with permission from reference 8. Copyright 1975.) 

cooperative oxygen b inding . Ordinary b i n d i n g is usually described b y a simple 
equation that is based on a balance between the rates of b inding and release. 
F o r a l igand at concentration C that reacts w i t h a fraction y o f available 
b inding sites, the equi l ibr ium b inding constant 

y 1 

( l - y ) C 
(5) 
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436 BIOMEMBRANE ELECTROCHEMISTRY 

^ P H 6 

1.5 

log Ρ 0.5 
10 

Q5 

-3 -2 -1 Ο 
l o g q 

Figure 5. The calculated values of the equilibrium constant at pH 6.3 (Ο) and 
at pH 7.3 (Φ) in units of k', the surface free energy change due to the 
conformational change, as a function of the logarithm of the ionic strength. The 
measured values at pH 6 and pH 7 are shown as dashed lines in units of 
log P 0 5 . The calculated and observed values are made to coincide at pH 6.3 and 
logon = ~ 1- (Reproduced with permission from reference 8. Copyright 1975.) 

where y/iX — y) is the ratio of reacted to unreacted sites. T h e affinity is 
related to A G 0 , the free energy change per mole due to the b inding reaction: 

AG0 

* = exp - — (6) 

Addi t iona l changes in free energy ( A G S ) that occur as a result o f the 
conformational changes of hemoglobin cause a displacement of the affinity to 
a new value: 

AG 0 + AG s(y) 
Κ = exp — 

r RT 

K ' = K e x p 1 ^ (7) 
RT 

W h e n AGS is negative, the affinity increases, and because AGS varies w i t h 
y, there is a gradual change of affinity dur ing a reaction. I n the H i l l equation 
for the combination of oxygen w i t h hemoglobin, the affinity is assumed to 
remain constant at a new value, Ke, and the increase i n b i n d i n g is accom
plished by raising the concentration to the power n, where η > 1 for 

W h e n η > 1 the interaction is termed cooperative. 
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20. B L A N K Electrochemical Model of Voltage-Gated Channels 437 

Equations 5, 7, and 8 provide two equivalent expressions for the effect of 
a cooperative process on the fraction of sites bound. I n e q 9, the extra free 
energy change is handled empirical ly w i t h the exponent n , and i n e q 10 the 
extra free energy change is inc luded explicitly: 

AG0 + RT I n — ^ — - nRT In C = 0 (9) 
(! - y ) 

AG0 4- AGS( y) + RT In V - RT In C = 0 (10) 
\ l - y ) 

I f we differentiate the two equations w i t h respect to In C and subtract one 
from the other, 

( η — 1) has the form of a surface excess i n the Gibbs equation and can be 
interpreted simply as a higher concentration of l igand that results f rom the 
extra free energy change. A plot of ( η — 1) versus C has the same form as 
graphs of surface excess i n a classical interfacial system (9) . N o t e that η is not 
constant but varies w i t h y and is equal to unity at the extremes of the range, 
y — 0 and y = 1, as has been observed for hemoglobin oxygenation. 

T h e agreement between our predictions and the measurements shows 
that surface free energy changes are a good measure of the total free energy 
change that occurs i n hemoglobin reactions. T h e surface free energy model 
has reasonable predictive value and appears to be particularly useful to 
describe the energetics of aggregation equi l ibr ia and conformational changes. 

Channel-Gating Processes 
M e m b r a n e channels are made up of protein subunits i n a cyl indrical array, so 
the opening of voltage-gated channels can be thought of as the partial 
disaggregation o f ol igomeric proteins triggered by changes i n the surface 
charge density. Because the interactions between the parts of the channel 
proteins exposed to the aqueous phase are similar to those of the subunits of 
globular proteins i n solution, we can assume that changes i n the equi l ibr ium 
constant can be estimated f rom the disaggregation of hemoglobin tetramers 
into dimers. T h e fraction of channels that are open, a , w o u l d be similar to 
the fraction of tetramers disaggregated based o n the surface free energy 
change given i n e q 3, except that the equi l ibr ium w o u l d not involve an 
increase i n the number of species. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

23
5.

ch
02

0

In Biomembrane Electrochemistry; Blank, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 



438 BIOMEMBRANE ELECTROCHEMISTRY 
T h e equi l ibr ium constant for the channel-opening reaction is indepen

dent of the number of channels and can be writ ten as 

Ko = ~7~ (12) 

Solving for α , 

Ko 
a 

1 + K0 

(13) 

F r o m Figure 2 we see that at zero charge Κ << 1, so a is essentially equal 
to K0. However , as the charge increases, K0 and α increase and diverge. 
T h e variation o f α as a funct ion o f the surface charge density is shown i n 
F igure 6. T h e magnitude of α is very close to zero up to about 20 charges 
per 100 n m 2 , and there is a relatively large increase i n the range of 2 5 - 3 5 
charges per 100 n m 2 . 

W e do not know the charge o n the channel proteins i n the squid axon, 
but the overall s igmoid dependence o f the fraction o f open channels, a , on 
the charge density, σ , shown i n F igure 6 is reminiscent of the fraction of 
sodium channels available i n the steady-state squid axon as a function of the 
membrane potential (10) . (The charge density is expected to change w i t h the 
membrane potential.) W e do know that the membrane has a m u c h higher 

0.9i 
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Ο ω 0.7 
_ι 
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I 0.6+ 

L L 

O 0.Ή 

Ν 
< t 
ft 0.2-! 
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SURFACE CHARGE /100 sq.nm. 

Figure 6. The fraction of oligomeric channels open as a function of the surface 
charge density (in charges per 100 nm2). The equilibrium constant for the 
channel-opening reaction is assumed to be equal to that of hemoglobin 

disaggregation, which is also a function of the charge. 
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20. B L A N K Electrochemical Model ofVoltage-Gated Channels 4 3 9 

negative charge on the outside (about 60 n m - 2 ) than o n the inside (about 10 
n m - 2 ) . I f the charge densities are uni form, we w o u l d expect the subunits o f 
the channels to be disaggregated (i.e., open) on the outer surface, where the 
charge is high, and aggregated (i.e., closed) o n the inner surface, where the 
charge is low. See F igure 7 (11). Depolar izat ion w o u l d be expected to shift 
some negative gating charges f rom the outer to the inner surface and cause 
the channel to open whe n about 25 charges per nanometer squared are 
reached. (The outer surface w o u l d still have a high enough charge density to 
remain open.) 

These better than 1 order of magnitude estimations o f the properties of a 
voltage-gated i o n channel (12) are i n line w i t h observations on squid axons i n 
terms of (1) the steady-state distr ibution of charge; (2) the charge flow dur ing 
depolarization; (3) the range of surface charge where opening occurs; (4) the 
cation selectivity of the open channel; and (5) the cation b inding . Other 
observations on nerves, such as the increase i n excitability w i t h an increase i n 
charge brought about by higher intracellular p H and membrane phosphoryla
t ion or the decrease i n excitability brought about by the b i n d i n g of mult iva
lent (toxic) cations, can also be explained qualitatively i n terms of this model . 

Channe l gating may arise f rom any mechanism that leads to changes i n 
the surface charge; that is, the movement of mobi le (e.g., gating) charges w i t h 
changes i n polarization, the b i n d i n g of ligands, or charge movements associ
ated w i t h enzymatic [e.g., N a , K-adenosinetriphosphatase (ATPase)] reac
tions. T h e acetylcholine receptor, a ligand-gated channel that binds the 
neurotransmitter acetylcholine, can be considered i n terms of the same 
channel-opening mechanism. U n d e r normal conditions, the acetylcholine 
receptor is negatively charged and binds about 60 calc ium ions. W h e n 
acetylcholine binds to the receptor, ~ 4 - 6 of the calcium ions are released 
(13). A displacement of calc ium ions f rom the receptor b y acetylcholine ions 
could lead to an increase i n the total negative charge on the protein and 
trigger the partial disaggregation (i.e., opening) of the receptor protein. T h e 
change i n surface charge due to i o n displacement c o u l d be the basis o f 
channel opening and closing for l igand gating as w e l l as voltage gating. 

OUT 

Figure 7. Model of a voltage-gated oligomeric channel in cross section. In the 
resting state (A), the asymmetric charge distribution causes the outer face to be 
open and the inner face to be closed. Upon depolarization (B), a shift of charge 
causes the inner face to open. (Reproduced with permission from reference 11. 

Copyright 1982.) 
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Voltage Gating and Channel Specificity 
T o study the effects o f electrochemical properties o n passive i o n transport 
processes, we developed a mode l that focuses o n ionic processes at m e m 
brane and channel surfaces (14). T h e surface compartment m o d e l ( S C M ) is 
based o n a H e l m h o l t z electrical double layer, where the enhanced concentra
t ion o f counterions and the deplet ion of co-ions at charged surfaces is 
described by straight l ine gradients. Treatment of the electrical double layer 
as a compartment greatly simplifies the calculation o f i o n transport. 

T h e set of nonlinear independent differential equations of the S C M is 
der ived by application o f the principles of conservation o f mass and charge 
dur ing current flow to the surface compartments, and application o f the 
principles of chemical reaction kinetics to ion b inding at the surfaces. I n the 
equations, the fluxes are driven by electrochemical potential differences given 
by N e r n s t - P l a n c k equations. 

F o r the steady state, the S C M shows a tight relation between surface 
charge, membrane potential , and ionic flux that is useful to explain the 
inter l inked changes that occur i n these properties (14, 15). T h e recent 
finding by R ichard and M i l l e r (16) that channel properties are affected by 
i o n gradients is an example o f such coupl ing. 

T o study non-steady-state systems, we appl ied the S C M to the prob lem 
of excitation, where, based o n the macroscopic concentrations of ions and 
electrical potentials, it is generally accepted that the i o n fluxes do not fol low 
the classic electrodiffusion equations. W h e n the surface concentrations and 
surface potentials at the charged membrane surfaces are used, the i o n fluxes 
are given by the same electrodiffusion equations that apply to ions i n solution 
(14). 

T h e voltage-gated channels of the S C M (described before) are based on 
a charge-dependent ol igomer aggregation mechanism where gating currents 
trigger the opening of the channels. T h e dependence of channel opening on 
surface charge (F igure 6), approximated by three linear regions i n the S C M 
program, has σ equal to the charge density o n the inside surface of the 
membrane where the channel is constricted. T h e conductance is assumed to 
be constant at h igh and low σ , and directly proport ional to σ i n the 
intermediate range. D u r i n g depolarization, the gating currents shift negative 
charge f rom the outer to the inner surface, w h i c h increases the charge and 
causes the channel to open. T h e conductances to sodium and potassium ions 
i n each channel change f rom the steady-state values (a K - N a conductance 
ratio of 10:1) toward the values i n free solution (a K - N a conductance ratio of 
1.5:1). 

Because the magnitude of σ depends o n the degree of depolarization, 
the permeabil i ty increase is voltage-dependent. Also , w h e n the inward sodium 
flux decreases and the membrane potential starts to return to resting condi 
tions, the resultant shift causes the channel to close and the i o n permeabil i ty 
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20. B L A N K Electrochemical Model of Voltage-Gated Channels 441 

to decrease as i n " inact ivat ion" . Inactivation can also occur w h e n the charged 
groups on proteins react w i t h ions as a result o f changes i n ionic species and 
concentrations i n the electrical double-layer regions. This phenomenon has 
been observed i n " inact ivat ion" processes dur ing voltage clamp; that is, 
channel closing due to ionic reactions that lead to reductions i n surface 
charge (17) . T h e qualitative features of the permeabil i ty changes that occur 
i n excitable membranes dur ing an action potential are therefore demon
strated by this mechanism. 

T h e channels are assumed to be permeable to both sodium and potas
s ium ions at al l times. Despite this assumption, the channels show an 
apparent ion selectivity that depends o n the gating current needed to open 
the channel. F igure 8 shows that a " s o d i u m channel " results f rom rapid 
gating currents and a "potassium channel " results w h e n the gating currents 
are m u c h slower. T h e difference of over 1 order of magnitude i n the gating 
currents of the sodium and potassium channels of excitable membranes 
predicted by the mode l is about the same magnitude as has been observed. A 
membrane wi th fast and slow channels gives currents observed dur ing voltage 
clamp of squid axons and described by electrodiffusion equations. N o t e that 
the changes i n N a channels exposed to batrachotoxin (18), as w e l l as the 
recent electrophysiological studies of different forms of the Κ channel (19), 
show a variation of i o n selectivity w i t h rate of opening as suggested by the 
S C M results. 

+.6 \ Λ. "fast gating" 

(mA/cm2) 
+.4 \ 

+.2 

η 
υ 

-.2 

f " υ 

-.2 
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B. "s low gating" 

0 1 2 3 
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Figure 8. The ionic current (in milliamperes per centimeter squared) across a 
voltage-gated channel as a function of time (in milliseconds) for different gating 
currents. The fast gating curve has a conductance that is 15 times greater than 
the slow gating, and this difference leads to a change in the direction of the ionic 

current. (Reproduced with permission from reference 12. Copyright 1984.) 
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T h e effects of oscillating electric fields o n i o n accumulation processes are 
also explained b y S C M calculations (20) . T h e oscillations lead to periodic 
changes i n the ionic concentrations that are functions of the frequency, but 
the percentage change is greatest i n those concentrations w i t h the lowest 
steady-state values. I n particular, sodium o n the inner surface and potassium 
on the outer surface show maximal changes at about 100-200 H z . These two 
ionic concentrations normally control the activity o f the N a , K - A T P a s e o f ce l l 
membranes, and increases could stimulate the enzyme. 

W e recently showed that low-frequency alternating currents (ac) through 
N a , K - A T P a s e vesicle suspensions change enzyme activity (21). T h e ac 
signals decrease adenosine 5'-triphosphate ( A T P ) splitting by the normal 
enzyme, w i t h the maximum effect at about 100 H z , and increase the enzyme 
activity when the activity is lowered i n different ways, inc luding the introduc
t ion of ouabain. B o t h inhibi t ion and activation by ac signals can be explained 
by variations i n i o n activation (22, 23). T h e frequency dependence is related 
to the ion mobilities and reaction rate constants i n the electrical double layers 
(20). 

In summary, a fuller understanding of the physicochemical processes at 
membrane and channel surfaces has shown the fol lowing: 

1. Steady-state properties are l inked through the surface charge. 

2. Ionic currents i n channels fol low electrodiffusion theory. 

3. C h a n n e l selectivity is control led by the kinetics of channel 
opening. 

4. Osci l lat ing electric fields cause i o n concentration changes that 
can change i o n p u m p activation. 

Energetics of Channel Opening and Closing 
Because the processes of excitation are largely dissipative (i.e., the flow of 
ions d o w n existing electrochemical gradients and the use of chemical b o n d 
energy to restore the ionic gradients), a net evolution of heat w o u l d be 
expected. This evolution is observed, but measurements o f the heat associ
ated w i t h excitation o f nerve fibers (24) or electric organs (25) indicate three 
distinct phases i n the heat flow dur ing an action potential: 

1. A n init ial warming phase that is short-l ived and small . 

2. A longer cooling phase that is comparable i n amplitude. 

3. A still longer w a r m i n g phase that has the largest amplitude and 
most probably is associated w i t h recovery mechanisms. 
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T h e net heat evolved is actually small i n comparison w i t h the init ial heating 
and cooling, w h i c h suggests that the net heat is a measure of the dissipative 
processes, whereas the other quantities are due to reversible processes such 
as channel opening and closing. 

Because opening of the sodium channel c o u l d be interpreted as partial 
disaggregation of the subunits, we can estimate the expected heat f rom the 
number of sodium channels per unit area of membrane. Data o n the 
concentration of sodium channels i n unmyelinated C fibers of rabbit vagus 
nerve (24) indicate 110-nmol/kg wet weight. Est imat ion of the diameter o f 
the C fibers as 0 .5 -1 μ m and assumption of a density of N a + channels 
comparable to the squid axon (26) make it possible to estimate the measured 
heat per gram. Taking into account the interference due to the temporal and 
spatial overlap of positive and negative heat, the estimated positive heat is 25 
μca l/g and the negative heat is 22 μcal/g. I f the major part of the Δ H is 
due to the oligomeric reactions of the channels, the negative heat is a better 
measure of the largely reversible à H for channel opening and closing. I n 
that case, the reversible channel process involves a Δ H of about 6 k c a l / m o l 
of channel protein (molecular weight 270 k D ) or about 0.02 c a l / g of channel . 
The Δ Η for the aggregation reaction of tobacco mosaic virus ( T M V ) protein 
[the classic model for the study of oligomeric reactions (4)] is about 0.7 ca l/g . 
This value implies that only about 3 % of the protein surface is involved i n the 
reactions that affect channel opening and closing. 

A positive Δ Η for channel closing should coincide w i t h the fall ing phase 
of the action potential, and channel opening should be associated w i t h a 
negative Δ Η or heat absorption. T h e measured heat i n nerve fibers appears 
to be at odds w i t h the model , but the temporal and spatial resolution of the 
heat measurements is difficult. (The overlap of many axons w i t h different 
propagation rates i n a single nerve fiber and the presence of sodium and 
potassium channels w i t h different t ime constants i n a single fiber means that 
the closing of sodium channels may coincide w i t h the opening of potassium 
channels. In studies of electric organs, the heat of the i o n channels of nerve 
fiber may overlap w i t h the heat of the acetylcholine receptor channels o n the 
opposite cel l surface.) 

However , the fol lowing statements are clearly true: 

• There is a net heat evolution as expected i n a dissipative 
process. 

• There is a heat absorption phase (channel opening) that pre
cedes a heat evolution phase (channel closing). 

• T h e magnitude of the reversible heat, about 0.02 c a l / g of 
channel protein, suggests an involvement of about 3 % of the 
protein surface i n gating. 
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These observations suggest that the energetics of protein aggregation reac
tions can explain channel energetics. It is also possible to explain recent 
experiments on the heating of nerves by exposure to microwaves (27), where 
a rapid temperature rise results i n a decrease i n the firing rate of a nerve. 
This effect could be mediated through the AH changes associated w i t h 
channel opening and closing. Because channel closing evolves heat, additional 
heat input w o u l d inhibi t channel closing (by L e C h a t e l i e r s principle) , pro long 
electrical activity, and slow d o w n the firing rate. A n explanation of these 
observations i n terms of the i o n shifts brought about by the temperature 
changes (28) appears reasonable, but channel processes may also be involved. 

Insights into Active Transport 
T h e N a , K - A T P a s e is the cation-activated membrane enzyme that " p u m p s " 
N a + and K + ions across ce l l membranes w h e n A T P is split. T h e hydrolysis of 
A T P provides enough energy to transport the ions against their electrochemi
cal gradients, but the mechanism is not understood. Because the protein 
components of the enzyme operate across the membrane, the physical 
chemistry of channel processes discussed here may provide some insight into 
possible mechanisms. 

O n e proposal to explain i o n p u m p i n g (29) suggests that the A T P a s e 
undergoes conformational changes that cause an ion-binding surface of the 
enzyme to alternately contact the aqueous compartments o n the two sides o f 
the membrane. W i t h this scheme, the enzyme surface exposed to the outside 
w o u l d have to b i n d K + ions preferentially and exchange the K + ions for N a + 

ions w h e n exposed to the inside. There is supporting experimental evidence 
to indicate preferential b i n d i n g at the activation sites o n the two surfaces, as 
w e l l as the occlusion (i.e., unavailability for exchange) of particular ions 
dur ing part of the cycle. 

T h e channel m o d e l used i n the S C M suggests how a change of exposure 
to the two different solutions could occur o n the molecular level. As i n 
Figures 6 and 7, assume a total charge of 60 per 100 n m 2 that is d iv ided 
between the inner and outer surfaces at 25 and 35 per 100 n m 2 , respectively. 
G i v e n the probabilities, one face w o u l d be open and the other face w o u l d be 
closed. A shift of charge, at a constant total charge, w o u l d shift the average 
probabilities i n a way that w o u l d appear coupled. T h e probabil i ty of opening 
at one surface w o u l d increase and the probabil i ty at the other surface w o u l d 
decrease. In this scheme, the A T P a s e w o u l d cause a shift o f charge l ike the 
gating charge that follows changes of polarization i n voltage gating. (The shift 
of charge w o u l d also have to change the ion-b inding specificity, w h i c h 
reverses the normal b inding preferences of the outer surface for K + and the 
inner surface for N a + . ) O n e consequence o f this picture is that a change i n 
total charge, by a change i n p H , w o u l d uncouple the probabilities and make 
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such a mechanism less efficient. This w o u l d be i n line w i t h the p H o p t i m u m 
of the N a , K - A T P a s e at physiological p H (30) . 

T h e S C M also suggests other electrochemical processes i n channels that 
could lead to i o n p u m p i n g . F o r example, F igure 8 shows that the direct ion of 
a flux depends o n the magnitude of the gating current. It may be possible to 
have an ionic flux i n a channel move i n a direct ion opposite to the direct ion 
predicted from macroscopic electrochemical potentials. In the S C M , a shift 
of charge f rom a high-charge density region to a low-charge density region, i n 
response to a depolarizing stimulus, causes a channel to open. T h e same 
charge shift affects the ionic gradients by freeing b o u n d counterions i n the 
high-charge region and b inding counterions i n the low-charge region. T h e 
two changes can result in a reversed local concentration gradient for dr iving 
ions through the opened channel at the same t ime as there is a d iminished 
electrical gradient across the channel . W i t h specific i o n adsorption, a local 
gradient of a particular ion c o u l d be created. H e r e again the A T P a s e w o u l d 
function by way of charge shifts between the two enzyme surfaces. 

Charge transfer wi th in channel proteins, comparable to the gating cur
rent i n the sodium channel, accompanies changes i n polarization, w h i c h i n 
turn are affected by the ambient i o n concentrations. T h e A T P a s e may have 
an additional ability to transfer charge by virtue of its catalytic function. T h e 
splitting of A T P releases redox energy that is comparable to electron shifts or 
changes i n the ratios of redox couples. T h e reverse reaction, the formation o f 
A T P f rom adenosine 5'-diphosphate and phosphorus, is driven b y redox 
processes i n the inner mitochondrial membrane. T h e correlation between the 
nonspecific inhibitory ability of a cation and its redox potential (31), as w e l l as 
parallels wi th the mitochondrial A T P a s e , suggest a role for redox processes 
and rapid charge conduction wi th in the N a , K - A T P a s e . 
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Theory of Electroporation 

James C. Weaver 

Harvard-MIT Division of Health Sciences and Technology, Massachusetts 
Institute of Technology, Cambridge, MA 02139 

Electroporation is a dramatic cell membrane phenomenon that is of 
growing importance to biology, biotechnology, and medicine. Electro
poration caused by short pulses occurs at a transmembrane voltage of 
about 1000 mV for many different types of cell and artificial mem
branes. Here we describe the development of a theoretical model that 
predicts measurable quantities. An underlying theme of our general 
approach is the hypothesis that electroconformational or structural 
changes of (1) the membrane itself, (2) membrane macromolecules, 
and (3) membrane-macromolecule complexes can provide a general 
basis for electric field interactions with cells. Electroporation theory is 
presently based on the membrane itself and can be expected to also 
involve membrane-macromolecule complexes. In related nonelectropo
ration work, we hypothesized that membrane macromolecules are 
relevant to understanding possible weak electric field interactions, and 
we have estimated the threshold field, Ee,min associated with the 
thermal noise limit for the response of living cells to weak electric 
fields. 

Electroconformational Changes as a General 
Membrane Phenomenon 
A t low frequencies the quasistatic approximation can be used to separately 
describe both the electric field, E(f), and the magnetic field, B(t). V e r y 
generally, cells are heterogeneous w i t h respect to their electrical properties 
( I ) but uni form w i t h respect to their magnetic properties (excluding special
i z e d magnetic material such as magnetite and ferratin) (2) . Specifically, the 
permittivity and electrical conductivity of the membrane is significantly 
different f rom the permittivity and conductivity o f the intra- and extracellular 

0065-2393/94/0235-0447 $09.08/0 
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media. These differences i n electrical properties result i n interfacial polariza
tion, w h i c h , through the cel l geometry, leads to an amplification i n w h i c h a 
change i n the external electric field, Δ Ε β , causes a m u c h larger change i n the 
transmembrane field, AEm = AU/d(3, 4). T w o relatively simple ce l l shapes 
are often considered and illustrate the basic concept: (1) a spherical cel l , for 
w h i c h Δ17 = 1 . 5 E e R c e l l cos θ i f θ is the angle between the direction of E e 

and the point o f interest o n the cel l membrane, and (2) an elongated cel l , for 
w h i c h A l / m a x « EeL/2 i f L is the characteristic long dimension of the ce l l 
and the cel l is parallel to E e . 

W i t h this i n m i n d , we first focus o n the hypothesis that because of an 
increased U, electroconformational changes occur i n the membrane itself 
(Table I). O f specific interest to electroporation theory are those membrane 
eleetroeonformation changes that lead to pore formation. T h e earliest studies 
known to us considered the overall compression of a membrane i n response 
to forces normal to the membrane (5) . I n such models, an increase i n U 
causes compression that leads to a mechanical instability and an associated 
critical transmembrane voltage, Uc, for membrane rupture. This early predic
t ion agreed w i t h experiments on solvent-containing planar membranes, but 
not w i t h experiments o n the less compressible biological membranes. M o r e 
sophisticated treatments of instabilities have been developed (18, 19), but do 
not describe the subsequent behavior o f the transmembrane voltage, [/(f), 
the membrane conductance, G(t), or the n u m b e r of transported molecules, 
Ns(t), that are crucial to an understanding of electroporation. Moreover , bu lk 
electrocompression models cannot distinguish between rupture and re
versible electrical breakdown, both of w h i c h have been observed experimen
tally i n oxidized cholesterol planar membranes (20) . These two very different 
outcomes are now bel ieved to depend on the relative dynamics of pore 
populat ion changes and membrane discharge through the pore populat ion. 

Table I. Membrane-Related Electroconformational Change Candidates 

Type of Electroconformational 
Change Significant Feature 

Overall membrane compression 
Lipid-domain interface fluctuations 
Free volume fluctuations 
Local depressions and distortions 
Transient hydrophobic pores 
Transient hydrophilic pores 
Foot-in-the-door hydrophilic pores 
Composite hydrophilic pores 
Membrane enzyme changes 
Membrane macromolecule 

protrusion changes 

Rupture and R E B not actually described (5) 
Suggested alternative to transient pores (6) 
Transport of nonpolar species (7) 
Possible precursors to hydrophilic pores (8, 9) 
Possible precursor to hydrophilic pores (JO) 
Key to quantitative descriptions (10-16) 
Candidate metastable pores" 
Candidate metastable pores 
Coupling to membrane macromolecules (17) 
Candidate signaling change mechanism 

SOURCE: Data are taken from reference 2 3 A . 
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The important reversible nature of electroporation that is often observed i n 
cel l membranes is also not treated. 

I n contrast, pore models consider the pore-expanding forces that are 
parallel to the membrane and that arise f rom normal forces acting on pores as 
U is increased. Pore models can quantitatively account for both rupture and 
reversible electrical breakdown ( R E B ) i n planar membranes and reversible 
behavior i n cells. F o r this reason, our discussion w i l l emphasize localized 
electroconformational changes, particularly hydrophil ic pores. The model ing 
of electroporation using such pores was first presented i n an impressive series 
of seven back-to-back papers; only the first paper is c i ted here (10) . 

T h e last entry i n Table I, "membrane macromolecule protrusion 
changes," ought to be a general phenomenon. Recently it has been consid
ered theoretically (21 A, 2IB), although it was earlier identif ied as a possibil
ity i n an experimental study (22). V i e w e d f rom a macroscopic, cont inuum 
perspective, the mean molecular protrusion should reflect a force balance 
that involves electrostatic and hydrophobic interactions that changes as the 
transmembrane voltage is varied. F o r example, as U changed, the electro
static free energy of the membrane- immersed port ion changes. T h e mean 
protrusion should, therefore, vary w i t h U, w h i c h may alter the accessibility of 
b inding sites on the protruding molecule (e.g., a receptor) or at nearby sites 
on the membrane. This protrusion provides a candidate mechanism for 
coupl ing electric fields to biochemical pathways of the ce l l and, therefore, 
could alter cel l function because of an external electric field. 

Strong Electrical Fields: Electrical Behavior Due 
to Electroporation 
M o s t biological studies and applications of electroporation involve short 
pulses (10 ~ 6 < i p u l s e < 1 0 " 3 s) because longer pulses often lead to nonther
mal cel l k i l l ing and to intolerable heating i n physiological electrolytes. A 
striking aspect of electroporation is that t ime scales that differ by many orders 
of magnitude are involved (see Table II). B o t h planar membranes and closed 
membranes (cells and vesicles) have been studied. Because the geometry is 
simpler, we first consider electroporation i n artificial planar bilayer m e m 
branes, some of w h i c h (e.g., oxidized cholesterol) exhibit four different 
outcomes by variation of the properties of the electrical pulse only (Table 
III). 

Reversible electrical breakdown ( R E B ) is particularly striking. ( R E B is 
actually a rapid discharge due to the high ionic conductivity caused by the 
gentle structural membrane rearrangement of mult iple pore formation.) I n 
our models, subcritical pores (i.e., nonrupture-causing pores) are responsible 
for this high conductance state ( I J) . O u r first quantitative description of R E B 
(33, 34) correctly predicted many key features of U(t) and G(t) but had 
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Table II. Time Scales Involved in Electroporation 

Time 
Scale (s) Significance How Known 

10-

i o - 7 - i o ~ 

Molecular collision times 
within lipid membrane 

Cell and planar membrane 
charging times 

10 7 - 1 0 6 Membrane discharging times 
(reversible electrical breakdown) 

10 6 - 1 0 5 Membrane discharging times 
(planar membrane rupture) 

10 ~ 4 - 1 0 + 4 Phenomena that occur after 
the membrane has discharged 
(e.g., metastable pore phenomena, 
membrane recovery) 

Statistical mechanics ( I I , 23B) 

Optical, microelectrode 
measurements 
consistent with theory 
(20, 24-26) 

Optical, microelectrode 
measurements; 
consistent with theory 
(16, 20, 24, 25) 

Electrical measurements; 
consistent with theory 
(16, 24) 

Optical, chemical, 
scanning electron 
microscopy (SEM), 
and electrical 
measurements (27-32) 

Table III. Four Observed (20) Outcomes for an Oxidized Cholesterol 
Planar Bilayer Membrane 

Characteristic Electrical Behavior Pulse Magnitude 

R E B ; membrane discharge to Ό = 0 Largest 
Incomplete R E B ; discharge halts at U > 0 Smaller 
Rupture (mechanical); slow, sigmoidal electrical discharge Still smaller 
Membrane charging without dramatic behavior of U Smallest 

several unsatisfactory assumptions. T h e most recent description (List 1 and 
Table IV) overcomes these difficulties and provides a quantitative description 
of U(t) for al l four outcomes for charge injection conditions (Figures 1 and 2) 
(16). A description of R E B alone, which occurs i n closed membranes [e.g., 
vesicles (35)], is actually less challenging. 

A general approach to model ing, i n w h i c h general hypotheses are interre
lated i n a modular form (List 1 and Table IV) , is used. This approach allows 
modules (e.g., a physical m o d e l o f the pore free energy) to be separately 
modif ied, whereas al l o f the other features of the simulation are retained. T h e 
elements given i n L is t 1 are presently formalized by using the physical 
ingredients identif ied i n Table I V . Table V lists the simulation parameters and 
their values. 

Hydrophi l i e pores are assumed to be created b y transitions f rom hy
drophobic pores (Figure 3) (10). T h e details of this process are not known. 
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List 1. Elements of the General Electroporation Model 

1. A membrane contains an equilibrium population (small at U = 0) of hydrophilic 
pores 

2. The membrane conductance, G(t), is due to the pores; a cell membrane also has 
channels 

3. Changes in the transmembrane voltage, Vit), cause changes in the pore population 
4. Transient behavior is determined by calculating how the pore population changes 

because of changes in U(t) 
5. Feedback between U(t) and G(t) involves both the pore population and external 

conduction pathways of the experimental system (membrane environment) 
6. Reversible electrical breakdown (REB) is caused by large ionic conduction through 

the transient pore population 
7. Rupture of a planar membrane is caused by the appearance of one or more large, 

unstable pores; the closed membranes do not allow cell rupture (35), except by 
portions of the membrane that are bounded by other cellular structures (e.g., 
cytoskeleton) because these portions may behave like small planar membranes 
and therefore can rupture 

Table IV. Physical Ingredients in a Recent Version 
of the Theory (16, 36) 

Ingredient Significance 

κ 
n(r, t) 
n(r, t) 
* p(r) 
H(r, η) 
Up<U 

RE + RN 

Circuit equation 

Rate of pore creation (pores of radius r m i n ) 
Rate of pore destruction (pores of radius r m i n ) 
Pore density function that describes a wide range of pore sizes 
Dynamic behavior of the heterogeneous pore population 
Born energy-modified conductivity within pores 
Hindered transport through pores [Renkin equation (37)] 
Local transmembrane voltage reduced by the spreading 

resistance 
Membrane charging through external resistances 
Coupling to the pulse generator, electrodes, and electrolyte 

(Figure 4) 
Transport of charged molecules through pores by electrical 

drift* 

1 Barnett, Α.; Weaver, J. C , unpublished. 

Unless explicitly stated otherwise, the term " p o r e " hereafter refers to hy
drophil ic pores, because they are bel ieved to provide pathways for ionic and 
molecular transport. A quantitative description of pore creation and destruc
t ion is essential, even i f it cannot be made completely f rom first principles 
[e.g., by molecular dynamics (38)]. General ly a "pore free energy", Δ Ε ( Γ ) , is 
used i n w h i c h the pore is approximated as a circular cylinder of radius r . 
B o t h mechanical (39 , 40) and electrical (10-12) contributions are consid
ered: T h e contributions are emphasized by the form A £ ( r , 17 ), where I7p is 
the local transmembrane voltage at the site of the pore. W e use Δ Ε = Δ Ε Μ 
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+ Δ Ε Ε + Δ Ε 0 , where Δ Ε Μ is the mechanical contribution, Δ Ε Ε is the 
electrical contribution, and Δ Ε 0 is an arbitrary constant. T h e mechanical 
contribution is 

Δ Ε » 2iryr — Ί Τ Γ Γ 2 ( i ) 

where Γ is the surface energy density o f the membrane-water interface and 
7 is the pore edge energy (39, 40). In the case of a planar membrane, 
rupture is bel ieved to occur i f one or more pores achieve radi i r > r c , where 
the crit ical radius for rupture is r c = y/T. 

T h e electrical contribution Δ Ε Ε treats the pore as an electrical capacitor 
that explicitly includes conduction through the pore and external region near 
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Figure 1A. Short time scale (0-1 με) behavior of the transmembrane voltage 
[U(t)] predicted by a recent version of the theoretical model for a planar bilayer 
membrane exposed to a single very short (0.4-με) pulse; that is, "charge 
injection" conditions (16). The key features of reversible electrical breakdown 
(REB) are predicted by the model, as is the occurrence of incomplete reversible 
electrical breakdown. In the case of incomplete reversible electrical breakdown, 
the membrane discharge is incomplete because U(t) does not reach zero after 
the pulse. Each curve is labeled by the corresponding value of the injected 
charge Q . The curves for Q = 25 and 20 nC show REB, whereas the other 

curves do not. 
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Figure IB. Corresponding computed pore population distribution (probability 
density), n(r, t) (16). Each curve is labeled by the corresponding value of the 
injected charge Q . For Q = 25 and 20 nC (cases for which REB occurs), Ν 
increases to about 108 in less than 0.5 με and then decays exponentially with a 
time constant of » 4.5 με. For Q = 15 nC, Ν increases rapidly to about 105 

and remains almost constant for about 4 με before the exponential decrease. For 
Q = 10 nC, Ν increases to about 2 X J O 3 in about 5 με and remains almost 
constant for about 30 με before the decay phase. The membrane in thi8 case 
rupture8. For Q = 5 nC, Ν increase8 to about 40 in 80 με. Ν will return to it8 

initial value as the membrane discharge8 with a time constant of about 2 s. 

the pore mouth (13, 14). This gives 

T r ( 8 w - E l ) t / 2 

a2rdr 

where 

a ( r ) 1 + 
^ r K p ( r ) 

2/ικ, (2) 

T h e function a ( r ) contains the "voltage divider ' effect associated w i t h the 
spreading resistance external to a pore and the internal pore resistance. W e 
assume that pores have a m i n i m u m radius, r m i n = 1.0 n m , because head-group 
packing constraints require r m i n to be somewhat greater than the size of the 
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hydrophil ic head groups (~ 0.7 nm) that make u p the inner surface of the 
pore, and the pore w a l l must contain at least several phosphol ipid molecules 
(35). W e also assume that the number of pores changes because of the 
creation and destruction of pores w i t h radius r m i n (JO), w h i c h yields a 
boundary condit ion at r = r m i n for the flux of pores i n radius space: 

Jp = Nc-Nd at r = r m i n (3) 

H e r e Nc and Nd are the pore creation and destruction rates, and the pore 
flux is 

I dn η dAE\ 

Φ C 
2 
ε Φ 

.8 

.6 

.4 

.2 

I ι ι » ι I ι ι ι ι 
25 ncoulombs 

20 ncoulombs 

ι ι ι ι ι ι ι ι ι 1 1 1 1 

Α 

5 ncoulombs 

J 0 ncoulombs 

15 ncoulombs 
_L _1_J. 

10 20 30 40 
Time (/is) 

50 60 70 80 

Figure 2A. Longer time scale (0-80 με) electrical behavior, predicted by the 
same model that shows rupture and simple charging of an artificial planar 
bilayer membrane (16). The characteristic sigmoidal behavior of U(t) is 
predicted by the model (16), but the time scale is somewhat shorter than found 
in experiments (61). Each curve is labeled by the corresponding value of the 
injected charge Q. The curves for Q = 25 and 20 nC are the spikes at t = 0. 
The curve for Q = 15 nC shows that the membrane underwent REB at t = 2 
με, but the membrane recovered before it had time to discharge completely. The 
curve for Q = 10 nC shows rupture, whereas the curve for Q = 5 nC shows 
that the membrane conductance did not increase enough to d%8charge the 

membrane. 
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Figure 2B. Corresponding pore population distributions as described by n(r, t) 
(16). Each curve is labeled by the corresponding value of the injected charge Q. 
For Q = 25 and 20 nC (cases for which RE Β occurs), Ν increases to about 10 s 

in less than 0.5 μ$ and then decays exponentially with a time constant of ^4.5 
μ-s. For Q = 15 nC, Ν increases rapidly to about 105 and remains almost 
constant for about 4 μ« before the exponential decrease. For Q = 10 nC, Ν 
increases to about 2 X 1 0 3 in about 5 μ,-s and remains almost constant for about 
30 μβ before the decay phase. The membrane in this case ruptures. For Q = 5 
nC, Ν increases to about 40 in 80 /xs. Ν will return to its initial value as the 

membrane discharges with a time constant of about 2 s. 

D u r i n g pore formation the membrane achieves energetically unfavorable 
configurations; that is, an energy barrier, Λ , is overcome. Although the 
important details are unknown, we assume that Λ depends on the transmem
brane voltage U. The contribution of permanent dipoles associated wi th pore 
structures (41) is presently neglected, so Λ is assumed to depend on U2 (viz. 
Λ = hc — all2, where ô c and a are constants). The corresponding absolute 
rate estimate is 

ν exp 
8 C ~ aU2 

kT 
(5) 

where ν is an attempt rate based on an attempt rate density, v 0 , and the 
volume of the membrane ( J J ) . T o provide continuity wi th in our work, we 
have used the barrier contained i n eq 5 and have not yet attempted to include 
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456 BIOMEMBRANE ELECTROCHEMISTRY 

Table V . Simulation Parameters and Values 

Parameter Description Value 

a Coefficient of U2 in Λ 1.9 X 1 0 " 2 0 F 
Membrane area 0 1.45 X 1 0 " 6 m 2 

C Capacitance of membrane 9.61 X 1 0 " 9 F 
Diffusion constant in pore radius space0 5 Χ 1 0 " 1 4 m 2 / s 

dt Time step size (in units of D p / ( A r ) 2 ) 
Membrane thickness42 

0.5 
h 

Time step size (in units of D p / ( A r ) 2 ) 
Membrane thickness42 2.8 nm 

kT Boltzmann's constant times temperature 4 Χ Ι Ο - 2 1 J 
RE Series resistance of electrolyte, electrodes, 

and wires 
30 i l 

B N Internal resistance of current source 50 Ω B N 

(pulse generator) 
Γ 

max 
Large pore initial size 40 nm 

Γ · mm Minimum pore radius 0 1 nm 
r+ Radius of positive ions 0.2 nm 
r_ Radius of negative ions 0.2 nm 
t Time s 
épuise Pulse length 0.4 ILS 

Charge of positive ions (in units of proton charge) + 1 
z_ Charge of negative ions (in units of proton charge) - 1 
Ί Pore edge energy density 0 2 X 1 0 " 1 1 J / m 
Γ Membrane surface energy 0 1 Χ 1 0 " 3 J / m " 2 

Pore creation energy barrier 0 2.04 X 1 0 " 1 9 J 
h Pore destruction energy barrier 0 2.04 X 10~ 1 9 J 
Δ Γ Numerical grid spacing of simulation 0.0195 nm 

Dielectric constant of l ip id 0 2.180E 

80e0
b Dielectric constant of water 

2.180E 

80e0
b 

V Pore creation rate prefactor 0 10 2 8 s " 1 

Conductivity of bulk solution 0.98 i l / m 
Χ Pore destruction rate prefactor 0 5 Χ 10 1 6 m / s 

a Parameters that characterize the membrane (16). 
bs0 = 8.85 X H T 1 2 F / m . 

other estimates ( J 5 ) o f the barrier. Al though pore destruction is also not 
understood i n detail , we assume that the probabil ity that a pore o f radius r m i n 

is destroyed is independent o f U. This assumption gives 

= X ^ ( r
m i n ) e x p | - - ^ J (6) 

where χ is a constant. 
A combination of physical forces and diffusion governs pore evolution. As 

a result, pores wi th a wide range of sizes appear i n the membrane. This 
distribution of sizes is described by a "pore population function;" that is, a 
probability density function, n ( r , t) A t any time t, there are n ( r , t) Δ Γ pores 
wi th radii between r and r + Δ Γ . 
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Figure 3. Hypothetical structures of transient and metastable membrane 
conformations that are believed relevant to electroporation (17). A, Free volume 
fluctuation believed to be involved in the transport of nonpolar molecules across 
membranes (7) and a possible early precursor to a hydrophilic pore. B, Aqueous 
protrusion or "dimple" that is envisioned as a more direct precursor to a 
hydrophilic pore (8). C, Hydrophobic pore, a high-energy transient structure 
that is believed to be a direct precursor to a hydrophilic pore (10). D, 
Hydrophilic pore that is believed to be the primary participant in short-term 
electrical behavior and probably involved in molecular transport (10). E, 
Composite pore with one or more proteins at the inner pore edge, a speculative 
possibility that might account for a metastable pore that persists after U has 
decayed because of reversible electrical breakdown (58). F, Composite pore due 
to a "foot-in-the-door" mechanism, which involves insertion of a linear charged 
macromolecule into a hydrophilic pore, such that screened coulombic repulsion 
prevents shrinkage of the pore. This is another candidate for a metastable pore, 
which can persist and transport small ions and molecules long after U has 
decayed to a small value by reversible electrical breakdown. The present view of 
electroporation assumes that transitions from A -> Β -> C -> D have a 
nonlinear increased frequency of occurrence as Ό is increased. Similar transitions 
may lead to Ε and F. Partially anchored cytoplasmic molecules, components of 
extracellular matrix, and "in transit" transported molecules are examples of 
pore-entering molecules that may lead to persistent pores of type F. Indeed, 
observation of enhanced transport of a small charged molecule due to 
electroporative uptake of DNA (a charged molecule "in transit" during uptake) 

has been reported (53). 

T h e kinetics of the pore population are quantitatively described by 
Smoluchowskf s equation (14, 42): 

dn dln 

1? + 
η 3ΔΕ 

dr \ kT dr 
(7) 

H e r e D p is the effective diffusion constant for the pore radius (43). O n e of 
our previous models showed that D p should be independent of pore radius, 
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458 BIOMEMBRANE ELECTROCHEMISTRY 

but the model used an estimate i n wh i ch water was treated as an ideal gas 
(14) and gave a value of D p that was 20 times larger than the present value 
(which assumes that molecular interactions w i l l decrease D p ) . Δ Ε is impor 
tant because — (d AE/dr)v is the effective driving force that acts to change 
the pore size. Equat ion 7 is val id for r m i n < r < r m a x (we used r m a x = 2 r c i n 
our simulations). Relatively few pores are predicted for small U(t). However, 
for large U(t) a tremendous number o f rapidly changing pores w i th a wide 
range o f sizes is predicted, and this phenomenon corresponds to "electro
poration." T o quantitatively describe metastable pores (not yet accomplished), 
additional interactions w i l l be needed. 

W e assume that the transport o f ions across the membrane occurs by 
passage through pores large enough to accommodate small hydrated ions 
(e.g., N a + and C l ~ ) . However , the presence o f ions with in small pores 
requires that the " B o r n energy" (44) and hindered motion both be consid
ered. The bulk electrolyte conductivity σ β is a function of the concentrations, 
Cj, and o f the mobilities, η ί ? o f its ions: 

<re = E(*i<0%i ci (8) 
i 

H e r e e = 1.6 X 1 0 ~ 1 9 C , z{ is the charge of the i t h type o f ion, and the sum 
is over the different ion types o f the electrolyte. In contrast, the conductivity 
wi th in a pore, σ ρ , is reduced: 

<r p (r ) = Σ ( ^ ) ν ^ ( Γ , η ) β χ ρ ( ^ ) (9) 

H e r e H(r, r t ) is a steric hindrance factor (see following text) and μ*? is the 
standard chemical potential o f an ion o f type i inside the pore. W e use a 
previously obtained estimate (13) 

(Ζ:β)2 Ι ε, \ 
μ : ~ Ρ " (10) 4frejr \ ε„ 

which is based on a point charge on the axis o f an infinite cyl indrical cavity. 
H e r e εχ and e w are the dielectric constants o f the l i p i d and the water, 
respectively, and the Parsegian function Ρ has a maximum value of 0.25 (44). 

Hindrance o f movement wi th in a pore is described by using Renkin's 
equation (37): 

H(r,ri) = -(τΐΙΜ^ο'-ο' ( Π ) 

for Η —> 0 as r{ —> r . 
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21. WEAVER Theory of Electroporation 459 

A n additional complication is that a heterogeneous electric field exists 
wi th in the electrolyte near the pore entrances. T h e associated potential drop 
i n the electrolyte is estimated by consideration o f "spreading resistance" (45), 
Rs(r), given by Rs « l / 2 a e r . T h e spreading resistance results i n a smaller 
transmembrane voltage, 17 at the site of pore. The internal resistance of a 
pore is estimated by using the reduced conductivity, a p ( r ) , so that 

14). These h/<nr\(r) (13, and create two resistances act i n series and create a 
'voltage div ider" so that 17 < U. This divider reduces both the electrical 

driving force and Δ Ε , with the consequence that large pores expand more 
slowly. The current through a pore is Z p = U/Rs(r) + K p ( r ) , so that the 
total current ί through the membrane and the conductance, G(t), are 

rmin 

n(r, t) 

fl,(r) + B _ ( r ) 
dr 

G(t) = /" 
n(r,t) 

dr 

(12a) 

(12b) 

as rm 

Rs(r) +Rp(r) 

> r{ = r + = r _ . G(t) is used self-consistently wi th an equation for the 
external circuit (see fol lowing text) to determine the membrane electrical 
behavior. 

The circuit of F igure 4 shows the relationship between the pulse 
generator, the charging pathway resistance, and the membrane, which is 
treated as the parallel combination of the membrane capacitance, C . T h e 
capacitance changes negligibly during electroporation, because only a small 
fraction of the membrane is occupied by aqueous pores (Freeman, S. Α.; 
Wang , A . M . ; Weaver, J . C , unpublished). However, the membrane resis
tance, R(t) = 1/G(t), changes by orders of magnitude. In a charge pulse 
experiment a current pulse of amplitude I{ passes through RN to create a 
voltage pulse, V 0 (Figure 4). F o r 0 < t < tpuhe, current flows into or across 
the membrane, and at t = f p u l s e the pulse is terminated by opening the 
switch. Because the generator is then disconnected, membrane discharge can 
occur only through the membrane for a planar membrane [not so for a cel l , 
wh i ch has a circumcellular discharge pathway (Weaver, J . C ; Barnett, Α.; 
Wang , M . W . ; Bliss, J . G . , unpublished)]. F o r planar membrane experiments 
the appropriate circuit differential equations are 

dU 

dt 

* p f i N 

RE + RN 

U 

-U + 
RE + RN 

i f t < t pulse 

(13) 

i f t > t pulse 

subject to the init ial condition 17(0) = 0. A modif ied treatment approximates 
a cel l by considering two "polar regions" as planar membranes (Weaver, 
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460 BIOMEMBRANE ELECTROCHEMISTRY 

« 0 e 

VG(t) 

Side View of Partition 

Figure 4. A, Experimental configuration for studying artificial planar bilayer 
membranes. A vessel that contains a bathing electrolyte is separated into two 
compartments by an insulating partition. On each side there is a planar 
electrode connected to a voltage source (pulse generator) and a measuring 
circuit. The membrane spans an aperture of area A m in the partition. B, 
Equivalent circuit for a charge pulse experiment using the configuration in A 
(14, 16). The pulse generator is modeled by the current source I4(t) in parallel 
with the resistor RN> which corresponds to a voltage pulse, V 0 . The electrolyte, 
electrodes, and wires are modeled by the resistor RE, and the membrane is 
modeled by the capacitor C in parallel with the resistor 1 /G(t) . The switch is 
opened at the end of the current pulse, and the discharge current is forced to 
flow through the membrane. The voltmeter measures the potential difference 
UT O(t) between the electrodes. The membrane initially charges with a time 
constant of irchg = (RN + R E ) C (16), which is typically a few microseconds; 
that is, a result of the finite resistance of the bathing electrolyte, electrodes, and 
pulse generator output resistance. This value is of the same order of magnitude 

as for many isolated cells (59, 60). 

J . C ; Barnett, Α.; Wang , M . W . ; Bliss, J . G . , unpublished). A self-consistent 
numerical solution to these equations is used to provide an electroporation 
simulation. 

Strong Electrical Fields: Molecular Transport Due 
to Electroporation 
D u r i n g and within about 1 0 ~ 4 s of a pulse, electrical interactions probably 
dominate pore behavior. F o r this reason, treatment o f electrical behavior is 
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21. WEAVER Theory of Electroporation 461 

crucial to understanding electroporation. However, greatly enhanced molecu
lar transport across cel l membranes is the pr imary motivation for most 
electroporation applications (46-48) and is far more important to biology 
than membrane electrical behavior. T o treat molecular transport, we have 
extended the model to include one contribution to molecular transport across 
a planar membrane, that of electrical drift (36). Other basic molecular 
transport mechanisms (viz. diffusion and convection) should be inc luded i n 
future versions. T h e possibility o f endocytosis, either as a pr imary membrane 
event or as a secondary, electroporation-stimulated effect, should also be 
considered as a molecular transport mechanism (49). I n electroporative 
transport we expect that water-soluble molecules of effective radius r s are 
transported through the pores that have r > r s . This expectation is equivalent 
to the assumption that the electroporated membrane is a rigid sieve. It 
remains for future experiments to include the possibility that the approach 
and entry of a molecule might cause additional membrane conformational 
changes that assist or inhibit molecular transport. H i n d e r e d transport is 
expected for al l three types of transport through pores, because many pores 
are only slightly larger than r s . F o r each type of transport the characteristic 
t ime for relaxation into a steady-state transport is important, because, i f it is 
justified, a steady-state description is generally much simpler. 

F o r a charged molecule of type «s, the drift current across the membrane 
is larger than the diffusion current as long as U is greater than the Nernst 
voltage for species s: UNemsts > kT/zse l n [ c s > 1 / c S ) 2 ] , where zs is the charge 
on a molecule of type s and the argument of the logarithm is the ratio of the 
concentrations on the two sides of the membrane. W e also l imit our treat
ment to those cases i n which the associated electric current is small compared 
to the current carried by the small ions of the bathing electrolyte. This 
l imitation allows us to neglect the effect of molecular transport on the 
electrical behavior of the membrane but provides an estimate of the electrical 
drift flux, Ns, o f charged molecules of type s across the membrane: 

Ns(t) = uf 
n(r,t) 

Xs(r)+Xp(r) 
dr (14) 

Note that only pores with r > r s participate, because the hindrance factor is 
zero for r = r s (eq 11). The net number of molecules transported across the 
membrane is the t ime integral of Ns over the duration of the simulation and 
is a quantity that should be measurable for different experimental conditions, 
particularly different pulse magnitudes, durations, and shapes. The terms 

1 h 
Xs = 7 χ — — and X = — — — / ο / 7 T \ 2 ( 1 5 ) 

are the analogs to the spreading resistance and internal pore resistance for 
the small ions. H e r e η 5 is the electrical mobil i ty of a molecule of type s and 
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462 BIOMEMBRANE ELECTROCHEMISTRY 

cs is their concentration on the supply side. As is the case for conduction by 
small ions, μ^ is the chemical potential o f a molecule of type s inside a pore, 
which is approximated by its B o r n energy, and H = H(r,rs) is the steric 
hindrance factor. 

I n a recent set o f simulations, we used the potential energy of a point 
charge on the axis o f an infinite cylinder cavity for the B o r n energy. However, 
this value is too large because two significant contributions were not inc luded. 
First , a hydrophil ic pore is fined w i th phosphol ipid head groups that have an 
effective dielectric constant that is intermediate between that of l i p i d and 
water; this lowers the B o r n energy. Second, a membrane-spanning pore has 
finite length, so that the infinite cylinder approximation is too large; this also 
lowers the B o r n energy. F o r this reason, here we have used the results o f 
Jordan, who has treated finite pores l ined wi th material o f intermediate 
dielectric constant (50, 51). Thus we have used a reduced estimate, i n which 
eq 10 has been mult ip l ied by the factor 0 .02(h /r ) . This approximation stil l 
treats the charge as a point charge, wh i ch is a reasonable approximation for a 
small i on but far less so for a larger molecule. F o r this reason, we have also 
used an effective value for zf (e.g., z s

2
e f f = z1'5) that is less than %s

2. T o test 
the sensitivity of molecular transport to molecular size and charge we have 
initially assumed a spherical molecule. 

D u r i n g a simulation of electrical behavior the quantities U(t) and n(r, t) 
are progressively computed (16). Ns is simultaneously estimated, and the 
cumulative flux is computed as the simulation progresses to provide a 
prediction of the average net transport, Ns. T o date, molecular transport 
estimates involve (1) a driving force proportional to z, (2) repulsion due to a 
B o r n energy effect, and (3) geometrically reduced transport through h i n 
drance (which explicitly includes sieving). The integrated flux of several 
different hypothetical spherical molecules wi th different sizes and charge was 
computed for a simulated charge-pulse experiment (Figures 5 and 6). Initially 
we used the bulk molecular concentration, cs, to estimate the availability of 
molecules for pore entry, but i n future versions the locally elevated or 
depressed concentration wi th in the double layer near a charged membrane 
should be inc luded. 

O u r init ial estimates o f molecular transport based on electrical drift 
should be extended by inc luding convection [e.g., electroosmosis (31)] and 
diffusion (52). T h e same general strategy is reasonable: A dynamic pore 
population w i l l be computed, i n w h i c h electrical interactions are the d o m i 
nant source of pore creation and expansion. In the case of a planar membrane 
wi th no osmotic or hydrostatic pressure gradient, the final stages of pore 
population expansion and collapse should also be governed by purely electri 
cal interactions. B y following the pore population over its development, the 
contribution of each transport mechanism can be estimated. F o r cel l m e m 
branes, a nonzero pressure difference w i l l usually exist. In this case, pores of 
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Time (JUS) 

Figure 5. Theoretical estimate of the transport of propidium iodide (Pi) across 
an artificial planar bilayer membrane. The molecule was treated as a circular 
disk with charge zs = + 2. Only transient aqueous pores are used in this 
version of the model. Future versions should include metastable pores and 

estimates of the contributions of diffusion and convection. 

electrical origin may be further expanded. T h e very large pores i n red blood 
cel l membranes visualized by rapid freeze electron microscopy (29) may have 
been generated i n this way. The very large size (40 -100 nm) and relatively 
long lifetime (10 -40 ms) o f these pores suggest that (1) they should con
tribute significantly to molecular transport, but based on our theoretical 
model (and also optical (25) and microelectrode measurements (24) i n other 
cells), (2) it is difficult to believe that these large pores are the "pr imary 
pores" caused by elevated transmembrane voltages, because U(t) decays to 
zero wi th in 1 0 ~ 3 s or less after the pulse. 

The effect of metastable pores wi th lifetimes greater than 10 ~ 3 s should 
also be considered, for example, by extending the model to include interac
tions that " t r a p " one or more o f the transient large pores. Al though the 
mechanism is not yet understood i n detail , there is growing experimental 
evidence that a significant number of cells retain an ability to take up large 
numbers of macromolecules long after U(t) should have decayed to zero. 
Experiments that show a decaying number of cells, each wi th an u n d i m i n 
ished ability for large amounts of uptake (30 and Harr ison , G . I.; Bliss, J . G . ; 
Weaver, J . C . , unpublished), are particularly suggestive of metastable pores. 
F o r example, protrusion of cytoplasmic macromolecules into pores could 
provide a coulombic repulsion that prevents pore shrinkage to r m i n . Similarly, 
the entry of a charged linear molecule (e.g., D N A ) should provide a " foot - in-
the-door" effect, i n whi ch the pore remains open unt i l the molecule either is 
expelled or transported. This mechanism is consistent wi th the observation of 
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Figure 6. A, Theoretical prediction of U(t) for a cubic cell model. This extension 
of a planar bilayer membrane model assumes that the participating membrane 
regions are two planar areas on opposite sides of a cell. Unlike the planar 
membrane, the cubic cell correctly gives a rapid discharge of the transcellular 
potential difference even if there is negligible electroporation. Here the behavior 
was simulated by providing a single 50- /AS 2 pulse of amplitude V 0 = 4 V. B, 
Corresponding behavior of n(r, t). Note the continued evolution of the pore 
population to include progressively larger pores while the pulse is on. At the 
same time the transmembrane voltage has reached an approximate plateau. 
Unlike planar membranes that achieve this transmembrane voltage, rupture 

does not occur for cell membranes. 
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0 10 20 30 40 50 60 
Time (JUS) 

Figure 6.—Continued. C, Predicted electrical drift contribution to molecular 
transport across one of the two cubic cell membranes. (Weaver, J. C; Barnett, 
A; Wang, M. W.; Bliss, J. G., unpublished). A hypothetical series of molecules, 
all with unit charge (zs = l) was used to test the relative importance of different 
size pores in the pore population. More realistic predictions would use estimates 
of the size (radius r s ) , shape (a form factor), and the Born energy repulsion 

(z^eff = zm, where m is a number in the range 1 < m < 2). 

increased transport of small molecules dur ing D N A introduction by electro
poration (53). Capture of membrane proteins at a pore edge (Figure 3) or 
interaction w i t h the cytoskeleton might also lead to metastable pores. S i m i 
larly, transport of a cytosolic or extracellular molecule into an expanded 
transient pore, and subsequent b inding or adsorption of the molecule to the 
pore edge, could lead to repulsive interactions wi th in the pore that prolong 
the lifetime of the pore. 

Cubic Cell Model for Electroporation 
T h e topologies of planar and cel l membranes are significantly different. 
Planar membranes can discharge only through the membrane (or the external 
circuit i f the pulse generator remains connected). In contrast, cells can 
discharge either by conduction through the membrane or by an extracellular 
pathway. Thus cells have a short discharge t ime, ΊΓ&5, even for electric field 
pulses that do not cause electroporation. A cubic cel l mode l for electropora
t ion has been developed that assumes that (1) only a port ion of the cel l 
membrane significantly participates i n electroporation and (2) this port ion can 
be approximated by two planar membranes (Weaver, J . C ; Barnett, Α.; 
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W a n g , M . W . ; Bliss, J . G . , unpublished). This extension of the planar m o d e l 
provides a better description of cel l membrane electrical behavior dur ing 
electroporation and provides a more realistic basis for describing molecular 
transport. 

Weak Electrical Fields: Estimates of Thresholds 
Electroporat ion occurs for very large increases i n U, such that the change, 
Δ17, is extremely large compared to the background fluctuations ("noise") i n 
the transmembrane voltage. I n prel iminary consideration o f this fact, we 
noted that application o f a basic signal-to-noise ratio cri terion might provide 
an estimate o f the m i n i m u m electric field, Ee m i n , to w h i c h a ce l l should 
respond (54). This approach led to the fol lowing broadband estimate for a 
spherical cel l : 

2(617) kT 
3r„ 

kTd 
1 / 2 

(16) 
' c e l l 

This approach to estimating thresholds can be appl ied to other ce l l shapes 
(e.g., elongated cells) and can be extended by considering mechanisms that 
lead to l imi ted frequency bands of response and the possibility of "signal 
averaging" by the accumulation of transported molecules via the mechanism 
of electroconformational coupl ing (55). Such "narrow b a n d i n g " and signal 
accumulation (a type of signal averaging) is a fundamental attribute of 
membrane enzyme electroconformational coupl ing (56) . This constraint o n 
noise leads to lower threshold predictions: 

^RkTAf 
« 2 

?mkTdAf 11/2 

-'cell ^ e e l l ^ c e l l 

( 1 7 ) 

where Δ / is the frequency bandwidth (e.g., w i t h i n w h i c h the electroconfor
mational coupl ing mechanism functions) and R is the resistance o f the cel l 
membrane. T h e Δ / associated w i t h electroconformational coupl ing is ord i 
narily not extremely small and has its or igin i n the relaxation times of the 
enzyme-catalyzed reaction, rather than a "resonance" phenomenon (56) . 

Transient Aqueous Pores as Enzymes 
Transient hydrophil ic pores can be regarded as excitations o f the membrane 
because their frequency-of-occurrence is dependent o n thermal fluctuations, 
the local transmembrane voltage, and the local composit ion of the m e m 
brane, and any participating membrane macromolecules. As pathways for 
ionic conduction, hydrophil ic pores act m u c h like ion channels, but w i t h the 
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significant differences that (1) they can achieve many different sizes and (2) 
they usually exist for only a short t ime. 

Eisenberg recently noted that channels funct ion as entities that catalyze 
transmembrane transport and, i n this sense, can be regarded as enzymes 
(57) . E isenberg notes that channels stabilize the transition state between 
substrate (S ) and product ( F ) i f the channel transition state is regarded as 
the state w i t h an ion wi t h in the channel . This stabilization occurs because the 
channel is polarizable, w i t h a channel aqueous interior dielectric constant and 
a channel w a l l dielectric constant that both exceed the l i p i d dielectric 
constant, so that the barrier to i o n transport is lowered. This transport-
enhancing funct ion of transient pores has, of course, been explicitly consid
ered by many investigators of electroporation. I n this case a solubil ized i o n 
passes through the membrane because of the reduced B o r n energy. T h e pore 
size often exceeds the simple geometric requirement of r > r i 9 so that the 
B o r n energy barrier is reduced even more. 

H e r e we suggest that ions or molecules temporari ly b o u n d to the 
membrane surface may have their transmembrane movement enhanced by 
pore formation and that this possible mechanism also has catalytic features. 
This additional hypothesis envisions that local membrane conformational 
changes can result f rom both the local transmembrane voltage and the 
surface b inding of a transported molecule (S) . That is, a pore-substrate 
complex is formed. O n e possible outcome is transmembrane transport i n 
w h i c h S is temporari ly b o u n d to the inner surface of a pore, wi th subsequent 
electrical lateral mot ion (relative to the pore inner surface) by diffusion or 
lateral drift to the other side. Alternatively, as a pore shrinks and closes, S is 
presented to the other side of the membrane. I n either case, upon dissocia
tion, transport of S w i l l have been accomplished. 

In summary, a pore may function as an enzyme, w i t h transport enhanced 
("catalyzed") i n two ways: 

1. Reduct ion of the B o r n energy barrier for a soluble i o n or 
molecule (the usual role attributed to pores dur ing electropora
tion). 

2. Transient b inding and transport of an i o n (or molecule) i n a 
three step process: 
(a) B i n d i n g to the exposed interior surface of the pore. 
(b) M o v i n g w i t h respect to the membrane midplane because 
of further pore conformation changes or lateral transport along 
the interior surface of the pore. 
(c) U n b i n d i n g from the pore o n the other side of the m e m 
brane. 

This hypothetical process might also occur i f a membrane macromolecule 
resides at the "edge" of a composite pore, such that portions of the macro-
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molecule are exposed and are able to temporarily b i n d the transported 
molecules. In this case, fol lowing a conformational change that increases the 
probabil ity of release o n the other side of the membrane, the molecule 
unbinds. This second type of transport process should have greater specificity 
than the transport of completely dissolved species that never b i n d to the 
membrane or to the interior surface of the pore. 

Summary 
Electroporat ion has been modeled by consideration of membrane electrocon
formational changes, w i t h emphasis o n hydrophi l ic pores. W e recognize that 
we should be cautious i n applying relatively simple physical models to 
complex biological cells. However , the c o m m o n short pulse experiments that 
cause electroporation almost universally observe dramatic effects i n artificial 
and cel l membranes for a transmembrane voltage of 1 V . This universal 
behavior strongly suggests that many aspects o f the onset and short-term 
behavior of electroporation can be described by models that involve a few key 
parameters. Progress to date is encouraging because reasonable quantitative 
descriptions o f the t ime-dependent transmembrane voltage, the membrane 
conductance, and some aspects o f molecular transport have been achieved. 
Likewise , l imi ted but encouraging results for the interaction of weak electric 
fields w i t h cells has been obtained by consideration of signal-to-noise ratio 
issues and the invocation o f membrane enzyme electroconformational coup
l ing . This approach has l e d to estimates of the m i n i m u m electric field to 
w h i c h cells might respond. 
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Cytochrome c3: Properties and 
Recent Insights 
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2 Department of Chemistry, University of Kansas, Lawrence, KS 66045 

The cytochromes c3 from the sulfate-reducing bacteria of the genus 
Desulfovibrio comprise a class of c-type cytochromes that are distin
guished from the more familiar mitochondrial cytochromes c in two 
important respects. First, cytochromes c3 contain four heme groups, 
rather than one, bound to a single polypeptide of less than 120 amino 
acid residues. In addition, the redox potentials of the multiple hemes 
are very low ( — 165 to —400 mV) in contrast to +260 mV for 
mitochondrial cytochrome c. Importantly, the electrochemical and 
electrical properties of the cytochromes c 3 are unique among biologi
cal redox proteins. The cytochromes c 3 modify electrodes in a way 
that facilitates heterogeneous electron transfer and in dry films have 
the ability to change resistivity by up to 10 orders of magnitude in 
going from the fully oxidized to fully reduced states. The structural 
properties, oxidation-reduction potentials, heterogeneous and homo
geneous electron-transfer kinetics, electrical properties of protein films, 
and the utilization of site-directed mutagenesis in understanding the 
structure and function of the cytochromes c 3 are discussed. The focus 
is on new information and insights that further our understanding of 
the cytochromes c3 as well as define the issues that must be addressed 
to exploit fully this important and interesting protein. 

T H E C Y T O C H R O M E S C3 A R E C L A S S III C - T Y P E C Y T O C H R O M E S (1) that were 

originally isolated i n 1954 from Desulfovibrio (2, 3). Al though widely dis
tr ibuted amongst the Desulfovibno, cytochromes c3 have only recently been 
found i n other species; for example, i n the purple phototrophic bacterium 
H 1 R (T. E . Meyer , personal communication) and i n Desulfuromonas acetoxi-

0065-2393/94/0235-0471 $08.00/0 
© 1994 American Chemical Society 
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dans (4) . Functionally, i n the Desulfovibno, the cytochromes c3 mediate 
electron transfer between hydrogenase and the i r o n - s u l f u r protein ferre-
doxin, as shown schematically (5 ) 

hydrogenase ^ cytochrome c3 ^ ferredoxin (1) 

Reduced ferredoxin reacts w i t h proteins that participate i n the dissimilatory 
reduction of sulfate to sulfide; oxidized ferredoxin reacts w i t h pyruvate 
dehydrogenase that catalyzes the conversion of pyruvate to acetyl C o A 
(phosphoroclastic reaction). I n sulfate reduction, molecular hydrogen is the 
electron source, and i n the phosphoroclastic reaction, protons are the termi
nal electron acceptor and hydrogenase mediates electron transfer between 
cytochrome c3 and protons or molecular hydrogen. 

Cytochrome c3 is distinct f rom the class I c-type cytochromes (for 
example, mitochondrial cytochrome c) and class II ο type cytochromes (for 
example, cytochrome c') i n terms of out-of-plane ligation. T h e class III 
cytochromes have histidine i n both the fifth and sixth heme coordination 
positions versus his-met (class I) or his-vacant (class II) and also differ i n the 
number of covalently b o u n d heme groups per peptide chain: four heme 
groups for class III versus one heme group for classes I and II . Moreover , the 
cytochromes c3 have a number of unusual properties that make them 
valuable experimental materials for understanding biological electron trans
fer. 

T o date, the cytochromes c3 f rom four species have been extensively 
studied i n terms of both structural and physicochemical properties. These 
species are cytochrome c3 f rom Desulfovibno vulgaris Miyazaki (Miyazaki) , 
Desulfovibno vulgaris Hi ldenborough (Hildenborough) , Desulfovibno desul-
furicans Norway (Norway), and Desulfovibno gigas (Gigas). T h e structural 
properties, oxidat ion-reduct ion potentials, site-directed mutagenesis, electri
cal properties, and homogeneous and heterogeneous redox kinetics o f cy
tochrome c3 w i l l be discussed, and the prospects for future insights w i l l be 
described. 

Structure 
The amino acid sequences of four examples of cytochromes c3 (Miyazaki , 
Hi ldenborough, Gigas, and Norway) are presented i n F igure 1. A n u m b e r of 
features are notable. A l t h o u g h there is substantial amino acid sequence 
homology between Hi ldenborough and Miyazaki cytochrome c3 (85%), there 
is m u c h less homology among the other cytochromes c3. F o r example, 
Norway and Miyazaki cytochrome c3 have only 3 5 % sequence homology. 
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T h e amino acid sequence identity matrix for cytochromes c3 f rom six De
sulfovibno species are as follows: 

• Gigas 

• 53 Miyazaki 

• 53 85 H i l d e n b o r o u g h 

• 31 39 37 D. desulfuncans E l Aghei la 

• 32 39 37 67 D. saleigens Br i t i sh G u i a n a 

• 30 35 34 40 44 Norway 

T h e percent identity i n amino acid sequence is given using the insertions 
and deletions shown i n F igure 1. O n l y a small number (25) of sequence 
positions are conserved among the four sequences shown. However , 16 o f 
these 25 are associated w i t h heme b inding (cys and his); hence only nine side 
chains are conserved. This lack of amino acid sequence homology among the 
cytochromes c3 as a family allows for substantial differences i n physicoehemi-
cal properties whi le retaining structural homology. 

F igure 1 also provides information on heme attachment. The heme 
number ing corresponds to heme designation i n the Miyazald cytochrome c3 

crystal structure. F o r two of the four hemes (heme III and heme II), the 
heme b inding sequence is cys fol lowed by two amino acids and then cys-h is . 
This b inding sequence is typical o f e-type cytochromes: T h e histidine serves 
as one of the axial ligands. However , the other two hemes have the unusual 
sequence cys fol lowed by four, rather than two, amino acids and then cys-h is . 
Moreover , it is quite apparent that the distal histidine, because of its distance 
from the heme b inding site i n the amino acid sequence (Figure 1), plays a 
key role i n determining the three-dimensional structure of the class III 
cytochromes. 

As far as electrostatics are concerned, Gigas and N o r w a y cytochromes c3 

are acidic ( p i = 5.2) (6 ) and neutral ( p i = 6.9) (7) , respectively, whereas 
Miyazaki and Hi ldenborough cytochrome c3 are basic ( p i = 10.5) (6) . These 
electrostatic properties result f rom a net apoprotein charge of + 8 , +8 , + 4, 
and + 4 for Miyazaki , Hi ldenborough, Norway, and Gigas cytochrome c3, 
respectively. Based on amino acid composit ion sequence and the fact that the 
four hemes provide eight propionates, we can infer that at least four 
propionates should be ionized at a p H 7.0 to y ie ld the observed isoelectric 
points, assuming that some of the uncertainties i n the Gigas cytochrome c3 

sequence are acidic. It is also notable that reduction of al l four hemes of the 
cytochrome c3 is accompanied by a protein net charge decrease of 4 because 
the formal heme i ron charge w i l l change f rom + 1 to 0. This last observation 
suggests that ionic strength c o u l d have a very large effect on the redox 
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1 10 
M Α Ρ Κ A Ρ A D G L Κ M D K Τ Κ Q 
H Α Ρ Κ A Ρ A D G L Κ M E A Τ Κ E 
G V D V Ρ A D G A Κ I D F I A G G - Ε Κ Ν 
N A D A Ρ G D D Y V I S A Ρ E G M Κ A K Ρ K G D K Ρ G Α L 

20 30 40 
M Ρ - V V F N Η s Τ H K A - V K C G D C H H Ρ V N G Κ Ε D 
H Ρ - - V V F N Η s Τ H K S - V K C G D C H H Ρ V N G Κ Ε D 
G L - - V V F Ν Η s Τ H K D - V K C Β B C H H Ζ Ρ G B Κ Q -N Q K Τ V Ρ F Ρ Η τ Κ H A Τ - V E c V Q C H H Χ X A D G G A 

Τ • H F M F T T T 

50 60 
M Y Q K - - c A Τ A G C H D Ν M D - - K K D K S A Κ G -H Y R K - - - c G Τ A G C H D S M D - - K K D K S A Κ G -G Y A G - - - c Τ Τ D G C H Ν I L D - - K A D K S V Ν S -N V K K - - - c Τ Τ S G C H D S L Ε F R D K A Ν A K D I K 

Γ 
HEME II 

70 80 90 
M Y Y - H A M Η D κ G Τ K F K - s C V G C H L E Τ A G Α D 
H Y Y - H V M Η D κ Ν Τ K F K _ s C V G C H V E V A G Α D 
G w Y - K V V Η D Α Κ G G A K Ρ τ C I S C H K D Κ A G D D 
N L V E S A F Η Τ Q C I D C H - A L K Κ K 

—HEME IV 

1 .00 
M A A K K K E L Τ G C K G S K C H S 
H A A K K K D L Τ G C K K S K c H E 
G K E L K K K L Τ G C K G S A c H Ρ S 
H D K K Ρ Τ G Ρ Τ A C - G K c H Τ Τ N 

1 HEME I 

Figure 1. Cytochrome c 3 amino acid sequences. Amino acid sequences are given 
for Miyazaki (M), Hildenborough (H), Gigas (G), and Norway (N). Numbering 
is for Miyazaki cytochrome c 3 . Heme labeling is consistent with assignments 

from the Miyazaki cytochrome c 3 three-dimensional structure (Figure 2). 

potential of the cytochrome c3 hemes and that partial reduction should 
greatly influence subsequent reduction steps. 

T h e three-dimensional structures of the four cytochromes described here 
are known (8-10; N . Yasuoka, personal communication) . T h e Miyazaki 
cytochrome c3 X - ray structure is solved to the highest resolution (1.8 A ) (8) . 
Because the cytochromes c3 are structurally homologous, only the Miyazaki 
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cytochrome c3 structure w i l l be discussed i n detail . F igure 2 presents three 
different stereo representations of the Miyazaki structure. In the top panel, a 
r ibbon diagram shows the backbone folding and heme positioning, w h i c h 
establishes the relative orientation of the four hemes and their relation to the 
molecular surface. T h e heme number ing is consistent w i t h that of F igure 1 
and w i l l be used throughout this discussion. A space-filling representation i n 
the middle panel of F igure 2 demonstrates the exposure of heme II ( in 
green) to solvent. T h e axial histidine ligands (magenta) are clearly visible. 
Hemes I and I V are partially visible on the left and right, respectively. 
Oxygen atoms of glutamic acid and aspartic acid residues are identif ied by red 
(heme propionate oxygens are pink) and lysine ( N Z ) by blue. Some of these 
residues participate i n salt bridges or i n hydrogen bonding and, thus, do not 
contribute to the surface electrostatic field, w h i c h is shown i n the bottom 
panel . This representation illustrates the electrostatic fields that w o u l d be 
experienced by an approaching reactant at an ionic strength of 0 . 0 1 M and an 
energy of 2 kT , and is calculated using the modif ied T a n f o r d - K i r k w o o d 
method of Mat thew ( I I , 12). T h e positive fields are blue, and the negative 
fields are red. A number of structural features are notable. T h e iron-to- iron 
distances vary f rom 1 7 . 8 to 1 1 . 0 A , and the angles between the heme planes 
vary f rom 2 2 to 8 9 ° (Table I) ( 8 ) . 

As can be seen i n the top panel of F igure 2 , there is no obvious regular 
relationship among all four hemes, although interheme planar angles of near 
9 0 ° ( 8 0 - 8 9 ° ) are most c o m m o n (Table I). T h e exposure of each of the hemes 
to solvent i n terms of accessible surface area is 1 2 7 , 1 6 8 , 1 3 6 , and 1 3 6 A 2 for 
hemes I - I V , respectively ( 8 ) . T w o points are apparent. First , relative to the 
class I c-type cytochromes where the accessible surface area is typically 
3 2 - 4 9 A 2 , the cytochrome c3 heme exposure is quite large. Second, heme II 
is substantially more exposed than the other three hemes, w h i c h suggests that 
it may have some unique properties. In terms of electrostatics, it is quite 
apparent that the Miyazak i cytochrome c3 has an asymmetric charge distr ibu
tion and the region i n the vicinity of heme I and the C-terminus has a large 
positive field. This asymmetric electrostatic field may play an important role 
i n the functional and electrical properties of the cytochrome c3 as we shall 
discuss later. Lysine residues at positions 1 5 , 5 7 , 5 8 , 7 2 , 9 4 , 9 5 , and 1 0 1 make 
up m u c h of the electrostatic field i n the heme I and C terminus region. 
Reference to the amino acid sequences given i n F igure 1 shows that positive 
charges at positions 1 5 , 5 7 , 9 5 , and 1 0 1 are conserved among Miyazaki , 
Hi ldenborough, and Gigas cytochrome c3, w h i c h suggests that the asymmet
rical charge distribution is also conserved. This feature persists despite the 
fact that Miyazaki and Gigas cytochrome c3 have net protein charges of 
opposite sign. In contrast, a comparison of Miyazaki and Norway cytochrome 
c3 sequences yields conserved lysines only at positions 1 5 and 5 8 . Thus, the 
positive field observed for the Miyazaki cytochrome is absent i n the Norway 
cytochrome. Indeed, the calculated electrostatic map for the Norway cy-
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476 B I O M E M B R A N E E L E C T R O C H E M I S T R Y 

Figure 2. Stereo views of Miyazaki cytochrome c3 showing the C backbone 
folding pattern (top panel), the space-filling view of the relative solvent exposure 
of heme II (middle panel), and the distribution of the electrostatic fields on the 
protein surface (lower panel). The views in all three panels are of the same 
x, y, ζ orientation as displayed on an Evans and Sutherland model PS390 
graphics system using software packages Insight (top and middle) and Frodo 

(lower). 
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Table I. Iron-Iron Distances and Heme-Heme Angles for Miyazaki 
Cytochrome c 3 

Heme I II III TV 

I 16.4 A 17.8 A 12.0 Â 
II 73° 12.2 A 15.8 Â 
III 22° 88.7° 11.0 A 
IV 80° 59.1° 80.3° 

NOTE: The upper right quadrant gives Fe-Fe distances. The lower left quadrant gives 
angles between heme planes. The heme nomenclature is that used in Figures 1 and 2. 
SOURCE: Data are taken from reference 8. 

tochrome is also asymmetric; al l four hemes are i n a negative field, and only a 
small positive field remains at the C terminus. 

In summary, the cytochromes c3 are structurally homologous and have a 
compact structure w i t h little secondary structure. Clearly, the folding is 
dictated by the presence of the four six-coordinate hemes. In general, the 
cytochromes c3 have an asymmetric charge distribution, and all four hemes 
are substantially more exposed to solvent than i n the more typical class I h igh 
potential c-type cytochromes. 

Oxidation-Reduction Potentials 
A characteristic of the cytochromes c3 is a very low oxidat ion-reduct ion 
potential . Moreover , it is obvious f rom the mult iheme nature of these 
cytochromes that the redox properties should be complex. I n the simplest 
situation, four individual redox potentials could be expected, one for each 
heme. In addition to the axial ligands on the hemes, a number of factors are 
anticipated to influence the individual heme redox potentials. First and 
foremost, the environment of each heme can exert an influence on its 
oxidat ion-reduct ion potential . This influence w i l l be manifested i n two ways: 
the packing of the specific amino acid side chains about each heme and the 
extent of solvent exposure of each heme. It is quite apparent f rom the 
structural data (Figures 1 and 2) that the four hemes, w h i c h are i n nonequiva-
lent environments, are expected to have different oxidat ion-reduct ion poten
tials. Moreover , at least w i t h Miyazaki cytochrome c3, one of the hemes 
(heme II) is substantially more exposed to solvent, w h i c h may result i n a 
lower oxidat ion-reduct ion potential (13). F inal ly , it is apparent that i n a small 
molecule that contains four hemes wi t h in close proximity ( < 18 A ) , 
h e m e - h e m e interactions, principal ly as a result of electrostatic interactions, 
are l ikely to influence oxidat ion-reduct ion potentials (14). Indeed, on elec
trostatic grounds the redox state of one heme should influence another. This 
influence results f rom the fact that addition of electrons changes the formal 
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4 7 8 BIOMEMBRANE ELECTROCHEMISTRY 

charge due to each heme iron f rom plus to zero, so the electrostatic field 
experienced by adjacent hemes w i l l be significantly altered. 

In biological redox proteins containing two or more redox centers two 
types of oxidat ion-reduct ion potentials can be defined. T h e formal potential 
of the molecule w i l l result i n a macroscopic redox potential for each of the 
four hemes, w h i c h reflects the fact that five macroscopic states exist: S 0 , ful ly 
oxidized; S 1 ? one electron reduced; S 2 , two electron reduced; S 3 , three 
electron reduced; and S 4 , ful ly reduced (F igure 3) (14). However , each 
individual heme has a definable oxidat ion-reduct ion potential (the micro
scopic potential), w h i c h may vary depending on the redox state of its 
neighbors. As shown i n F igure 3 for cytochrome c 3 , a total of 32 microscopic 
potentials may exist. These potentials can be thought of as descriptions of the 
distribution o f electron density as electrons partit ion among the four hemes. 
F r o m the microscopic potential, an interaction potential between any two 
hemes (heme i and heme j) can be defined as the change i n the midpoint 
redox potential o f heme i caused by the oxidation of heme j. F o r example, 
the interaction potential between the hemes w i t h the two highest macro
scopic potentials, heme 1 and heme 2, is the difference between the redox 

SQ S2 S 3 S4 

Figure 3. Electron distribution for cytochrome c3. S0-S4 define the five 
macroscopic states (see text). The 16 microscopic states are shown. Open circles 
represent oxidized heme, and solid circles represent reduced heme. The 
microscopic redox potentials of heme i are given by e^kl where j , k, 1 represent 
hemes that remain oxidized. For clarity only, 12 of the 32 microscopic redox 

potentials are labeled. 
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potential of heme 1 and the redox potential of heme 1 w h e n heme 2 is 
oxidized (ef ), w h i c h is termed i 1 2 (15). T h e nomenclature used here is f rom 
Santos et al . (15) and is il lustrated i n F igure 3. T h e heme notation does not 
relate to structural assignments (Figures 1 and 2) but to redox potential only. 

Table II summarizes the macroscopic redox potentials for the four 
cytochromes c3. As expected f rom the strong amino acid sequence homology, 
the Miyazaki and Hi ldenborough cytochromes c3 have redox potentials that 
are very similar and have a redox potential span of 110-120 m V between 
heme 1 and heme 4. In sharp contrast, Norway cytochrome c3 has a redox 
potential span of approximately 235 m V . Clearly, the differences i n macro
scopic redox potentials among the various cytochromes c3 result f rom the 
different amino acid sequences and, thus, different heme environments. T o 
date, little can be said about the specific reasons for differences i n macro
scopic redox potentials among the cytochromes c3, but i n view of the large 
amount of structural information that is accumulating, m u c h progress can be 
expected i n the future. 

In terms of the microscopic potentials, the interaction potentials are of 
particular interest because they provide information on the interaction of the 
individual hemes w i t h each other (15-19). Table III presents interaction 

Table IL Cytochrome c 3 Macroscopic Oxidation-Reduction Potentials 

E ' 0 (mV)a 

Source 1 2 3 4 Reference 

Miyazaki - 2 6 0 - 3 1 2 - 3 2 7 - 3 6 9 14 
Hildenborough - 2 6 3 - 3 2 1 - 3 2 9 - 3 8 1 16 
Norway - 1 6 5 - 3 0 5 - 3 6 5 - 4 0 0 17 
Gigas - 2 3 5 - 2 3 5 - 3 0 6 - 3 1 5 18 

a Potentials referred to the normal hydrogen electrode at pH values near 7. 

Table III. Interaction Potentials from Microscopic Redox Potentials 

Interaction Miyazaki Gigas 
Potentials Cytochrome c3

a Cytochrome c3 

(mV) pH7.1 pH7.2 

hz 5 19 

hs - 2 1 - 2 6 

*14 - 3 5 6 

2̂3 43 42 

2̂4 - 1 1 - 2 4 

Î34 - 7 - 1 8 

a Reference 19. 
Reference 15. 
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potentials for the Miyazaki and Gigas cytochromes. G i v e n the very different 
macroscopic potentials, the similarities between the Gigas and Miyazaki 
interaction potentials are striking. O n l y Il4 shows a different sign, and the 
actual values of the other interaction potentials are quite similar given the 
precision of these difficult measurements. 

Electrochemistry cannot provide direct information about the individual 
hemes and, thus, a spectroscopic technique is needed. I n monitor ing the 
redox state of each heme dur ing titration to produce diamagnetic Fe(II) , it is 
possible to take advantage o f the paramagnetic properties of the Fe(III) 
heme core using N M R spectroscopy (15, 19, 20). This methodology has also 
been used to establish a lower boundary for the rate constant for intramolecu
lar electron transfer i n cytochrome c3. W i t h Gigas the intramolecular elec
tron-transfer rate constant must be greater than 1 0 5 s~ 1 (15), and recent 
work suggests a rate constant o f approximately 1 0 8 s - 1 for Miyazak i cy
tochrome c3 ( K . K i m u r a , S. Nakaj ima, and K . N i l d , personal communication). 
T h e rate of intermolecular electron transfer for Miyazaki cytochrome c3 is 
m u c h lower, w h i c h makes it possible to distinguish intramolecular f rom 
intermolecular processes (19) . This distinction w i l l prove to be a valuable 
property for fundamental studies. Moreover , using N M R , F a n et al . (14) 
concluded that heme 1 (the highest potential heme) i n the redox studies can 
be related to heme I i n the crystal structure, and that H e m e 3 i n the 
macroscopic redox titrations is heme I V i n the structure. Thus, we w i l l adopt 
the nomenclature heme 1(1) and heme IV(3) to relate macroscopic redox 
potential to structure. 

Al though complex, the ability to assign microscopic redox potentials and 
to determine interaction potentials sets the stage for the analysis of the redox 
data i n terms of the structure of cytochrome c3. This approach should greatly 
expand our understanding of biological redox potentials and facilitate efforts 
to exploit and understand the electrochemical, electrical, and kinetic proper
ties of cytochrome c3. 

Heterogeneous Electron Transfer 
A striking feature of the cytochromes c3 is their ability to modify an electrode 
surface i n such a way as to facilitate subsequent electron transfer (21). 
A m o n g the different cytochromes studied to date, only cytochrome c3 can be 
oxidized and reduced w i t h high electrochemical reversibility at an 
e lectrode-solut ion interface without any mediator or promoter (16, 21). This 
reversibility contrasts w i t h the more usual situation i n w h i c h the protein 
absorbs on the electrode surface, thus preventing further electron transfer. 
Alternatively, rather slow (k° < 1 0 " 3 cm/s) heterogeneous electron transfer 
rates are observed. U s i n g Miyazak i cytochrome c3 and a mercury electrode 
on w h i c h specific adsorption of cytochrome c3 is known to occur, the ad-
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sorbed film of the protein remains electrochemically active and continues to 
facilitate heterogeneous electron transfer between the electrode and the 
soluble protein. 

Because the heterogeneous electron-transfer rate was extremely fast, it 
was not possible to evaluate it by conventional techniques such as cyclic 
voltammetry. Instead, the galvanostatic double pulse method was employed 
(21). F r o m these measurements, a heterogeneous rate constant of 1.2 cm/s 
( a = 0.48) was obtained. T o our knowledge, this is the first example o f a 
directly measured protein heterogeneous rate constant of such a large magni
tude. Dif ferent ia l capacitance measurements suggest that monolayer cover
age of cytochrome c3 is achieved and that electron transfer occurs through 
the adsorbed protein layer that possesses essentially "nat ive" properties. T h e 
electrode is therefore " m o d i f i e d " by the electroactive species itself. T o 
consider whether this k i n d of mode l is reasonable, it is necessary to estimate 
the rate of electron transfer through the film. F r o m N M R measurements, the 
intra- and intermolecular electron-transfer rate constants can be estimated. 
These values are fcintra = 1.5-7.8 Χ 108 s " 1 and feinter = 1 Χ 10 4 M _ 1 / s , 
respectively ( K . K i m u r a , S. Nakaj ima, and K . N i k i , personal communication). 
T h e upper l imit for the heterogeneous rate constant can be estimated f rom 
Marcus theory (eq 2): 

fc°^Zhetero(fcex/Zex)1/2 (2) 

where Z h e t e r o and Z e x are the coll ision frequencies of a molecule w i t h an 
electrode (heterogeneous) and i n solution (homogeneous), respectively (22). 
In this case kex = kinter, and the estimation concludes that k° < 3 cm/s . T h e 
steric and molecular association terms are assumed to be unity. 

A n electron-transfer reorganization energy, X , of 0.94 e V (21) was also 
calculated f rom Marcus theory (22). This value is very close to that of the 
Fe( I I I ) -Fe ( I I ) system i n acidic m e d i u m (23) and to cytochrome c (0.7 eV) 
and cytochrome b5 (1.2 eV) f rom measurements of self-exchange (24). As far 
as we are aware, this is the first example of a consistent X value for a heme 
protein measured electrochemically and b y self-exchange measurements. 

Recently it was proposed that the apparently slow heterogeneous elec
tron-transfer rates for such proteins as cytochrome c, cytochrome b5, plasto-
cyanin, and ferredoxin are an artifact of the experimental approach (25). 
Instead of assuming that protein molecules react at a planar and essentially 
homogeneous surface, it is assumed instead that movement of the protein 
occurs predominantly by radial diffusion to very small, specific sites. These 
sites are presumed to facilitate very rapid electron transfer at the reversible 
potential whi le the rest of the surface remains inactive. Thus, the modif ied 
electrode surface behaves l ike an array of microelectrodes. I f this theory is 
used to treat previous data, m u c h higher electron-transfer rate constants are 
obtained. Al though this theory deserves more detailed scrutiny, it may serve 
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as a contrast to the case of cytochrome c3 where the entire surface is "act ive" 
and, therefore, classical models o f macroscopic planar or spherical diffusion 
can be applied. 

Adsorbed layers of cytochrome c3 have also been used to facilitate 
electron transfer of molecules that otherwise w o u l d not y ie ld high electron-
transfer rates. Faci l i tated electron transfer has been observed for flavodoxin 
and ferredoxin o n cytochrome c3 modif ied basal plane pyrolytic graphite 
(26). 

Surface Spectroscopy 
Because cytochrome c3 films have unique properties, an effort has been 
made to study such deposits by spectroscopic techniques, especially surface-
enhanced Raman spectroscopy ( S E R S ) . W h e n Miyazaki cytochrome c3 is 
adsorbed on a suitably treated silver electrode, S E R S spectra may be ob
tained. M a r k e r bands at 1380 and 1375 c m - 1 have been used to characterize 
the redox state o f the adsorbed protein (27). I f the potential applied to the 
electrode is varied, an apparent redox potential for the adsorbed film can be 
measured. A value of —260 m V versus the normal hydrogen electrode 
( N H E ) was obtained. This value corresponds to the highest of the four 
macroscopic redox potentials for Miyazaki cytochrome c3 ( — 260 m V ) . Be 
cause the S E R S effect is most pronounced for the interactions of the protein 
w i t h the surface over distances o f about 5 A , it may be assumed that the 
observed interaction is dominated by the heme closest to the surface. This 
conclusion is consistent w i t h the environment around this heme, w h i c h is 
least "exposed" and is also i n a high lysine environment—condit ions l ikely to 
promote chemisorption and interaction because the electrode is operated on 
the negative side of the point of zero charge. Based o n the structural 
information available, this w o u l d suggest that cytochrome c3 is oriented o n 
the surface and heme I (F igure 1) is the closest to the surface. In contrast, i f 
silver col lo id is deposited o n a Miyazaki cytochrome c3 film adsorbed on a 
silver electrode, the S E R S signal is dominated by the col lo id interaction and a 
m u c h lower ( — 300 m V versus N H E ) potential is obtained. This lower 
potential w o u l d fall i n the middle o f the range o f macroscopic potentials for 
Miyazaki cytochrome c3. It is, therefore, l ikely that the col lo id measures al l 
heme sides, whereas the silver electrode itself reveals more specific interac
tions. T h e foregoing arguments assume that interaction of the silver w i t h the 
protein does not perturb the redox potentials, an assumption that may not be 
val id. T h e resonance Raman spectrum of Hi ldenborough cytochrome c3 

adsorbed on a highly oriented pyrolytic graphite electrode is very weak. 
However , w h e n silver col lo id is deposited on the adsorbed protein, a signal 
nearly as large as that previously noted is observed. T h o u g h these results are 
preliminary, they indicate the possibility of determining apparent redox 
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potentials by fol lowing the intensity of marker bands as a potential is applied 
to a substrate (electrode surface) that is essentially SERS- inact ive . T h e use of 
S E R S to study the properties of adsorbed films of cytochrome c3 is being 
pursued at the present t ime. 

It should be noted that resonance Raman studies of cytochrome c3 show 
evidence of band spfittings i n partially reduced solutions (28). This observa
t ion suggests either nonequivalence of the four hemes or an exciton-like 
splitting of vibrational modes. H e m e - h e m e interactions are clearly important. 

Electrical Properties of Protein Films 
F i l m s of cytochrome c3 show more than 10 orders of magnitude change i n 
resistivity ( 1 0 1 2 - 5 7 Ω - c m ) w h e n they pass f rom the fully oxidized to the ful ly 
reduced state (29) . There have been a n u m b e r of studies of electrical 
conductivity of proteins and protein films. This conductivity can result f rom 
electric-f ield-induced diffusion of charge carriers: cations and anions, pro
tons, electrons, and holes. In the case of cytochrome c3, the large difference 
i n resistivity can be due to a change or changes i n polarization energy, 
changes i n electronic states of heme clusters, and interactions between 
hemes. T h e presence of absorbed water, w h i c h can comprise a significant 
part of the protein volume, can have a strong influence on the electrical 
properties. Rosenberg (30) measured the conductivity of hemoglobin as a 
function of absorbed water and explained the increase i n conductivity as a 
result of a change i n dielectric constant coincident w i t h absorption of water. 
However , this explanation is controversial. E l e y (31) has suggested that 
conduction i n " w e t " protein is ionic . Takashima and Schwan (32), who 
studied crystalline powders of proteins, found that the increase i n dielectric 
constant is proportional to the increase i n adsorbed water unt i l the first 
adsorption layer is completed. Above two or three layers, the dielectric 
constant does not increase further. Presently, it is assumed (30) that be low 
1 5 % adsorbed water, the conductivity of a protein is almost entirely electrical 
i n nature. Electronic conduction can be intrinsic or extrinsic and can be 
promoted by charge transfer or by tunnel ing (33). Previous studies suggested 
that some hydrated proteins can behave l ike semiconductors. As a semicon
ductor, a protein can be expected to show increasing conductivity w i t h 
increasing temperature. Oxid ized cytochrome c3 shows exactly the opposite 
effect, w h i c h suggests behavior l ike an ionic conductor. However , reduced 
cytochrome c3 i n dry films does show an increase i n conductivity w i t h an 
increase i n temperature that is consistent w i t h a semiconductor (34). Some 
particular changes of resistivity of cytochrome c3 w i t h temperature have been 
observed. Be low the temperature of 292 Κ and under 200-kPa hydrogen 
pressure, ferrocytochrome c3 has an activation energy of 2.15 eV, w h i c h 
reflects the semiconductor nature of the protein. Above this temperature, 
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both ferr i - and ferrocytochrome forms are bel ieved to exist (34). Above a 
critical temperature of 346 K , the activation energy drops to 1.55 eV. This 
drop causes the difference i n resistivity between the oxidized and reduced 
forms. A t the present t ime, the behavior of cytochrome c3 i n dry films is not 
w e l l understood i n molecular terms. However , an in-depth understanding of 
the electrical properties of cytochrome c3 may be most useful i n preparing 
biological materials for applications i n bioelectronics. 

Homogeneous Electron Transfer 
T h e kinetics of oxidation and reduction of the cytochromes c3 provide a 
means to better understand their physicochemical and functional properties. 
However , because of the complexity of mult iple hemes, low redox potentials, 
and sensitivity to molecular oxygen, kinetic studies have been l imi ted com
pared w i t h other c-type cytochromes and redox proteins. Nevertheless, some 
information is available that provides insight into the mechanism of action of 
cytochrome c 3 . 

T h e reduction of both H i l d e n b o r o u g h and N o r w a y cytochrome c3 by 
S 2 0 4

2 ( S 0 2 * ~ ) is biphasic, and both phases are second order ( S 0 2 * is the 
reactive species) (35, 36) . A t p H 9.1 the two kinetic phases are approximately 
equal i n magnitude, w h i c h suggests that the four hemes can be div ided into 
two groups of two, w i t h rate constants of 6.8 Χ 1 0 6 and 2.1 Χ 1 0 6 M _ 1 / s , 
respectively (35) . A t p H 7.0 the fast phase accounts for 8 6 % of the reaction 
w i t h Norway cytochrome c3 (k = 1 Χ 10 7 M - 1 / s ) and 7 2 % wi th H i l d e n b o r 
ough cytochrome c3 (k = 3.2 Χ 1 0 6 M _ 1 / s ) (36) . T h e slow phase was found 
to be 10- to 20-fold smaller than the fast kinetic phase at p H 7. T h e problem 
is that the biphasic kinetics suggest a slow intramolecular electron transfer. 
This result is i n conflict w i t h the N M R data that indicate fast intramolecular 
electron transfer (15, 19). Di th ioni te is notoriously difficult to use and causes 
a variety of difficulties. In view of foregoing difficulties, the N M R results, and 
(as w i l l be shown) the very different results w i t h other reactants ( including 
the physiological reactant ferredoxin), it is probably best to v iew the di thion
ite results as an artifact. 

U s i n g the methylviologen cation radical ( M V * + ) formed by pulse radioly-
sis, monophasic kinetics of cytochrome reduction are observed w i t h a rate 
constant of 4.5 Χ 1 0 8 M _ 1 / s (1.1 Χ 1 0 8 M _ 1 / s on a per heme basis) at p H 
8.0 w i t h the Hi ldenborough cytochrome (36) . This very fast second-order 
process approaches the diffusion control led l imit . Moreover , the reverse 
reaction can be estimated to be 7.8 Χ 1 0 4 M _ 1 / s , w h i c h suggests that the 
reaction takes place pr imari ly w i t h the highest potential heme (the AE'0 

between heme I and M V # + is 190 m V , consistent w i t h an equi l ibr ium 
constant of approximately 10 3 ) . Interestingly, the kinetics w i t h M V * + are 
ionic strength dependent, w h i c h is consistent w i t h a p l u s - p l u s interaction, 
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and suggest a net charge of + 4.7 + 0.7 on Hi ldenborough cytochrome c 3 , 
w h i c h is a result consistent w i t h that expected f rom the isoelectric point. 
Moreover , the M V * + results are consistent w i t h fast intramolecular electron 
transfer, as predicted w i t h Ν M R . 

Recently we carried out kinetic studies w i t h H i l d e n b o r o u g h and Miyazaki 
cytochrome c3 using deazariboflavin semiquinone ( d R f * ) , M V * + , and propy
lene diquat ( P D Q e + ) , produced by laser flash photolysis, as reductants (37) . 
Initially, al l three reactions were accurately second order, consistent w i t h al l 
hemes being reduced w i t h the same rate constant or w i t h a single site 
reduced, fol lowed by fast intramolecular electron transfer to reduce the 
remaining three hemes. However , by measuring reduction kinetics w i t h 
cytochrome c3 poised at different extents o f reduction, the kinetics of 
reduction of individual hemes could be resolved. Thus, reduction of cy
tochrome c3 i n approximately 5 % steps and application of the known 
macroscopic redox potentials (see previous section) enabled calculation of the 
concentration of each heme (c^ at each stage of reduction. T h e plot of kohs 

versus percent reduction can thereby be fitted to solve for the rate constant 
for each heme (k^: 

fcobs = LcA (3) 

U s i n g the macroscopic potentials of H i l d e n b o r o u g h cytochrome c3 at low 
ionic strength (16 m M ) , the rate constant for reduction of the high potential 
heme by d R P is 1 Χ 1 0 9 M _ 1 / s and for the other three hemes is 4.2 Χ 1 0 8 

M _ 1 / s - Similarly, for Miyazaki cytochrome c3 rate constants of 8 X 1 0 8 and 
5.2 Χ 1 0 8 M ~ V s were obtained. W i t h P D Q # + , the lowest and highest 
potential hemes have the same kinetics (k] = k4 = 1.6 Χ 1 0 8 M - 1 / s ) a n ( i 
are resolvable f rom the two intermediate potential hemes (k2 = k3 = 0.6 X 
1 0 8 M _ 1 / s ) for Hi ldenborough cytochrome c3. Moreover , the reduction 
kinetics w i t h M V * + and P D Q * + are ionic strength dependent and the rate 
constant increases w i t h increasing ionic strength as expected for a p l u s - p l u s 
electrostatic interaction. However , we find that the reduction kinetics w i t h 
d R f * are also ionic strength dependent, w h i c h is unexpected because d R f * is 
uncharged under the experimental conditions used. This unexpected result 
establishes that electrostatic analysis of the cytochromes c3 is complicated b y 
an effect of ionic strength o n the redox potential o f one or more hemes or an 
ionic-strength-induced structural change. Nevertheless, results to date estab
l ish that by control l ing the driving force (i.e., redox potential o f the reductant), 
the electrostatics (charge on the reductant as w e l l as ionic strength), and the 
extent of reduction o f cytochrome c 3 , the interaction domains of individual 
hemes can be probed. This type of approach has been appl ied to a wide 
variety of redox proteins to y ie ld information on the topology and electrostat
ics of their molecular surface (38, 39) . Clearly, the cytochromes c3 are more 
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complex than systems containing a single prosthetic group, but they are 
amenable to analysis. 

Based on our kinetic analysis and the finding that the lowest potential 
heme is either as reactive as the intermediate potential hemes ( d R f * ) or 
more reactive ( P D Q * + ) , we can conclude that the low potential heme is the 
most exposed heme (heme II, F igure 2). This assignment is supported by the 
fact that solvent exposure tends to stabilize the oxidized form of hemes 
relative to the reduced form and results i n a lower midpoint potential (13). 
Thus, complet ing the relation of redox potential to structure [heme 1(1) and 
heme IV(3)], we can make additional assignments: heme 11(4) and, by 
deduction, heme 111(2). This relationship between heme macroscopic redox 
potential and structure should greatly facilitate future kinetic studies that 
relate structure to function. These assignments differ f rom those reported for 
the Norway cytochrome based u p o n E P R measurements (40), where the 
highest potential heme is heme IV, fol lowed by heme 1(2) and heme 111(3). 
T h e only consistency between the N o r w a y and Miyazaki h e m e - r e d o x poten
tial assignments is for heme II, w h i c h has the lowest redox potential . 
Al though the specific reasons for these differences are not yet understood, 
the apparent lack of agreement is not surprising i n light of the low sequence 
homology. 

Cytochrome c3 can form stable complexes w i t h its physiological reactant 
ferredoxin (dissociation constant o n the order of 1 μ Μ ) (41). T h e reactions of 
oxidized ferredoxin w i t h reduced cytochrome c3 and reduced ferredoxin wi th 
oxidized cytochrome c are rapid ( > 1 0 7 M _ 1 / s ) (36) . Moreover , electron 
transfer wi th in the ferredoxin-cytochrome c3 complex can be measured and 
is approximately 150 s - 1 (36) . Recently, hypothetical complexes between 
cytochrome c3 and ferredoxin were prepared using molecular graphics (41). 
Complementary charge interactions were found that are consistent w i t h 
relatively strong b i n d i n g constants at low ionic strength. Moreover , no severe 
steric restrictions are found that prevent relatively close approach of pros
thetic groups. Al though not definitive, computer-generated models provide a 
basis for designing experiments to elucidate the interactions mediating c o m 
plex formation. 

T h e kinetic studies completed to date support the notion of rapid 
intramolecular electron transfer. Most importantly, kinetic studies establish 
that under appropriate conditions the kinetics of individual hemes can be 
probed. However , to exploit ful ly the cytochrome c3 system, we need a 
detailed understanding of the perturbations caused by changing the ionic 
strength. This area w i l l be a major focus of future studies. 

Site-Directed Mutagenesis 
A n important vehicle to exploit and understand the unique properties of the 
cytochromes c3 is site-directed mutagenesis. This approach allows perturba-
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t ion of specific features of cytochrome c3. In combination wi th structural 
studies (X-ray and N M R ) , redox titrations, kinetic properties, and electrical 
properties, site-directed mutagenesis can be employed as a powerful tool for 
elucidating the role of specific amino acid side chains. T o this end, we 
recently c loned and expressed cytochrome c3 f rom Hi ldenborough (42). T h e 
Hi ldenborough gene was isolated some t ime ago (43), but Desulfovibrio is 
not a convenient host for site-directed mutagenesis. H i l d e n b o r o u g h cy
tochrome c3 can be expressed i n E. colt, but only the apoprotein is produced 
(44). W e have now expressed Hi ldenborough cytochrome c3 i n Rhodobacter 
sphaeroides, where it is properly processed and has properties identical w i t h 
wild-type cytochrome c3 (42). 

Mutants are currently being prepared to alter the properties of cy
tochrome c3. T o illustrate this approach, several examples can be described: 
replacement of his-70 by met and ala, substitution of lys-15 w i t h asp, and 
mutation of phe-20 to leu . Replacement of his-70 w i l l alter the ligation of 
heme 1(1) and force high spin (ala substitution) or high potential (met 
substitution). These changes should substantially alter the redox potential of 
heme 1(1) and thus affect kinetic and electrical properties. Similarly, replace
ment of lys-15 by asp w i l l alter the positive electrostatic field i n the vicinity of 
heme 1(1). This mutation should affect the ability of cytochrome c3 to 
interact on metal surfaces and may alter its properties i n dry films. Phe-20 is 
conserved i n the amino acid sequence of al l tetraheme Desulfovibrio cy
tochromes c3 and is posit ioned between the two intermediate redox potential 
hemes, heme 111(2) and heme IV(3). Thus, this mutation may have profound 
effects on intramolecular electron transfer i n cytochrome c3. Obviously, a 
large number of mutations can be prepared that may play crit ical roles i n 
understanding the cytochromes c3 and addressing the questions posed here. 

Summary 
Although complex, the cytochromes c3 provide the opportunity to obtain 
information that w i l l greatly extend our knowledge of biological electron 
transfer and the interaction of redox centers i n mult iheme proteins. M o r e 
over, because of unique electrochemistry and electrical properties, the cy
tochromes c3 provide the opportunity to develop a system useful as a mode l 
for bioelectronic devices. M u c h research remains to be done to understand 
fully the redox properties of the cytochromes c3. However , the data discussed 
clearly define interesting and important issues, w h i c h include (1) the paths by 
w h i c h electrons move between hemes; (2) how electrons enter and exit the 
cytochrome c3 molecule dur ing physiological electron transfer; (3) the nature 
of the factors that control the interaction potentials between hemes; (4) the 
factors responsible for the observed behavior o n metal surfaces; and, impor
tantly, (5) the specific molecular features responsible for the behavior of 
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cytochrome c3 i n dry films. F r o m the structural data discussed here, an 
intuitive model can be described that may explain some of the properties of 
the cytochromes c 3 . G i v e n the asymmetric charge distribution o n the cy
tochrome c 3 surface (F igure 2) and the close proximity of the metal centers 
w i th in the molecule, it is plausible that the molecule can orient o n metal 
surfaces or i n films i n an ensemble of p l u s - m i n u s interactions that create 
what could be v iewed as an oriented heme (Fe) wire . Al though m u c h more 
work must be done to prove this concept, it does provide a basis for 
experimental design. 
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Evaluation of Surface-Bound 
Membranes with Electrochemical 
Impedance Spectroscopy 

J ianguo Li, Nancy W . D o w n e r , and H. G i lber t Smith* 

TSI Corporat ion , 57 U n i o n Street, Worcester, MA 01608 

Membrane structures that contain the visual receptor protein 
rhodopsin were formed by detergent dialysis on platinum, silicon 
oxide, titanium oxide, and indium-tin oxide electrodes. Electrochemi
-cal impedance spectroscopy was used to evaluate the biomembrane 
structures and their electncal properties. A model equivalent circuit is 
proposed to describe the membrane-electrode interface. The data 
suggest that the surface structure is a relatively complete single-mem
-brane bilayer with a coverage of 0.97 and with long-term stability.’ 

(COMMUNICATION IN LIVING ORGANISMS is governed b y the cel l bilayer 
membrane, w h i c h selectively recognizes specific chemical messengers and 
responds accordingly. Receptor proteins located i n cellular membranes have 
evolved for highly specific recognition functions and are the natural sites of 
action for a wide variety of biologically active chemical components, inc luding 
hormones, neurotransmitters, odorants, and many drugs. 

Biosensors based on membrane receptors require the protein to be 
coupled both functionally and structurally w i t h electrical substrates. T h e 
interface between the biological recognition element and the solid substrate 
must allow electrical signal transduction and provide an environment con
ducive to biological function. B o t h requirements are demanding. A significant 
barrier to product ion of this type of sensor has been the tremendous difficulty 
of preparing functional and stable l i p i d - p r o t e i n bilayer membranes finked to 

* Corresponding author: 104 Foster Street, Littleton, MA 01460 

0065-2393/94/0235-0491 $08.00/0 
© 1994 American Chemical Society 
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surfaces. Such membranes should be functionally equivalent to free-standing 
membranes and must (1) provide a " b l o c k i n g " interface to prevent u n i n 
tended permeabilities, (2) be chemically and mechanically stable on solid 
substrates, and (3) incorporate specific protein receptors. 

Integral membrane receptor proteins normally function as part of the 
l i p i d bilayer membrane that separates intracellular and extracellular aqueous 
compartments. Proteins i n natural membranes are thus exposed to regions o f 
two different compositions: the high-dielectric aqueous media on both sides 
of the membrane and the low-dielectric hydrophobic hydrocarbon region at 
the core o f the l i p i d bilayer. 

Several procedures have been developed to form artificial membranes 
that retain properties of natural biological membranes ( I , 2). These proce
dures rely on the self-assembly properties o f the membrane components 
(lipids and proteins) to form functioning membrane structures. L i p i d bilayer 
structures have been formed by sonicating suspensions of l ipids to form 
vesicles (3), spreading dissolved lipids across an orifice to form planar 
bilayers (4), and by using L a n g m u i r - B l o d g e t t techniques to serially add 
monolayers to a surface (5) . A l t h o u g h L a n g m u i r - B l o d g e t t techniques offer 
good control i n deposition of a l i p i d phase onto sol id surfaces, the techniques 
for incorporating membrane proteins are less w e l l developed. A number of 
workers have attached proteins to l i p i d monolayers and bilayers on sol id 
surfaces by anchoring the protein w i t h a hydrophobic tai l or by covalently 
attaching the protein to the l i p i d head groups. Other researchers have formed 
bilayers by adsorbing vesicles containing proteins onto surfaces or by incorpo
rating proteins into L a n g m u i r - B l o d g e t t films at an a i r -water interface and 
then depositing that film onto a surface (for reviews, see references 6 and 7). 

W e have reported the formation of surface-bound l i p i d membranes that 
contain receptors o n planar electrode surfaces by a modif ied detergent 
dialysis technique (8, 9). This technique is an adaptation of procedures 
previously used to incorporate membrane proteins into free-standing l i p i d 
bilayer structures. Detergent dialysis has been used to directly form protein-
containing bilayer membrane vesicles f rom solubil ized p r o t e i n - l i p i d mixtures 
(10, 11). This approach allows the simultaneous incorporation of l i p i d and 
protein, and it often retains protein functionality. Other approaches to 
forming free-standing membrane structures include the fusion of protein-
containing vesicles w i t h planar l i p i d bilayers (12) and the use of detergent 
di lut ion techniques to insert proteins into unilamellar vesicles (13). 

T o assemble the surface-bound membrane structure, we first form a 
hydrophobic monolayer by using alkylsilanization to covalently attach long-
chained hydrocarbon chains to hydroxyl groups i n the oxide layer on the 
electrode surface. Such a hydrophobic surface can be thought o f as one 
leaflet of a membrane bilayer. Alkyls i lane-modif ied surfaces have been widely 
used as substrates for l i p i d monolayers deposited by L a n g m u i r - B l o d g e t t 
techniques. T h e l ipids i n these monolayers have mobilities l ike those of l ipids 
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i n natural membranes (14). H u a n g formed l i p i d multilayers on such surfaces 
by dialysis f rom deoxycholate solutions of l i p i d and found that w h e n pa lmi -
toyl-modif ied antibodies were inc luded i n the detergent solution they also 
became associated w i t h the surface structures (15). H u a n g found that the 
l i p i d diffused rapidly but that the antibody was relatively immobi le . 

W e simultaneously incorporate both l i p i d and protein b y using dialysis to 
remove detergent f rom a solubil ized l i p i d - p r o t e i n mixture i n the presence of 
the alkylsilanated substrate. U n d e r our conditions, f rom the evidence i n this 
paper and elsewhere (9), the surface structures appear to be single bilayer 
membranes. O u r hypothesis is that the hydrocarbon chains attached to the 
surface serve as initiation sites for a l i p i d bilayer membrane to form as the 
detergent is slowly removed. T h e model is of a membrane that is anchored to 
the surface by hydrophobic interactions w i t h the surface-bound hydrocarbon 
layer. Integral membrane proteins are retained i n these structures by their 
interaction w i t h the hydrophobic core of the membrane without being 
directly attached to the electrode surface. 

Membranes containing the visual pigment rhodopsin, a G-prote in- l inked 
receptor, were chosen as a m o d e l system for this work. Rhodopsin was one of 
the first integral membrane proteins whose amino acid sequence was deter
m i n e d (16-18). M o r e than 40 receptors have been reported to have struc
tural and functional homologies w i t h rhodopsin (19). This chapter describes 
the use of electrochemical impedance spectroscopy to evaluate l i p i d bilayer 
membranes containing rhodopsin formed on electrode surfaces. 

Experimental Details 
Chemicals and Biochemicals. Acetonitrile ( A C N , 99%), tetrabu-

tylammoniumtetrafluoroborate (TBAF, 99%), tetracyanoethylene ( T C N E , 98%), and 
anhydrous n-hexadecane (99%) were used as received from Aldrieh. Chloroform 
(American Burdick & Jackson) and carbon tetrachloride (Mallinckrodt) were dried 
over aluminum oxide (Water Associates, Framingham, M A ) for at least 48 h before 
use. Octadecyltrichlorosilane (OTS) and dimethyloctadecylchlorosilane ( D M O C S ) 
were from Petrach Systems, Inc. (Bristol, PA). K C l , H 2 S 0 4 , and H F (52%) of 
analytical reagent grade were obtained from Mallinckrodt. N-2-Hydroxyethylpipera-
zine-N'-ethanesulfonic acid (HEPES) , ρ Κ α 7.55) was from Sigma. Octyl^-D-gluco-
pyranoside (OG) used as the detergent was from Calbiochem (La Jolla, C A ) . Disk 
membranes containing rhodopsin (Rh) were isolated from rod outer segments from 
bovine retinas (J. A . Lawson, Co., Lincoln, N E ) by flotation on 5 % polysucrose (Ficoll 
400) (20). Platinum sheet (99.99%) and titanium rod (99.99%) were purchased from 
Johnson Matthey. p-Si (24-36-Ω cm) and η-Si (100-Û cm) wafers with a silica layer 
thickness of 950 Â on the polished side and a gold film evaporated on the other side 
were provided by E G & G Reticon (Sunnyvale, CA) . The indium-tin oxide (100-500-
Â-thick) coated glass substrates (ITO) were from Donnelly Co. (Holland, MI) . 

Electrode Preparation. Pt electrodes were polished with alumina polishing 
powder (1, 0.3, and 0.05 μηι) to a mirror finish and cleaned electrochemically by 
cycling the potential between hydrogen and oxygen evolution potentials in 1-M 
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H 2 S 0 4 until the characteristic clean Pt wave pattern of hydrogen adsorption was 
observed. The electrode was next poised at 1.1 V versus a saturated calomel electrode 
(SCE) until the current decayed to less than 1 μΑ, which indicates complete oxidation 
of the electrode surface. 

The titanium electrodes were polished with diamond paste (1 and 0.3 μιη) in 
mineral oil and washed in acetone followed by deionized water wash. The T i 0 2 film 
was formed on titanium in 1-M H 2 S 0 4 while the potential was swept slowly in a 
positive direction at a sweep rate of 1 mV/s. The thickness of the anodic film was 
proportional to the applied growth voltage. Anodizing ratios for titanium at 1-mV/s 
sweep rate are reported to be 6 nm/V up to 2 V and 3.6 nm/V above 2 V (21). In this 
work, the growth potential was 31 V versus S C E , and the thickness was estimated to 
be 15 nm. 

The silicon oxide electrodes were 5- X 5-mm chips cut from a S i - S i 0 2 wafer. 
The ohmic contact was made by connection of a wire to the gold film on the rear side 
of the chip with silver conducting epoxy. The chip was then mounted on a glass tube 
and sealed along its edge with epoxy. A n etching process to reduce the S i 0 2 thickness 
was carried out in 5 % H F at room temperature. 

The ITO electrode was made of a 5- X 5-mm slice cut from ITO sheet. A copper 
wire was attached to the ITO film with silver conducting epoxy. The ITO slice was 
mounted on a glass tube with epoxy. A l l electrodes were washed thoroughly with 
deionized water and dried in a vacuum oven for 12 h at 100 °C before alkylsilaniza-
tion. 

Alkylsilanization. Alkylsilanization of electrode surfaces was carried out by a 
modification of the procedure of Sagiv (22). The anhydrous solvent was prepared with 
80:12:8 hexadecane-chloroform-carbon tetrachloride under dried nitrogen in a glove 
bag (relative humidity < 4%). The dried electrodes were silanized by reaction in 
stirred 3 % (v/v) OTS solution for 3 h or 6% (v/v) D M O C S solution for 6 h. The 
silanized electrode surface was rinsed with dry solvent and then with chloroform and 
cured in a vacuum oven at 100 °C for 12 h. 

Detergent Dialysis. The technique of detergent dialysis, which is often used 
to form functional membrane vesicles (10, 11), was adopted to assemble membrane-
mimetic structure onto electrode surfaces (9). The dialysis unit used in this work had 
two compartments separated by a dialysis membrane filter (Spectra/Pro 6 membrane, 
molecular weight cutoff 3500, Los Angeles, CA) . The electrode was mounted in one 
compartment that contained detergent solubilized disk membranes. Dialysis was 
against a flowing stream of detergent-free buffer driven by a peristaltic pump (type 
2232, Microperpex s, L K B , Sweden). Rod outer segment disk membranes were 
solubilized with 30-mM O G to a final rhodopsin concentration of 1 mg/mL. Care was 
taken to avoid bubbles in the dialysis compartments. The detergent dialysis was 
carried out at 4 °C in the dark or under red light filtered through a safe light filter 
(Kodak 2, Eastman Kodak Co.). The detergent dialysis was at a flow rate of 100 
μΕ/πιπι for 20-30 h. 

Electrochemical Measurements. Cyclic voltammetry and alternating current 
(ac) impedance spectroscopy were performed using an ac impedance system ( E G & G 
Princeton Applied Research model 378) that included a potentiostat-galvanostat 
(model 273), a two-phase lock-in analyzer (model 5208), and an I B M PS/2 computer. 
For ac impedance measurements, a 5-mV sine wave was superimposed on an applied 
voltage bias from the potentiostat. The reference electrodes were saturated calomel 
electrodes (SCE; Fisher) for measurements in aqueous solution and silver electrodes 
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for measurements in nonaqueous solution. A l l potentials are reported with respect to 
S C E . 

Results and Discussion 
Surface Modification with Organosilanes. Chromatographic 

(23) and other studies indicate that the order of reactivity of halosilanes w i t h 
silica is X 3 S i R > X 2 S i R 2 > X S i R 3 . This relationship was also observed w i t h 
S n 0 2 surfaces (24) based on electron spectroscopy for chemical analysis 
( E S C A ) . Organosilanes w i t h more than one reactive group have the potential 
to b i n d to more than one surface site but also can cross-react to form 
polymers. F o r instance, dur ing the immobi l izat ion of diphenylphosphine 
groups on silica, Oswald et al . (25) demonstrated that the trichlorosilane 
reagent c la imed slightly less than two sites per silane. T h e fate of the 
remaining silane reactive group is important to the surface structure formed. 
A u e et al . (26, 27) c laim that l inear siloxane polymers form that are b o u n d to 
the silica surface at only a few sites. Af ter a dichloro- or trichlorosilane forms 
one - S i - O - S i - surface link, polymer formation can occur i f a second S i - C l 
b o n d becomes hydrolyzed by water-forming - S i - 0 ~ S i ( O H ) - . I f this event 
occurs i n the presence of unreacted solution chlorosilane, a polymer chain 
can be initiated at the S i ( O H ) site. Such polymer formation can occur o n 
most metal oxide surfaces. 

Pt electrode anodization i n sulfuric acid at 1.1 and 1.9 V versus S C E 
yields an approximate monolayer of P t O and a surface layer of predominantly 
P t 0 2 , respectively (28, 29). Reportedly, Pt electrodes anodized at 1.1 V can 
be silanized under anhydrous conditions (30) to produce surface P t -
O - S i - bonds. W e have used the X 3 S i R and X S I R 3 silanes, O T S and 
D M O C S , to modify the surface of our electrodes. X 3 S i R silane was found to 
produce a more stable and reproducible silane layer on electrode surfaces. 
Therefore, we employed octadecyltrichlorosilane ( O T S ) to obtain high sur
face coverages for supporting the reconstituted membrane structure. O T S has 
a C 1 8 carbon chain w i t h a length of 26.5 Â, w h i c h is approximately equivalent 
to a single l i p i d layer of a membrane bilayer structure. T o form a single layer 
of O T S on the electrode surfaces we attempted to minimize polymer forma
t ion by ut i l iz ing dry solvents and by carefully and thoroughly washing excess 
silane f rom the electrode w i t h fresh solvent before exposing the electrode to 
moisture. 

Electrochemical Analysis of PtO-OTS Electrodes. O T S forms 
a neutral and low dielectric silane layer and is electrochemically inert. T h e 
O T S layer formed on Pt electrodes acts as an insulating layer to block the 
active Pt surface. E lectrochemical examination of the P t O - O T S electrode 
provides information on the structure of the O T S layer on w h i c h the 
l i p i d - p r o t e i n membrane is to be formed. W e examined the P t O - O T S 
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electrode surface i n a nonaqueous electrolyte (to avoid reduction of P t O ) 
using tetracyanoethylene ( T C N E ) as the m o d e l redox species. 

C y c l i c voltammograms of T C N E at Pt oxide and P t O - O T S electrodes 
measured at the sweep rate of 40 m V / s i n 0 . 1 - M T B A F i n acetonitrile are 
shown i n F igure 1. T h e wel l -def ined pair of chemically reversible waves 
measured at the P t O electrode, w h i c h represents reduction of T C N E to its 
anion and reoxidation of the anion to T C N E , exhibits the 6 0 - m V peak 
potential separation and wave symmetry expected for a reversible electro
chemical reaction. F o r the P t O - O T S electrode, the reduction and oxidation 
peak currents of T C N E decrease dramatically. T h e peak potential separation 
increases to 180 m V w h i c h indicates irreversibility of T C N E at the P t O - O T S 
electrode. T h e Pt electrode is stil l accessible to reduction and oxidation of 
T C N E after O T S coating, but the effective (microscopic) electrode area is 
lowered by the covalent bonding of O T S to the Pt surface. T h e smaller 
microscopic area gives rise to higher current densities, an increased charge 
transfer rate l imitation, and irreversibility. This series of events suggests that a 
porous O T S layer is formed o n the P t O electrodes. 

T h e porous structure of the O T S layer on P t O was conf irmed b y the 
electrochemical impedance spectra of T C N E . F igure 2 shows the complex 
plane plots of T C N E reduction at P t O and P t O - O T S electrodes at - 0 . 4 V , 
near the T C N E reversible potential, where ΊΙ and Z " are the real and 

Ι/μΑ 

40 

20 

0 

-20 

-40 

-60 

-0.5 0 

E/V vs SCE 

Figure 1. Cyclic voltammetry of tetracyanoethylene (TCNE) on the PtO and 
PtO-OTS electrodes at 40 mV/s. 5-mM TCNE in acetonitrile containing 0.1-M 

TBAF. 
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Figure 2. Complex plane plots of TCNE reduction on the PtO and PtO-OTS 
electrodes at 0.4 V in 5-mM TCNE in acetonitrile containing 0.1-M TBAF. 

imaginary components o f the measured impedance, respectively. A complex 
plane plot w i t h a semicircle and a 45° tail was measured at the P t O electrode. 
This plot is the normal plot expected for a charge transfer process at a smooth 
electrode surface (31-33). T h e P t O - O T S electrode, however, gave a sunken 
semicircle i n the measured complex plane plot. This result may be indicative 
of a porous electrode surface. D u e to the uncontrol led nature of surface 
roughness, it is difficult to describe a rough electrode surface mathematically. 
Fractal analysis has been used to describe diffusion at a rough electrode 
surface, and sunken semicircular curves have been simulated (34-36). T h e 
sunken semicircle measured wi th the P t O - O T S electrode may suggest fractal 
surface features w i t h pores of different sizes and shapes permeating through 
the O T S layer to the electrode surface. 

T h e effective area of the OTS-coated P t O electrode can be derived i f the 
charge transfer resistance ( K c t ) is known. Rct can be obtained f rom impedance 
data measured at a potential near the reversal potential (37, 38): Rct = 
RT/(nFAI0), where R is the universal gas constant, Τ is absolute tempera
ture, η is the number of electrons transferred per molecule of T C N E , F is 
Faradays constant, I 0 is the exchange current density, and A is the effective 
surface area. Because the impedance spectra of the P t O and P t O - O T S 
electrodes were measured under the same conditions, the value of Rct may 
be assumed to be affected only by the effective surface area. I n F igure 3, the 
impedance data are replotted as ΊΙ versus 1 / ω 1 / 2 , where ω is the angular 
frequency ( 2 τ τ / ) . K c t is estimated f rom the intercept on the Z ' axis by 
extrapolation. T h e R c t values are 95 and 980 Ω for P t O and P t O - O T S , 
respectively. A n O T S coverage factor, Θ, can then be estimated f rom (1 — Θ) 

2L ct(PtO)/^ct(PtO - OTS)* In this case θ = 0.9. 
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1800 

PtO/OTS 

PtO 

(sec1*) 

Figure 3. Z' OS. ω 1 / 2 plots for the impedance data from Figure 2. The 
uncompensated electrolyte resistance of 150 Ω is subtracted. 

T h e electrochemical stability of P t O - O T S i n aqueous saline solution was 
tested by measuring cyclic voltammograms of P t O and P t O - O T S electrodes 
i n 0 . 1 - M K G , p H 6.8 (F igure 4). T h e electrode capacitances that correspond 
to the cyclic voltammograms are shown i n F igure 5. These capacitances were 
measured at 1000 H z . T h e O T S layer can be described as a planar capacitor 
i n series w i t h the P t O and double-layer capacitances. Format ion of the O T S 
layer decreased the capacitance; however, the P t O beneath the O T S layer 
was still reduced w h e n the potential was swept below 0.3 V . This observation 
again is evidence that the O T S layer on P t O is somewhat porous. T h e onset 
potential o f P t O reduction i n aqueous solution is pH-dependent . 

T h e O T S layer was chemically unstable at p H > 9. A t this p H , the 
capacitance immediately increased to the value of the bare P t O electrode, 
w h i c h suggests that the O T S layer dissolves i n basic solutions. T h e hydrolysis 
of silane on S i 0 2 was previously observed i n 0 . 1 - M N a O H (24). T h e 
s i l a n e - P t O is reported to be resistant to most solvents, inc luding dilute 
aqueous acid (for a few minutes) (30) . O u r measurements confirm the 
stability on P t O at neutral p H . 

T o characterize the membrane-coated P t O electrodes we have chosen a 
potential w i n d o w f rom 0.3 to 0.6 V where P t O is electrochemically stable and 
passive according to the cyclic voltammograms i n F igure 4. T h e p H was 6.8. 

Electrochemical Properties after Membrane Deposition. A 
rhodopsin-containing membrane was deposited on P t O - O T S electrodes by 
dialysis, as described i n the experimental details section. Af ter dialysis, the 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

23
5.

ch
02

3

In Biomembrane Electrochemistry; Blank, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 



23. L i E T A L . Evaluation of Surface-Bound Membranes 499 

E/V vs S C E 

Figure 4. Cyclic voltammetry of the PtO, PtO-OTS, and PtO-OTS-Rh 
electrodes in 0.1-M KCl containing 20-mM HEPES, pH 6.8. The sweep rate is 

20 mV/s. 

electrodes were gently rinsed w i t h saline buffer to wash off excess vesicles on 
the surface before electrochemical measurements. T h e changes i n the cyclic 
voltammogram and the capacitance are illustrated i n Figures 4 and 5. 
Deposi t ion of the membrane on the electrode surface brought about further 
" b l o c k i n g " of the effective area of P t O , w h i c h resulted i n a further suppres
sion of the P t O reduction (see F igure 4). T h e capacitance decreased further 
as the result of an additional capacitance due to the rhodopsin-containing 
membrane i n series w i t h the existing capacitance of oxide and O T S layers 
(see F igure 5). 

Impedance spectra were recorded i n 0 . 1 - M K C l , p H 6.8, at 0.4 V versus 
S C E . F igure 6 shows the Bode plots of log|Z| versus log / and phase angle 
(Θ) versus l o g / , where |Z| is the impedance magnitude, / is the frequency, 
and phase angle θ is the arctangent of the ratio of the imaginary and real 
parts of the measured impedance. T h e magnitude of the impedance i n -
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E/V VS S C E 

Figure 5. Capacitances of the PtO, PtO-OTS, and PtO-OTS-Rh electrodes 
measured at 1000 Hz in 0.1-M KCl containing 20-mM HEPES, pH 6.8. 

creased upon membrane formation, and the phase angle was also sensitive to 
membrane deposition. A broad phase-angle maximum plateau appeared i n 
the frequency range > 500 H z but disappeared after washing the electrode 
w i t h 30 m M O G to dissolve the deposited membrane (see the half-opened 
dotted curve i n F igure 6). These results are consistent w i t h the formation of a 
p r o t e i n - l i p i d membrane on the OTS-treated P t O electrode by detergent 
dialysis. 

Model of Surface-Bound Membrane on Pt Electrode. F r o m 
the foregoing discussion of experimental results we can develop a physical 
model of the surface-bound membrane that consists of two layers, as 
schematically depicted i n F igure 7. T h e porous, hydrophobic O T S layer 
provides a structure to anchor the reconstituted membrane layer. Prote in 
molecules wi th b o u n d l i p i d may insert into the pores i n the O T S layer. T h e 
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Figure 6. Bode ylots for the PtO, PtO-OTS, and PtO-OTS-Rh electrodes 
measured at 0.4 V in 0.1-M KCl containing 20-mM HEPES, pH 6.8. 

Figure 7. Model of a single surface-bound membrane formed by detergent 
dialysis on an alkylsilanated electrode surface. 

model assembly is essentially a bilayer membrane i m m o b i l i z e d o n the elec
trode surface. 

M o r e detailed information on the physical structure and electrical prop
erties can be obtained by analysis of the impedance spectra, as presented i n 
F igure 6. A n electrical equivalent circuit [resistance-capacitance ( R C ) circuit] 
was used by Fare (38) to interpret the capacitance and conductance data of 
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l i p i d bilayers measured at low frequencies (e.g., 0.5 H z ) . Fare's equivalent 
circuit consists o f a parallel combination o f conductances and capacitances for 
the port ion of the electrode coated w i t h a L a n g m u i r - B l o d g e t t membrane and 
for the uncoated port ion of the electrode, but it does not include the polar 
region of the bilayer. T h e concept of a coverage factor was introduced into 
the equivalent circuit b y Stelzel and Sackmann (39) . Yoshida et al . (40) 
added elements for the polar region of a l i p i d layer by using an equivalent 
circuit that consisted of two pairs o f R C elements i n series for the hydrocar
b o n core and the hydrophil ic surface region, respectively. 

A n equivalent circuit can be derived for the surface-bound membrane 
formed i n this work similar i n a manner to the approach taken for porous 
anodic films and porous electrodes (41-46). A n equivalent circuit network, 
proposed i n F igure 8a, corresponds to the m o d e l i n F igure 7. This network 
has three R C subnetworks that represent the oxide layer, the surface-bound 
membrane layer, and the double layer. C o x and R o x are the capacitance and 
resistance of oxide. and R d l are the double-layer capacitance and the 
polarization resistance, known as the charge transfer resistance at the m e m 
brane-water interface. F o r the subnetwork o f the surface-bound membrane 
layer, one branch represents a tightly packed alkylsilane and l i p i d bilayer i n 
series, and the other branch represents the pores and defects through the 
bilayer. C ^ , C h p and R a l k , R l i p are the capacitances and resistances of 

(a) 

oxide 

Ca,k(8) C„p(0) 

Ralk/9 
—WV— 

Riip/θ 

CdKi-θ) 

Rdi/(1 )̂ 

Rei/0-θ) 
—vwv— 

membrane double 
layer 

(b) 

Ox 

oxide 

Caik(e) 
—II— 

CHp(6) 
• H I — 

membrane 
double 

layer 

Figure 8. (a) Proposed equivalent circuit for surface-bound membrane electrode 
interface, (b) Simplified equivalent circuit valid at higher frequency region. 
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alkylsilane and l i p i d layers. R e l is the resistance of electrolyte i n series w i t h 
the R C circuit of the double layer at the oxide-water interface i n the pores. 
Ru is the series resistance of the electrolyte, θ is defined as the coverage 
factor for the tightly packed bilayer on the surface, and (1 — Θ) is the 
fractional area covered by pores and defects. 

T h e simulation spectra of the P t O electrodes w i t h and without the 
surface-bound membrane are shown i n F igure 9 for comparison w i t h the 
experimental data of F igure 6. T h e parameters used i n the simulation are 
l isted i n Table I. T h e first c o l u m n lists the values used for curve fitting the 
experimental spectra, and the second c o l u m n gives the corresponding values 
normal ized for unit area. 

This simulation reproduces the essential features of the experimental 
data. A calculated capacitance for the tightly packed part o f the surface-bound 
membrane ( C b l ) can be obtained by treating C a l k and C l i p i n series. T h e 
resistance can be similarly calculated f rom Rdk and Ru . T h e calculated 
values of 0.52 μΈ/cm2 and 1325 Ω c m 2 are i n good agreement w i t h 
literature values for natural membranes (47-48). T h e best curve fit for the 
coverage factor, Θ, was 0.97, w h i c h indicates formation of a relatively com
plete membrane by the detergent dialysis approach. 

Capacitance values of the P t O , C o x , f rom the best curve fit is lower for 
the membrane-coated electrode than for the bare P t O electrode. Also the 
resistance, R o x , is higher for the membrane-coated electrode than for the 

5 

log Frequency (Hz) 

Figure 9. Theoretical simulation of impedance spectra from the proposed 
equivalent circuit in Figure 8a for curve fit to the spectra in Figure 6. 
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Table I. Parameters for Best F i t to Impedance Spectra (Figure 6) 

Values for Normalized 
Parameters Model Values 

PtO-Membrane 
C d l 2.5 μ F 10 μ¥/οτη2 

C o x 1.0 μ¥ 4.0 μ¥/οχη2 

0.25 μ¥ 1.0 μ Ρ / c m 2 

C h p 0.27 μ Ρ 1.1 μ Ρ / c m 2 

H o x 800 Ω 200 Ω c m 2 

flaik 3000 Ω 1200 Ω c m 2 

% 500 Ω 125 Ω c m 2 

R& 80,000 Ω 20,000 Ω c m 2 

Ru 120 Ω 30 Ω c m 2 

flei 12 Ω 3 Ω c m 2 

θ 0.97 

Bare PtO Electrode 
C d l 6.0 μ¥ 24 μ F / c m 2 

C o x 3.0 nF 12 μ Ρ / c m 2 

R& 5000 Ω 1250 Ω c m 2 

Rox 40 Ω 10 Ω c m 2 

K„ 80 Ω 20 Ω c m 2 

bare P t O electrode. This analysis suggests that the structure o f the oxide is 
altered by alkylsilanization and membrane deposition. It is l ikely that hydra
t ion of the oxide layer differs between the bare electrode where the oxide has 
direct contact w i t h water and the membrane-coated electrode where the 
oxide is protected by the alkylsilane and p r o t e i n - l i p i d layers. 

A t frequencies below 63 H z , the double-layer capacitance began to 
dominate the overall impedance of the membrane electrode. T h e electric 
potential profile of a bilayer membrane consists of a hydrocarbon core layer 
and an electrical double layer (49). T h e dipolar potential, w h i c h originates 
f rom the l i p i d bilayer head-group zone and the incorporated protein, partially 
controls transmembrane ion transport. T h e model equivalent circuit pre
sented here accounts for the response as a funct ion o f frequency of both the 
hydrocarbon core layer and the double layer at the membrane-water inter
face. T h e value of C$ f rom the best curve fit for the membrane-coated 
electrode is lower than that for the bare P t O interface. F o r the membrane-
coated electrode, the model gives a polarization resistance, R&, o f 80 k û 
compared wi th 5 k O for the bare P t O electrode. Format ion of the l i p i d 
membrane creates a dipolar potential at the interface that results i n higher 
β Λ . T h e incorporated rhodopsin may also extend the double layer, w h i c h 
makes the layer more diffuse and, therefore, decreases C ^ . 

T h e impedance response of each layer o n the electrode surface can be 
attributed to elements of the spectrum i n terms of frequency. Al though the 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

23
5.

ch
02

3

In Biomembrane Electrochemistry; Blank, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 



23. L i E T A L . Evaluation of Surface-Bound Membranes 505 

broad phase-angle maximum plateau i n d u c e d by the formation of the 
surface-bound membrane on the P t O electrode is attributed to several R C 
constants, the total impedance is dominated by the admittance of the 
surface-bound membrane for frequencies > 5 0 0 H z . Typica l double-layer 
capacitances are usually i n the range of 10 -40 μΈ/cm2, w h i c h is at least 1 
order of magnitude greater than the membrane capacitance. Thus at higher 
frequencies, the double-layer capacitance behaves l ike a short circuit and can 
be neglected. I n addition, R o x , R a l k , Rh and R d l are usually i n the range of 
200-20,000 k f t c m 2 , and are higher than the impedances of the capacitance 
components i n the equivalent circuit . These resistances can be treated as 
open circuits at higher frequencies. R e l is small and can be treated as a short 
circuit . Ru can be either compensated experimentally or subtracted i n the 
data analysis. T h e equivalent circuit i n F igure 8a can therefore be s impli f ied 
as shown i n F igure 8b. 

In this s implif ied form, the membrane capacitance, C m , is i n series w i t h 
C o x . Thus, C m = C o x C t / ( C t — C o x ) , where C t is the total capacitance of the 
surface-bound membrane electrode and C o x is the measured capacitance of 
the electrode before membrane formation. T h e membrane capacitance, C m , 
can thus be estimated at a single frequency. Further , the capacitance of the 
tightly packed bilayer, C b l , can be calculated f rom C m i f the coverage factor 
and the double-layer capacitance are known: C b l = ( C m — (1 — 0 ) C d l ) / 9 . 

B y using the imaginary component of the measured impedance data for 
P t O - O T S and P t O - O T S - R h electrodes (Table II) at a frequency of 1000 H z 
(after subtracting Ru), the calculated C m is 867 n F / c m 2 and C b l is thus 584 
n F / c m 2 using = 10 μ Ρ / c m 2 and θ = 0.97, w h i c h are close to the 
theoretical values derived f rom the best curve fit simulation. W e conclude 
that the simplif ied equivalent circuit may be adequate for the surface-bound 
membrane electrode. T h e thickness of the tightly packed membrane bilayer, 
d, can be calculated f rom d = e 0 e / C b l , where e is the dielectric constant o f 

Table II. Capacitances for Membranes Formed on Various Electrodes 

Type of 
Electrode 

^total 
(nF/cm2)° 

^latter , 
(nF/6m2)b 

C M 
(nF/cm2) 

Thicknessd 

(A) 
Type of 
Electrode Bare OTS 

OTS-
memb. OTS 

OTS-
memb. 

C M 
(nF/cm2) 

Thicknessd 

(A) 

PtO 10,260 1100 800 1232 867 584 46.8 
T i 0 2 1,681 1120 607 3358 950 670 40.8 
ITO 3,020 1423 710 1490 926 645 42.4 
p-Si-Si0 2 62.95 60.1 57 1330 610 320 85.4 
n-Si-Si0 2 40.7 39.7 39 1627 793 508 53.8 

a Capacitance measured at 1000 Hz for unmodified electrode (bare), after alkylsilanization 
|OTS), and after membrane deposition (OTS-memb.). 

Calculated capacitance for each surface layer. 
^ Calculated capacitance of membrane using = 10 μ F /cm 2 and θ = 0.97. 

Calculated using e = 3. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

23
5.

ch
02

3

In Biomembrane Electrochemistry; Blank, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 



506 B I O M E M B R A N E E L E C T R O C H E M I S T R Y 

the bilayer. T h e calculated thickness of the membrane bilayer o n the P t O 
electrode is 46.8 Â using a dielectric constant of 3. 

Surface-bound membranes formed on P t O electrodes were chemically 
and mechanically stable. T h e P t O - O T S - R h electrodes were monitored by 
measuring the capacitance whi le the electrodes were kept i n buffer at 4 °C 
for 11 days. A n y dissolution of the surface-bound membrane w o u l d result i n 
an increase i n capacitance. L i t t l e change i n capacitance was observed, w h i c h 
indicates that the membranes are stable. 

Surface-Bound Membrane on Si02, Ti0 2, and ITO Elec
trodes. T h e detergent dialysis procedure was also used to deposit m e m 
branes o n S i 0 2 , T i 0 2 , and I T O electrodes. T h e planar S i - S i 0 2 electrode is a 
solid-state capacitor w i t h the n - or p-type sil icon substrate forming one 
"p la te " of the capacitor and the electrolyte at the surface forming the other 
plate. T h e insulating S i 0 2 layer and surface-bound membrane form the 
dielectric. Al though the planar S i - S i 0 2 electrode is a s imple device, it has 
the same fundamental physical structure as other solid-state devices, such as 
field effect transistors ( F E T s ) , but it allows a s impler approach to analyze the 
device characteristics. F o r example, the F E T sensor relies o n changes i n its 
gate voltage caused b y a change i n the surface charge density upon exposure 
to an analyte. T h e gate of the F E T is operated under inversion conditions and 
can be represented by an equivalent circuit of space-charge capacitance, 
sil icon oxide layer capacitance, and membrane capacitance i n series. A l l three 
capacitances must be considered dur ing analysis of the device response. In 
contrast, the S i - S i 0 2 electrode can be operated under accumulation condi 
tions and only the si l icon oxide and membrane capacitances need to be 
considered. S i 0 2 is extremely stable i n most biological solutions and suitable 
for alkylsilanization. T h e capacitance of a 950-Â-thick S i 0 2 layer is typically 
35 n F / c m 2 , w h i c h is 1 order of magnitude lower than the capacitance of the 
surface-bound membrane. T h e total impedance o f the electrode is therefore 
dominated by the S i 0 2 capacitance. 

T i 0 2 formed by electrochemical anodization on a pol ished t i tanium 
surface is usually an η-type semiconductor. I n the potential w i n d o w where it 
is passive, T i 0 2 is i n a deplet ion condit ion. T h e capacitance of T i 0 2 is the 
space-charge capacitance described by the M o t t - S c h o t t k y equation. 

I T O electrodes behave electrochemically similar to Pt electrodes, and the 
double-layer capacitance can be neglected at higher frequencies to allow 
easily calculation of the membrane capacitance. 

T h e s impli f ied equivalent circuit i n F igure 8b was used to evaluate 
surface-bound membranes o n S i 0 2 , T i 0 2 , and I T O electrodes. Figures 10 
and 11 present the capacitance curves for n - S i - S i 0 2 and T i 0 2 electrodes 
w i t h and without O T S - and rhodopsin-containing l i p i d membranes i n K C l 
buffer. As w i t h the P t O electrodes, the capacitance decreases upon formation 
of an O T S layer and the membrane on the oxide surface. Table II lists the 
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C/nF 

10 

8 

6 

4 

2 

0 1.0 2.0 

E/VvsSCE 
Figure 10. Capacitances of the n-Si-Si02, n-Si-Si02~OTS and n-Si-Si02-
OTS-Rh electrodes measured at 1000 Hz in 0.1-M KCl containing 20-mM 

HEPES, pH 6.8. 

measured capacitances ( C t o t a l ) for the unmodif ied electrodes and for the 
electrodes after alkylsilanization and membrane deposition. F r o m these mea
sured values we have used the s impli f ied equivalent circuit of F igure 8b to 
calculate the capacitance of the O T S layer and the combination of the O T S 
layer and deposited membrane. Adjust ing the O T S - m e m b r a n e composite for 
the surface coverage, Θ, provides the capacitance of the tightly packed bilayer, 
C b l , f rom w h i c h the thickness o f the surface-bound membrane is calculated. 
These results are al l consistent w i t h formation of a single membrane bilayer 
on the electrode surfaces. 

Because the surface-bound membrane capacitance is i n series w i t h the 
oxide layer capacitance, the change i n the total capacitance induced by the 
surface-bound membrane is a funct ion of both the dielectric properties and 
the thickness of the oxide layer. T h e dielectric constants for T i 0 2 and I T O 
are 10 -15 times higher than for S i 0 2 ; thus, a larger change i n capacitance is 
observed w h e n the membrane is formed o n T i 0 2 and I T O electrodes than 
w i t h the S i 0 2 electrode (see Table II). T h e S i 0 2 thickness of the p - S i - S i 0 2 

electrode was 550 Â (reduced f rom 950 Â by etching i n H F ) . T h e n - S i - S i 0 2 

electrode had a 950-Â oxide layer. As shown i n Table II, the thinner the S i 0 2 

o n the p-type si l icon electrodes, the larger the change i n capacitance upon 
membrane formation. T h e calculated capacitance of the surface-bound m e m -
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C/nF 

TIÔ OTS/Rh 

ol ι , , 1 
0 03 1-0 

E/VvsSCE 

Figure 11. Capacitances of the Ti02, Ti02-OTS, and Ti02~OTS-Rh electrodes 
measured at 1000 Hz in 0.1-M KCl containing HEPES, pH 6.8. 

brane itself o n the p - S i - S i 0 2 electrode is lower than for the other electrodes. 
This observation may indicate formation of a tighter membrane bilayer. T h e 
etching may provide a cleaner hydrated surface for better alkylsilanization 
and membrane deposition. 

Summary and Conclusions 
Electrochemical impedance spectroscopy provides a sensitive means for 
characterizing the structure and electrical properties of the surface-bound 
membranes. T h e results f rom impedance analysis are consistent w i t h a single 
b i o m e m b r a n e - m i m e t i c structure being assembled on metal and semiconduc
tor electrode surfaces. T h e structures formed by detergent dialysis may 
consist o f a hydrophobic alkyl layer as one leaflet o f a bilayer and the l i p i d 
deposited by dialysis as the other. Proteins surrounded by a b o u n d l i p i d layer 
may simultaneously incorporate into pores i n the alkylsilane layer by hy
drophobic interactions dur ing deposition of the l i p i d layer. This model is 
further supported by the composit ion of the surface-bound membranes and 
by F o u r i e r transform infrared analyses ( 9 ) . 
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These structures appear w e l l suited for investigations of intramembrane 
charge redistributions associated wi th receptor protein function and for 
applications that use receptors as the active element i n biosensor systems. 
T h e receptor protein is retained i n these structures by its hydrophobic 
interaction w i t h the core of the membrane, and the environment around the 
receptor mimics that of a natural membrane. The receptor protein is thus 
free to undergo rotational and translational diffusion i n the plane of the 
membrane. This should aid i n retention o f function relative to systems i n 
w h i c h the receptor is directly i m m o b i l i z e d on a surface. 

T h e system is, o f course, not totally natural i n that one surface of the 
membrane is b locked by the electrode. Interactions may exist between the 
receptor and the electrode surface that inhibit functionality. W e have, how
ever, found that aspects of the function of several receptors, inc luding 
rhodopsin (8), the nicotinic acetylcholine receptor, and the C a - A T P a s e f rom 
sarcoplasmic ret iculum can be retained i n these systems (unpublished results). 
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Electronic Processes and Redox 
Reactions in Bilayer Lipid Membranes 

H . T i Tien 

Membrane Biophysics Laboratory, Giltner Hall, Department of Physiology, 
Michigan State University, East Lansing, MI 48824 

Electron transfer plays the key role in many areas of biomembrane 
phenomena ranging from simple redox reactions to the complicated 
conversion and storage of solar energy via the thylakoid membrane in 
chloroplast photosynthesis. The use of artificial bilayer lipid mem
-branes (BLMs) as an experimental model of biomembranes such as the 
thylakoid membrane and the cristae membrane of the mitochondrion 
have provided a rational understanding for the energy conversion 
process of natural systems. The advance in the theoretical and experi
-mental investigations of light energy transduction and of electron 
mechanisms via membrane reconstitution has been particularly rele
-vant. This chapter will focus on two aspects of BLM studies in relation 
to biomembranes: membrane electrochemistry and membrane photo
-chemistry. Some attention will be paid to the basic principles of 
electrochemistry as applied to membrane research. Recent experiments 
with BLMs and their potential applications in areas of biosensor 
development, biomolecular electronic devices, and solar energy con
-version will also be summarized. 

CHARGE GENERATION, SEPARATION, AND TRANSLOCATION are the main 
concern of electrochemistry. T o relate these phenomena to membranes, the 
pr inc ipal focus of research deals w i t h the mechanisms of reactions through 
the membrane proper and at, as w e l l as across, the so lut ion-membrane 
interface. T h e electrical double layer at the interface plays a crucial role. T h e 
reconstituted planar bilayer l i p i d membrane ( B L M ) that separates two aque
ous solutions was first reported i n 1961. T h e B L M has proven to be an 
excellent model for biomembranes; it permits charge separation and translo-

0065-2393/94/0235-0513 $08.00/0 
© 1994 American Chemical Society 
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cation to be measured directly by modern electrochemical techniques ( I , 2). 
I n this chapter we shall describe the essential aspects of the B L M system, 
inc luding a description i n some detail o f the latest methodology for formation 
of B L M s on solid supports ( s - B L M s ) . T h e emphasis of this review w i l l be o n 
redox reactions and l ight- induced charge separation and electron transfer i n 
experimental B L M s . In connection wi th B L M research, the large n u m b e r o f 
papers dealing w i t h methods for incorporating membrane proteins and for 
studying single-channel conductance w i l l only be ment ioned i n passing be
cause of space hmitations. M e m b r a n e channel reconstitution experiments (3 , 
4) and other topics not covered here, such as thickness determination, 
interfacial chemistry, permeabil i ty to water, and nonelectrolytes, can be 
found i n several comprehensive reviews o n the subject matter ( 5 - 1 3 ) . 

The Conventional BLM System 
T h e usual picture o f a B L M interposed between two aqueous solutions 
consists of a l i q u i d hydrocarbon phase sandwiched between two hydrophihc 
regions. T h e electrical properties of B L M s have been extensively investigated. 
Such investigation usually entails the measurements of membrane resistance 
(Rm or conductance, C m = 1/Rm), capacitance ( C m ) , potential ( E m ) , dielec
tric breakdown voltage ( V b ) , and current-voltage ( Z / V ) characteristics. 
U n m o d i f i e d B L M s (i.e., B L M s formed f rom phospholipids or oxidized 
cholesterol dissolved i n an n-alkane solvent i n 0 . 1 - M K C 1 solution) have 
typical intrinsic values of Rm greater than Ι Ο 8 Ω c m 2 , C m = 5000 p F , 
Em = 0, Vh = 200 ± 50 m V , and I/V curves obeying Ohm's law. T h e 
structure of the B L M is a th in slab of l i q u i d crystals i n two dimensions (14) 
that has a ~ 3 - 4 - n m - t h i c k fluid hydrocarbon core. This l iquid-crystalline 
port ion of the B L M is an excellent insulator, but its electrical conductance 
can be drastically altered by incorporation o f a variety of compounds such as 
iodine, val inomycin, enzymes, 2, 4-dinitrophenol , chlorophyl l and its related 
compounds, dyes, organic metals, and semiconductor particles (2, 5, 7, 14). 

Experimental ly, bilayer l i p i d membranes ( B L M s ) are formed easily across 
a hole i n a poly(tetrafluoroethylene) ( P T F E ; Teflon) partit ion interposed 
between two chambers filled w i t h aqueous solution (e.g., 0 . 1 - M K C 1 ) . T h e 
l i p i d solution (e.g., 20 m g of phosphatidyl choline per mil l i l i ter o f decane) is 
introduced onto the hole via a small brush, a glass rod, or a microsyringe, and 
it thins spontaneously, w h i c h results i n a bilayer l i p i d leaflet (i.e., a B L M ) . I n 
addition to the conventional technique just described, a B L M can also be 
formed f rom two monolayers at the a i r -water interface according to a 
method first used by Takagi et al . i n 1965 (see reference 14, F igure 11-3, 
page 477) and improved by others (14, 16-18). This method is based o n the 
L a n g m u i r - B l o d g e t t technique and involves two steps: First , l i p i d monolayers 
are spread at the a i r -water interface of two solutions separated by a hy-
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24. T I E N Electronic Processes and Redox Reactions 515 

drophobic barrier that contains a small aperture. Second, the barrier is 
lowered through the monolayers, w h i c h forms a B L M i n the aperture under 
favorable conditions. Pretreatment of the aperture w i t h a number of solvents 
such as hexadecane, squalene, or petrolatum i n pentane is usually recom
mended to enhance the formation and stability of the B L M (2, 7, 14). 

The New BLM System 
In contrast to the conventional B L M system just described, a novel yet 
extremely simple method for formation of a stable B L M was recently 
developed i n our laboratory (19 -23 ) . T h e technique involves the formation of 
self-assembled l i p i d bilayers on sol id supports. T h e supported B L M ( s - B L M ) 
has a greatly improved mechanical stability (lasting indefinitely) and has 
desirable dynamic properties. O n e of the methods of formation of a s - B L M 
consists of two distinct steps. I n the first step, the t ip of a P T F E - c o a t e d 
plat inum wire is cut off. T o provide the best cut of the plat inum wire , we 
constructed a miniature guillotine (F igure 1) where the sharp knife moves 
vertically onto the wire placed on the flat base. T h e cut is per formed whi le 
the wire is immersed i n a drop of l i p i d solution so that the ini t ia l contact o f 
the newly exposed wire surface is w i t h the l i p i d solution. I n the second step, 
this newly cut l ipid-eoated P T F E - c o v e r e d plat inum wire is transferred into an 
aqueous bathing solution. This two-step self-assembled l i p i d bilayer works 
because the freshly cut metal surface is hydrophil ic and attracts the polar 
groups of the l i p i d molecules. Thus , a l i p i d monolayer is tenaciously formed 
on the nascent metallic surface. Immers ion of the l ipid-eoated wire into an 
aqueous solution spontaneously thins the l i p i d layer to a B L M that is 
anchored o n one side to the solid support and is exposed to water o n the 
other side. Fur ther details of this method are available i n the literature 
( 1 9 - 2 3 , 41). 

Evidence for Electronic Processes in Biomembranes 
I n 1941 Alber t Szent-Gyorgyi suggested the role o f solid-state electronic 
processes i n biology (for a review, see references 2 and 24-27) . M a n y 
attempts have been made dur ing the intervening years to demonstrate that 
such electronic processes can occur i n biomembranes and their constituents 
such as proteins and lipids (see reference 24). T h e concept of electronic 
processes i n membranes and related systems was first reviewed i n 1971 (14, 
28), and the phenomenon k n o w n as electrostenolysis was stressed. I n this 
connection, the term "electrodics" has been proposed (10, 28). In the 
language of membrane electrochemistry, electrostenolysis s imply means that 
a reduction reaction takes place on the side of the membrane (or barrier) 
where the positive electrode is situated and oxidation occurs o n the other side 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

23
5.

ch
02

4

In Biomembrane Electrochemistry; Blank, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 



516 B I O M E M B R A N E E L E C T R O C H E M I S T R Y 

Figure 1. Schematic diagram of guillotine 
for cutting metallic wires that are im
mersed in a droplet of lipid solution. Key: 
Ft, platinum wire; K, knife; L, lipid 

droplet. (Adapted from reference 21.) 

of the membrane facing the cathode. A l t h o u g h electronic processes i n B L M 
i n the dark have been discussed since 1970 (see reference 24), no conclusive 
evidence has been shown. This lack o f evidence is because an unmodi f ied 
B L M is an excellent insulator (resistivity > Ι Ο 1 5 Ω ) and thus incapable o f 
either ionic or electronic conduct ion. T o demonstrate electronic conduct ion 
i n B L M the membrane must be modif ied to function as a redox or semicon
ductor electrode. Addit ional ly , an appropriate method must be found to study 
electronic processes that can be appl ied to the B L M system. 

Basics of Cyclic Voltammetry. E lectrochemical techniques such 
as cyclic voltammetry ( C V ) and linear sweep voltammetry ( L S V ) are most 
appropriate to the study of electronic processes and redox reactions. These 
techniques are conceptually elegant and experimentally simple; thus they are 
popular for studying redox reactions at the e lectrode-solut ion interfaces and 
have been increasingly employed by electrochemists (2 , 7) . Several remarks 
regarding the cyclic voltammograms of electron-conducting B L M should be 
made. 

1. Mass transfer by migration of electroactive species under the 
influence of an appl ied voltage is rendered negligible by using 
a high concentration of supporting electrolyte (e.g., 0 . 1 - M 
KC1). 

2. T h e pr inc ipal mode of mass transport of electroactive species 
at the surface o f B L M is assumed to be diffusion that occurs as 
a result of the electrochemical potential difference developed 
between the B L M - s o l u t i o n interface and the bulk solution. 

3. Electron-transfer reactions can be directly related to the 
voltammograms. This relationship arises because the redox 
products generated near or i n the B L M are available for 
further redox reaction as the scan direct ion is reversed. D u r i n g 
the cathodic scan ( — Ε or increasingly negative), more and 
more electrons are available for reduction to the species adja
cent to the B L M ; that is, one side of the B L M becomes a 
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stronger reducing electrode. Conversely, as the potential is 
increased toward the positive direction, the other side of the 
B L M becomes a better oxidizing electrode, w i t h positive holes, 
so to speak, increasingly ready for oxidation (2, 24). 

Electronic Conduction across B L M in the Dark. O n e of the 
most striking changes of B L M electrical properties was observed w h e n I 2 and 
I~ were added to the bathing solution. T h e usually very high electrical 
resistivity of the B L M ( in the range of 1 0 8 - 1 0 1 2 Ω c m 2 ) dropped b y several 
orders of magnitude as observed by Finkelstein, Cass, and others (see 
reference 24). O n e possible explanation is that the membrane became more 
permeable to I - or polyions of iodine. Another possibility is that the 
conductivity changes were due to electron conduction across the membrane 
(14). M o r e specifically, conductivity changes are due to charge-complex 
formation at the interface between the membrane and the bathing solution, 
and due to the transfer of electrons across the membrane. Af ter capacitance 
and conductivity changes of B L M were measured as a function of the 
frequency of the appl ied field and the concentrations of K I and I 2 i n the 
bathing solution, it was shown that 13 was able to enter the B L M and act as 
an electron donor. Furthermore , the electrons i n the membrane were trans
ferred between donor and acceptor centers by a hopping mechanism (see 
reference 24). I n similar experiments, Boguslavski reported (29) that an 
exchange of electrons took place at the m e m b r a n e - b a t h i n g solution interface 
and that holes were the charge carriers inside the membrane. Karvaly and 
Pant (30) also found that current transferred across the membrane was 
independent of 1 3 11 (up to a specific flux level). F r o m voltages generated b y 
varying the iodine concentration i n one of the compartments whi le [I~] was 
kept constant and f rom current-voltage characteristics taken under the same 
conditions as w i t h tracer measurements, Karvaly and Dancshazy (31) con
c luded that, although some contribution of ionic conductivity could not be 
excluded, the current carriers across the membrane were pr imari ly electrons 
and that the m e m b r a n e - b a t h i n g solution interface behaved l ike a semicon
ducting electrochemical electrode. T h e same conclusion was drawn on the 
basis o f voltages observed i n systems where the concentration of the ferric i o n 
i n one of the compartments was varied. In a different k i n d of experiments, 
Fe ldberg et al . (32) observed electronic conductivity across B L M s formed 
from glycerol monooleate i n n-hexadecane and magnesium etiochlorin. T h e 
bathing solution contained a buffer and ferro-ferr icyanide redox couples on 
both sides of the B L M . T h e value of the redox potential o f the couples could 
be changed by varying the ratio between ferrocyanide and ferricyanide 
present i n the bathing solution. Three different methods of detecting the 
electron current flowing across the B L M were used by measuring the 
open-circuit voltage w h e n the redox potentials of the couples o n both sides o f 
the membrane were changed. T h e density of the current flowing across the 
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B L M was proport ional to the magnesium etiochlorin i n the membrane. W h e n 
the magnesium etiochlorin concentration was kept constant and the redox 
potential of the couples was changed, the resultant current across the 
membranes fo l lowed the magnitude and sign o f the changes. A l l three 
methods showed that the predominant charge carriers of current across the 
B L M were electrons. 

Thus far, we have used the classical concept of electrochemistry to 
describe the various phenomena associated w i t h membranes; only hydrated 
ions and ions surrounded by other ions (ionic cloud) were involved. A t 
physiological temperatures, ions undergo ceaseless mot ion or random walk; 
they get nowhere by random walk alone (their t ime average displacement is 
zero). A net transport of ions is possible b y (1) the presence o f an electrical 
field and (2) by chemical potential gradient. Thus , a net drift is superimposed 
o n the random walk. W h e n ions reach the interface, properties change 
abruptly; the anisotropy of the forces compels ions to adopt new configura
tions unknown i n bulk solution. H e r e , a variety of phenomena occurs: charge 
separation, potential gradient, adsorption, and orientation o f water dipoles. A t 
present, modern electrochemistry is focused o n the transfer o f charges across 
the interface, i n particular, the electrified interface (2 , 7, 10). T h e involve
ment of the electrical double layer, therefore, is self-evident. 

T h e charges that we are concerned w i t h here are the electronic charges 
(electrons and holes). F o r charges o f this type to be transported across the 
interface, electrochemical reactions must take place. I n the presence of a 
membrane that is impermeable to ions, what w i l l happen then? H e r e , the 
membrane must serve at least two functions: (i) a pathway for electronic 
charges and (ii) an electrode surface for chemical transformation (reduction 
and oxidation or redox reactions). 

Electrical Properties of BLM in the Absence of Light. L i te r 
ature references pr ior to 1980 are available elsewhere (34). H e r e it is 
sufficient to state that, due to its ultrathinness (< 7 nm), an electric field of 
100,000 V / c m is easily developed across the B L M . This very h igh field 
strength greatly modifies charge separation and transport properties as w e l l as 
hydrocarbon solubility i n B L M s . W h i t e (35) s tudied the physical chemistry o f 
the B L M and reported h o w electric fields alter n-alkane solubility i n the 
bilayer, w h i c h causes a shift f rom the bilayer to the P l a t e a u - G i b b s border 
and microlenses. T h e solubility of n-alkanes i n B L M s was investigated by 
G r u e n and H a y d o n (36), w h o reported that the n-alkanes dissolve pr imari ly 
into the central core o f a B L M and significantly alter the B L M thickness. 
Contrary to expectation, n-alkanes w i t h increasing chain length have less 
solubility. This phenomenon has also been considered at length by M c i n t o s h 
et al . (37) , based o n the results obtained by the combined use of differential 
scanning calorimetry, X-ray diffraction, and monolayer techniques. T o com
plete the picture, we also mention the paper by Sugar and N e u m a n (38), who 
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proposed a stochastic model for electric field-induced pores i n membranes 
( termed electroporation). A t subcritical electric fields, the average pore size is 
stationary and very small . A t supercritical field strengths, the pore radius 
increases and, w h e n it reaches a crit ical pore size, dielectric breakdown 
occurs. However , i f the electric field is turned off before the membrane 
ruptures, the pore apparently completely reseals itself; hence, the B L M 
survives. In this connection the paper by Z i m m e r m a n n is of interest (39) . 

T o apply the powerful C V technique to the B L M system, a conceptual 
effort has to be made; that is, one side of the B L M must be considered as the 
work ing electrode, whi le the other side provides the connection to the 
external circuit . As already mentioned, an unmodif ied B L M behaves essen
tially as an excellent insulator and does not function as a working electrode. 
Therefore, the B L M must be modif ied for it to function as a metallic or 
semiconductor electrode. T o impart electronic properties, we have discovered 
that incorporation of organic semiconductors (synmetals), such as T C N Q 
(7,7,8,8-tetracyanoquinodimethane) or T T F (tetrathiafulvalene), enables the 
B L M to become electron-conducting (33, 40). I n the absence of T C N Q i n 
the B L M but w i t h other experimental conditions the same, the current -vol t 
age (I/V) plot is linear; it practically coincides w i t h the χ axis on the scale 
used. I n the absence of redox couples i n the bathing solution, but w i t h 
T C N Q i n the B L M , the I/V curve remains linear. T o show more clearly that 
the redox reactions occur across the T C N Q - c o n t a i n i n g B L M , the fol lowing 
experiment was carried out. T o one side of a T C N Q - c o n t a i n i n g B L M we 
added a high concentration of equimolar ferr i - ferrocyanide solution, whereas 
to the other side, aliquots of ascorbic acid of known concentration were 
introduced (2 , 40). T h e membrane potentials (Em) after each addition of 
ascorbic acid were measured concurrently. It is most interesting to note that 
the extrapolated value of Ε at the equal molar concentrations of the two 
redox couples agrees very w e l l wi th the difference of the two standard redox 
potentials ( E ° = 300 m V ) . T h e highly asymmetrical current-voltage curves 
are reminiscent of the curves o f a p-n junct ion diode, w h i c h permits an 
electron current flow i n a forward-bias direct ion only. I n our T C N Q - B L M 
system, oxidation occurs at the membrane-so lut ion interface that contracts 
the ascorbic acid solution and reduction of ferricyanide to ferrocyanide takes 
place on the other side of the B L M , w h i c h has a negative polarity. Implic i t i n 
this interpretation is the assumption that transmembrane movement of 
electrons occurs via the T C N Q molecules i m b e d d e d i n the l i p i d bilayer; that 
is, the whole system has the properties o f a p-n junct ion w i t h the 
T C N Q - B L M acting as a rectifier. 

T o demonstrate that the T C N Q - B L M behaves l ike a metallic electrode 
(e.g., Pt, w h i c h is frequently used i n C V ) , a comparative experiment was 
carried out: C y c l i c voltammograms of quinhydrone were obtained using 
either Pt or T C N Q - c o n t a i n i n g B L M under very similar conditions. T h e 
cathodic portions of the voltammograms were found to be quite similar, 
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w h i c h substantiates that the T C N Q - B L M funct ioned as a work ing electrode. 
I n this connection, a cyclic voltammogram of horse-heart ferricytochrome c 
was also obtained b y means similar to that reported by Eddowes and H i l l i n 
1977 (see references 2, 10, 11), w h o used a gold work ing electrode. Thus, to 
be consistent w i t h the theory o f C V , the T C N Q - B L M must function as a 
redox electrode i n the usual practice of electrochemistry. 

T h e significant advantages of the C V technique are simplicity, good 
precision o f measurement, the involvement o f the l i p i d bilayer, and the 
capability for future development. Because the electron-transfer chain c o m 
ponents are closely associated w i t h the l i p i d bilayer, the values thus deter
mined by the usual Pt electrode may be quite different f rom the actual values 
i n the membrane. Therefore, the technique described here offers a new 
approach to the determination o f E° o f membrane-bound biomolecules, such 
as the cytochromes and other redox enzymes, using modif ied B L M as the 
work ing electrode. Further , this new type of electronically conduct ing B L M 
coupled w i t h the C V technique may be useful i n the study of membrane 
bioenergetics (40) and i n the design of molecular electronic devices based o n 
ultrathin films (41). 

Membrane Photochemistry 

Light-Induced Electron Transfer. I n green plant photosynthesis, 
the pr imary event and its subsequent redox reactions are bel ieved to take 
place i n and across the thylakoid membrane. O n the basis o f evidence f rom 
electron microscopy, the structure of a thylakoid membrane is that o f a l i p i d 
bilayer w i t h embedded p i g m e n t - p r o t e i n complexes (42, 43). T o effect light 
transduction, certain membrane-bound "machiner ies" have evolved i n nature. 
T h e details of these machineries (or transducers) i n biological membranes for 
light transduction are largely uncertain, but they are definitely made of l ipids, 
proteins, and pigments. T o explain the l ight-driven redox reactions f rom 
water to N A D P (nicotinamide adenine dinucleotide phosphate), the so-called 
Ζ scheme, w i t h two photosystems (PS-I and PS-II) , was proposed i n the 
1960s (44, 45). Mitchel l ' s chemiosmotic hypothesis, established i n the 1970s, 
accounted for electron transfer and photophosphorylation via an ion- imper
meable l i p i d membrane. As a result o f Mitchel l ' s hypothesis, PS- I and PS-I I 
of the Ζ scheme were incorporated into the thylakoid membrane i n the late 
1970s (44-47). Concurrent ly w i t h the aforementioned developments, the 
B L M system was developed i n the early 1960s. I n 1968, photoelectric effects 
i n chlorophyll-containing B L M were observed (14, 25, 48). These past 
accomplishments have enhanced our understanding of fight transduction 
processes i n the thylakoid membrane and have set the stage for future 
experiments. 
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Summary of Recent Experiments. B L M containing chlorophylls 
and related compounds have been studied by several groups o f investigators 
(44, 48). F o r references pr ior to 1980, a n u m b e r of reviews are available (25, 
44). T o elicit appreciable photoelectric effects, asymmetrical conditions across 
the pigmented B L M are necessary. These conditions can be manifest as 
differences i n p H , electrical potential, composition, or concentration of 
electron acceptors and donors present i n the bathing solutions. F o r electron-
transfer and charge separation studies, we have formed B L M s f rom l i p i d 
solutions containing chlorophyl l ( C h i ) or porphyrins w i t h and without added 
modifiers, such as quinones and carotenes. T h e addit ion of quinones or 
carotenes is due to wel l -documented evidence that quinones serve as the 
pr imary electron acceptor and carotenes serve as effective light-gathering 
accessory pigments. Therefore, it seems highly probable that a close proxim
ity between a donor species (e.g., chlorophyl l or porphyrin) and an electron 
acceptor molecule (e.g., quinone) is a prerequisite. T o test this hypothesis, 
several groups of workers have synthesized covalently l inked p o r p h y r i n -
quinone and porphyr in-carotene complexes (49). As a mode l for the ini t ia l 
photophysicochemical event i n reaction centers of photosynthesis, incorpora
t ion of these molecularly designed compounds into reconstituted B L M is o f 
interest and has been carried out by several groups of investigators. T h e 
photopotentials obtained on some of these B L M systems are indeed interest
i n g i n that they are larger by at least a factor of 3 (the highest values hitherto 
reported) than those of chlorophyll-containing B L M s . I n this connection, the 
experiment reported recently by R i c h and B r o d y (50) is of interest because 
they found that the C h i B L M i n the presence of dihydroxy carotenoids gave 
rise to m u c h greater photocurrents than either the simple carotenes or the 
diketocarotenoids. B L M s formed using pheophytin (a magnesium-free 
chlorophyll) generate very small photocurrent regardless o f the carotenoids 
used. This observation is explained i n terms of a lack of interaction between 
pheophytin and carotenoids. T h e negligible photocurrent i n pheophytin B L M 
might also be due to the mismatched redox potential between pheophytin 
and ferricyanide, w h i c h prevents the reduction of ferricyanide by pheophytin. 
T h e interaction between chlorophyl l and beta-carotene i n B L M has also been 
studied by Vacek at al . (51), who observed a decrease of photopotential on 
repeated flash excitation that may arise f rom l i p i d oxidation. T h e kinetics o f 
photopotential was studied i n more detail by L i u and Mauzera l l (52, 53), 
w h o explained the decay by a rate constant that decreases exponentially w i t h 
distance between pigment cation and reduced acceptor (e.g., ferrocyanide). 
Another observation f rom their study is that the pigment cation does not 
transverse the B L M i n less than 10 ms. Instead of using ferricyanide, ferric 
chloride ( F e C l 3 ) was used earlier as an electron acceptor. T h e photoconduc
tivity of the C h i B L M w i t h added beta-carotene was studied as a funct ion of 
wavelength. T h e highest efficiency, 541 n m , was obtained w i t h the photoelec-
trospectrometry described by L o p e z and T i e n (see reference 2). This tech-
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nique combines the classic photoelectric effect w i t h optical spectroscopy. 
Thus far, only a range of U V and visible wavelengths has been reported (25, 
54, 55). F o r example, Putvinski i (55) reported the influence of U V light o n 
the stability of B L M formed f rom mitochondrial l ipids and explained his 
results i n terms of photoperoxidation o f unsaturated fatty acid chains o f 
phospholipids. Kadoshnikov and Stolovitsky (56) reported the results of 
spectral photoelectrochemical investigations of C h i B L M and liposomes. 
C h l o r o p h y l l i n these membranes has m o n o m e l i c (640 nm) and crystalline 
(740 n m ) forms. T h e l inewidth o f the electron paramagnetic resonance ( E P R ) 
signal of m o n o m e l i c C h i cation-radical is 8 - 9 G ; that of the crystalline form 
is 1.7 G w i t h the g factor = 2.0024. T h e same authors also reported that 
about 25 C h i molecules are incorporated i n the aggregates. T h e B L M , w i t h 
incorporated C h i and pheophytin, generated photopotentials of opposite 
signs. 

In a novel experiment, K o y a m a et al . ( 5 7 ) obtained a spectrum of 
carotenoid B L M by resonance Raman spectroscopy—a major advance i n 
B L M spectroscopy. F o r efficient charge transfer, the orientation of chloro
p h y l l molecules at the membrane-so lut ion interface is important. Brasseur et 
al . (58) developed a procedure for conformation analysis to define the 
posit ion o f chlorophyl l i n B L M . T h e y found that the porphyr in r ing is 
orientated at an angle of 45 ± 5° to the plane of the B L M , w h i c h is i n 
excellent agreement w i t h the value reported previously (44). 

In an interesting study, Hattenbach et al . (59) raised the question " D o e s 
phytochrome interact w i t h l i p i d bilayers?" Phytochrome, a plant chromopro-
tein purported to respond reversibly to red light of different wavelengths (667 
and 725 nm), has been incorporated into a B L M . Hattenbach and colleagues 
(59) found no detectable change i n membrane conductance dur ing i l lumina
t ion w i t h red light (660 nm) . This finding i n B L M , however, does not rule out 
the regulatory role of phytochrome i n plant membranes. 

A unique feature of the B L M system is that a coupled photosensitized 
redox reaction may be independently activated at the two interfaces of the 
B L M . This reaction, w h i c h mimics the Z-scheme of photosynthesis (2, 44, 
61-63), can be accomplished by using zinc tetraphenylporphyrin ( T P P ) (or 
M g T P P ) as the photoabsorber i n the B L M i n conjunction w i t h tris(2,2'-bi-
pyridine) ruthenium i o n (Ru(bpy)| + ) methylviologen ( M V ; Ι,Γ-dihexadecyl-
4 , 4 ' b i p y r i d i u m ) as the electron acceptor, E D T A (ethylenediamine-
Ν,Ν,Ν' ,Ν' - te traacetate) as the electron donor, and vi tamin Κ ( V K ) as a 
hydrogen carrier (63). T h e presence of Z n T P P i n the B L M greatly enhances 
the response, w h i c h implies facilitated electron transport. Photoexcitation of 
R u ( b p y ) g + ) or Z n T P P leads to viologen reduction, as evidenced by the 
polarity of the photopotentials. Because the acceptor ( M V or F e ) and donor 
( E D T A ) are physically immobi l ized , some transmembrane redox reactions 
must take place. T h e most direct interpretation of the data is that the 
reduction of R u ( b p y ) g + occurs on the side containing E D T A ; the transmem-
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brane electron tunnel ing is facilitated by Z n T P P and V K . T h e drop i n 
photocurrent may be caused by the diffusion of reduced M V , w h i c h could 
become more soluble i n the membrane phase. In analogy to the Ζ scheme of 
photosynthesis, this two-step electron-transfer system should be further stud
ied. 

It should be mentioned that B L M s and liposomes have been employed 
to aid the understanding of H. halobium at the molecular level . Incorpora
t ion of bacteriorhodopsin ( B R ) into planar B L M s has been carried out 
successfully for electrical measurements by several groups of investigators 
since 1976. Karvaly s group (60, 61) appears to be the first to report both 
photovoltaic effects and photoconductivity i n BR-conta in ing B L M s (for ear
l ier references, see reference 44 and reviews by H o n g and D r a t z i n this 
volume). 

Photochemical Redox Reactions. F r o m the preceding experi
ments, it appears that a large number of very rapid processes occur f r o m the 
excited state o f a given molecule. T h e only way for a reaction to occur f rom 
an excited state is for it to take place on a t ime scale very nearly the same as 
the processes w i t h w h i c h it must compete. T h e overriding factor of quantum 
mechanics and its influence on macroscopic behavior is the law of probabi l i 
ties. I f a process is very slow compared to others, it certainly w i l l not be a 
dominat ing process. It is not enough for a process to y i e l d stable products; it 
also must be very fast to occur photochemically. E lec t ron transfer is among 
the fastest type of chemical process. Therefore, photochemistry consists 
almost exclusively of charge or electron-transfer reactions, w h i c h may be 
summarized as follows: 

A + D -> A~ + D + (1) 

or 

A + D - » ( A — D ) * -> A " + D + (2) 

where A and D denote an electron-poor (acceptor) and an electron-rich 
(donor) species, respectively, and A ~ and D + are the reduced A and oxidized 
D . T h e asterisk denotes an excited state of A * , D * , or ( A — D ) * as shown i n 
eq. 2, w h i c h is known as an exciplex. The dr iving force or Gibbs free energy 
change ( A G ) of these reactions is caused by the absorption of photons by the 
species indicated (2 , 63). 

I n a photoredox process, an electron is excited to a higher energy level, 
w h i c h alters both the electron donor and electron acceptor properties of the 
molecule (P). T h e excitation of the electron leaves a positive hole i n its 
previous location i n the orbital and may permit the excited molecule ( P * ) to 
accept an electron. Alternatively, the excited molecule may now have an 
electron energetically favorable for transfer to another molecule (oxidation). 
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Reverse reactions, w h i c h w o u l d result i n charge recombination and subse
quent deexcitation, must be prevented for a photochemical charge-transfer 
reaction to proceed w i t h any efficiency. Prevention of reverse reactions may 
be accomplished by separating the products i n some way. A simple example 
of product separation is the charge separation process that occurs at semicon
ductor junctions. I f p - and η-type semiconductors are sandwiched together, 
an interface, cal led a junct ion, is formed between them. W h e n fight falls on 
the interface, an e lec t ron-hole pair is f o r m e d across the junct ion, w h i c h 
results i n charge separation and a voltage difference (63). 

T h e semiconductor model is analogous to processes created i n a system 
of redox reactants; namely, after a redox reaction occurs the products must be 
moved apart as quickly as possible. T h e processes o f diffusional mass trans
port or convection are the only means of separating the products i n solution, 
and these processes are slow compared to the mechanism involved i n 
semiconductors. T o enhance mass transport, it is possible to introduce 
intermediates so that the oxidant and reductant are separated by fast elec
tron-transfer reactions. In this case, recombination is prevented (to some 
extent) by the physical separation o f oxidant and reductant using intermediary 
donors and acceptors (63). 

Potential Applications 
A n experimental bilayer l i p i d membrane less than 7 n m thick that separates 
two aqueous solutions is a miraculous structure i n itself. However , it has not 
been made into a practical device thus far, although there have been many 
attempts. T h e past, present, and future efforts i n the exploitation of the B L M 
system, especially s - B L M s , for practical applications (2 ) are worthy of sum
mary. 

Specific Electrodes. M a n y ionophores, such as val inomycin and 
other macrocyclic compounds (9 , 24), have been incorporated into B L M s 
and have made these membranes ion-specific as wel l as selective. Another 
system of interest is iodine-containing B L M , w h i c h is specific to iodide (2) . 
T h e presence o f other ions such as C l ~ , S O f ~, or F ~ does not interfere w i t h 
the "e lectrode" response to I~. T h e behavior of iodine-containing B L M is 
reminiscent of metallic electrodes that are reversible to ions or their salts 
(e.g., A g , A g + , and A g C l ) . A variety o f compounds can and have been 
incorporated into B L M to make them useful i n biosensor devices (14, 24, 
64). 

Biosensors. Biosensors are essentially a special class ,of devices that 
transduce a bioreaction into an electrical signal. I n terms of membrane 
research, the heart of a biosensor is a modif ied B L M that serves as a model 
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for the biomembrane. A number of investigators (9 , 65-68) have exploited 
the B L M system for laboratory use. W e envison that, for detection i n 
biological environments, the sensing element should be biocompatible and 
biomembrane-l ike. Thus , the B L M system has great potential and is an ideal 
choice for developing a new class of electrochemical biosensors. W i t h electri
cal methods, detection sensitivities less than 1 0 " 1 3 M easily can be achieved 
and are quite comparable to what is now available using radioimmunoassay 
techniques. 

F o r biosensing purposes, however, B L M s formed b y the conventional 
method have a n u m b e r of problems, the most serious of w h i c h is the extreme 
fragility of the B L M . This shortcoming greatly limits the usefulness of the 
B L M as a practical device because it cannot be easily fabricated and w i l l not 
sustain rugged laboratory use. O n e successful attempt to overcome this 
fragility problem was achieved i n our laboratory by forming B L M s on sol id 
supports ( s - B L M s ) , as previously described. W e found that the electrical 
properties of s - B L M s are consistent w i t h those of conventional B L M s . T o 
illustrate our approach to the development of a biosensor for taste discrimina
t ion, for example, we w o u l d extract and isolate taste buds from bovine 
tongues for incorporation into supported B L M s . Similarly, we w o u l d isolate 
receptor proteins f rom olfactory organs to construct biosensors for odor 
detection. W h e t h e r a new class o f biosensors using s - B L M s can be developed 
remains to be seen, but the advantages of specificity and biocompatibi l i ty of 
B L M s make such an endeavor exciting (41, 63, 67-72). 

Biomolecular Electronic Devices. T h e basis for molecular elec
tronic device ( M E D ) concepts was the topic o f M E D workshops and sym
posia organized by Carter i n the 1980s (69) . These proceedings provided a 
first step toward the design and construction o f a " m o l e c u l a r " diode (or 
rectifier). U s i n g the C V technique and a T C N Q - c o n t a i n i n g B L M , we have 
shown that flow f rom the cathode to the anode via the wel l -known organic 
conductors T C N Q (tetraeyano-p-quinodimethane) and T T F (tetrathiofulva-
lene) is accomplished by a tunnel ing mechanism. T o date, one problem i n 
relation to M E D is the concern that molecules i n L a n g m u i r - B l o d g e t t films 
of bilayer thickness have exhibited no interesting electronic properties (e.g., 
nonlinear I/V curves). W e speculate that one of the reasons lies i n the 
substrate-f i lm contact, w h i c h could be f u l l o f pinholes at the bilayer d i m e n 
sion. This problem could be overcome by using the B L M techniques. I n this 
connection, ment ion must be made of the work by Potember, Poehler, and 
C o w a n (see reference 69), who have been working w i t h polycrystalline films 
of C u or A g salts o f T C N Q . T h e y have shown that such th in films ( 5 - 1 0 μ Μ 
thick) sandwiched between metal electrodes can switch f rom a low to a h igh 
level o f conductance i n response to an appl ied voltage. A similar effect also 
could be observed w i t h a laser instead of a voltage. Thus , Potember et al . (see 
references 2 and 69) have constructed an optically driven switch that uses 
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5 - 1 0 μ m films. I n comparison w i t h a bilayer l i p i d membrane, (5 n m thick), a 
factor o f 1000 times larger is involved. Thus , what new kinds of phenomena 
could be observed as one approaches molecular sizes w i t h T C N Q - c o n t a i n i n g 
B L M s ? O n e way to find out is to form a T C N Q - T T F system using the new 
B L M technique. Experiments along this l ine currently are being carried out. 

Solar Energy Transduction. Photoelectric effects i n B L M , discov
ered i n 1968, have been extensively investigated (63). Lately, photoactive 
B L M s have found their place i n the field of photochemical conversion and 
storage of solar energy (for reviews, see references 63 and 73-79) . F o r 
instance, w i t h suitable electron acceptors and donors i n the bathing solution 
separated by a pigmented B L M , l ight- induced redox reactions can occur at 
opposite interfaces. It may be possible to couple B L M s of this type i n such a 
way as to effect photolysis o f water into hydrogen and oxygen (25, 63). 
However , the ultrathin l i p i d films i n the form of B L M that are described i n 
this chapter have not been developed into practical devices for energy 
transduction. T h e chief attraction of photoactive B L M to many scientists is 
that the system mimics , to some extent, the photosynthetic thylakoid m e m 
branes of green plants, through w h i c h solar energy is harvested and pro
cessed. Investigations of photoactive B L M may provide insight o n the mecha
nism of l ight-initiated redox reactions i n photosynthesis, f rom w h i c h we may 
learn the basic conditions that must be ful f i l led for efficient photoelectro-
chemical uti l ization o f solar energy. Such knowledge may a id i n the design 
and construction of practical devices for produc ing electricity and for splitting 
water to hydrogen by sunlight. 

Indeed, based o n experience gained i n pigmented B L M research i n 
artificial photosynthesis, a novel type of photoelectric cel l , t e rmed a semicon
ductor septum electrochemical photovoltaic ( S C - S E P ) cel l , has been devel
oped. In a S C - S E P cel l , a semiconductor septum (e.g., C d S e ) is used i n 
place o f a p igmented B L M to separate two aqueous solutions. W h e n light 
shines on the semiconductor membrane, photoinduced redox reactions are 
observed (82-84). Operat ion under short-circuit conditions allows the cel l to 
be used for photolysis of water using solar energy (85). 
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Electrochemical Processes 
in Membranes That Contain 
Bacteriorhodopsin 

Felix T. Hong 

Department of Physiology, Wayne State University, School of Medicine, 
Detroit, MI 48201 

Pulsed-light illumination of reconstituted bacteriorhodopsin mem
-branes elicits a fast photoelectric signal as a result of light-induced 
rapid charge separation. This signal is similar to the early receptor 
potential in a visual membrane. Nonelectrochemical interpretation of 
this type of signal reported in the literature has led to discrepancies in 
data reported by various laboratories and to conclusions that contra
-dict established facts. This problem is addressed by applying the 
Gouy-Chapman diffuse double-layer theory to the electrokinetic pro
-cess of rapid charge separation and recombination. This electrochemi
-cal analysis leads to a universal equivalent circuit that offers a 
coherent interpretation of data, simple explanations for a number of 
otherwise inexplicable observations, and a predictive power that was 
lacking in the nonelectrochemical analysis. The interpretation is fur
-ther extended to include photosynthetic and visual membranes and the 
design principles of molecular electronic devices. 

I B A C T E R I O R H O D O P S I N IS U N I Q U E A M O N G M E M B R A N E P R O T E I N S because of its 

central role i n many different scientific disciplines and its use as the proving 
ground for many different scientific approaches such as laser spectroscopy, 
membrane biophysics, and molecular biology ( 1 - 6 ) . In addition, bacteri
orhodopsin has attained a new prominence, not only because it is used as a 
model of membrane ion pumps, but also because it is increasingly important 
for such technological applications as advanced photonic and photoelectronic 

0065-2393/94/0235-0531 $10.70/0 
© 1994 American Chemical Society 
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532 B I O M E M B R A N E E L E C T R O C H E M I S T R Y 

materials ( 7 - 9 ) . I n this chapter, we w i l l illustrate the power of electrochem
istry to elucidate both the molecular and the underlying physicochemical 
processes so as to enhance our understanding of the basic mechanism of 
bacteriorhodopsin function. W e w i l l also discuss possible technological appl i 
cations. 

Bacteriorhodopsin, the only protein component o f the purple membrane 
of Halobacterium halobium, belongs to a family o f membrane proteins that 
form seven α-helical loops across the membrane and that contain v i tamin A 1 

as the chromophore (JO, I I ) . Rhodopsin , the first k n o w n member of this 
family, is the visual pigment i n the r o d receptor cells of vertebrates and i n the 
rhabdomeres o f invertebrates. Rhodopsin has been k n o w n for more than 100 
years. A l t h o u g h it was known (12) that a single photon absorbed by a single 
rhodopsin molecule is sufficient to elicit a neural excitation of the visual 
membrane, the biochemical mechanism of visual phototransduction has only 
recently been elucidated (for reviews, see references 13-18) . I n view of this 
new understanding, the absorbed photon energy serves merely as a trigger to 
unleash stored energy i n the form of a sodium ion gradient, and the visual 
membrane functions as a photon signal transducer l ike a phototransistor. I n 
contrast, bacteriorhodopsin functions as a photon energy converter l ike a 
sil icon photodiode. T h e absorbed photon energy is converted to electrochem
ical energy i n the form of a transmembrane proton gradient, similar to the 
role of the photosynthetic thylakoid membrane of chloroplasts o f green 
plants. I n other words, Halobacterium halobium uses a visual pigment to 
per form photosynthesis. However , unlike the reaction center of a pho-
totrophic purple bacterium or the two reaction centers o f higher plants, the 
reaction center of Halobacterium halobium consists o f a single molecular 
component: bacteriorhodopsin. 

T h e structural s implicity and the unique relationship o f bacteri
orhodopsin to the two major photobiological systems—vision and photosyn
thes is—al low us to consider several questions of scientific and technological 
importance. W h a t is the m i n i m u m requirement of a light energy converter? 
Does Nature uti l ize a c o m m o n design for vision and for photosynthesis? H o w 
can we technologically exploit bacteriorhodopsin by "reverse engineering"? 
Al though definitive answers may not always be available, we w i l l illustrate 
that a deeper insight is feasible by using the power o f electrochemistry to 
analyze the relaxation kinetics o f electric signals el ic i ted f rom a bacteri
orhodopsin membrane w h e n it is i l luminated w i t h a br ie f (microsecond or 
shorter) flash of visible fight. T h e electric signals so generated belong to a 
class of bioelectric signals k n o w n as displacement currents; the gating current 
o f a squid axon is the best k n o w n example. U n l i k e other types of bioelectric 
signals, displacement currents are not generated by i o n diffusion i n water, 
but rather are generated by charge displacements i n the membrane. T h e 
fight-induced displacement currents are also k n o w n as the fast photoelectric 
signals. Specifically, by invoking electrochemistry, a phenomenological de-
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25. H O N G Bactenorhodopsin Membranes 533 

scription of electrophysiology can be transformed into a rigorous molecular 
description of the underlying physicochemical processes. Thus , some seem
ingly inexplicable phenomena w i l l have simple explanations based o n electro
chemistry. 

Fast Photoelectric Effect 
T h e fast photoelectric effect is the manifestation of l ight- induced rapid 
charge separation i n the direct ion perpendicular to the membrane surface 
(19-23). Because the photopigments maintain a preferential orientation w i t h 
respect to the membrane, the charge separation is vectorial i n nature and, 
therefore, can be detected macroscopically as a photovoltage under open 
circuit conditions or as a photocurrent (known as a displacement photoeur-
rent) under short-circuit conditions. T h e best known example of fast photo
electric signals is the early receptor potential ( E R P ) found i n the retina of the 
cymolgus monkey (24, 25). However , earlier reports of the early receptor 
potential and the E R P - l i k e signal i n reconstituted bacteriorhodopsin m e m 
branes were plagued w i t h inconsistencies and paradoxes. F o r example, the R 2 
component o f the E R P was correlated w i t h the ac id-base reaction of the 
metarhodopsin I to metarhodopsin II transition (25), yet the R 2 component 
was reported to have no significant p H dependence (26) , w h i c h thus defies 
the law of mass action. M o r e recently, w e pointed out a striking discrepancy 
i n the relaxation t ime data reported by various laboratories o n the E R P - l i k e 
signal f rom reconstituted bacteriorhodopsin membranes (Table I). As we w i l l 
show, these difficulties can be resolved by an electrochemical analysis. I n 
fact, an electrochemical analysis o f l ight- induced charge separation and 
recombination predicts these heretofore inexplicable observations. 

Electrochemical Basis of the Fast Photoelectric Effect 
O u r electrochemical analysis is based on a major conclusion f rom decades of 
investigation of the E R P : T h e E R P is the electrical manifestation of l ight- in
duced rapid charge displacements and the transient photocurrent satisfies the 
condit ion of a zero t ime integral (33). In other words, the displacement 
photocurrent is not generated by diffusion of ions through an aqueous 
channel i n the membrane, but rather by rapid charge separation and recom
bination. Thus, the l ight- induced forward charge movement is subsequendy 
compensated by an equal and reverse charge movement i n the opposite 
direct ion that results i n no net charge transport across the membrane and, 
therefore, satisfies the zero time-integral condit ion. 

Charge recombination is a widely recognized phenomenon i n photosyn
thesis and solar energy conversion research that, unt i l recently, was less 
appreciated i n bacteriorhodopsin research. Charge recombination dissipates 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

23
5.

ch
02

5

In Biomembrane Electrochemistry; Blank, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 



534 B I O M E M B R A N E E L E C T R O C H E M I S T R Y 

Table I. Relaxation T i m e Constants o f Bacter iorhodopsin Photosignals 

Reference (με) 
T2 

(με) 

T3 
(ms) 

T4 
(ms) 

27 1.3 17 0.06 0.9 
28 25 150 2.4 5.8 
29 4.4 81 2.5 8 
30 a 57 1.06 13 
31b a 115 4.5 640 
32 < 0.2 200 2 1000 

a T j not reported. 
Derived from Figure Id in reference 31. 

SOURCE: Reproduced with permission from reference 39. Copyright 1986. 

the converted photon energy before it can be further stored as a more stable 
and readily ut i l ized form of energy such as a transmembrane electrochemical 
gradient o f protons. T h e conspicuous manifestation of charge recombination 
i n the form of the E R P possesses no conceptual difficulty i n a visual 
membrane. However , displacement photocurrents that are capacitative do 
not lead to a net transmembrane charge transport [direct current (dc) 
photocurrent] and no light energy is converted to a stable form dur ing the 
process. T h e kinetic analysis that follows w i l l show that the net proton 
transport does occur despite the ever-present charge recombination. A strik
i n g observation is that displacement photocurrents are m u c h more prominent 
i n magnitude than the dc photocurrent i f a br ie f (microsecond) light pulse is 
used to stimulate the membrane. Thus, an overwhelming fraction o f sepa
rated charges appear to recombine. O n l y a negligible fraction is converted to 
the form of a proton gradient. O n the other hand, i f a long rectangular light 
pulse is used, a displacement current can be observed only briefly u p o n the 
onset and upon the cessation of the light pulse; only the net charge transfer 
(forward transfer minus reverse transfer) is observed dur ing the steady state. 
W h y the magnitude of displacement photocurrents tends to be out o f 
proport ion w h e n it is el ic i ted by a br ie f light pulse can be explained by a 
universal equivalent circuit m o d e l that w i l l be described later. 

T h e E R P was often attributed to intramolecular charge displacement. 
Because l ight- induced conformational changes o f rhodopsin are accompanied 
by rapid charge separation and because rhodopsin maintains a fixed orienta
tion i n the membrane, a transient array o f electric dipoles w i t h net moments 
i n the direct ion perpendicular to the visual membrane w i l l appear u p o n 
i l luminat ion. B y virtue of the zero time-integral condit ion, such an electric 
dipole array must vanish as separated charges recombine u p o n cessation o f 
i l luminat ion. This process is tantamount to charging and discharging of a 
capacitor. This mechanism w i l l be referred to as the oriented dipole mecha
nism ( O D mechanism i n F igure 1) (34). However , this is not the only k i n d o f 
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charge separation and recombination that can be found i n the visual m e m 
brane and i n the purple membrane of H. halobium. 

T h e metarhodopsin I -metarhodops in II transition, w h i c h occurs concur
rently w i t h the R 2 signal, is a key step i n the photobleaching of rhodopsin. In 
this reaction, one proton is b o u n d to the pigment (35) . Such a proton b inding 
reaction is required for proton p u m p i n g i n the purple (bacteriorhodopsin) 
membrane. I f we assume that a reverse reaction exists i n each and every 
biochemical reaction, then a proton b i n d i n g reaction must be accompanied 
by a reverse reaction i n w h i c h the b o u n d proton is released into the adjacent 
aqueous phase; that is, the proton is released into the same aqueous phase 
whence it was b o u n d previously. U p o n l ight- induced proton b inding b y the 
pigment, the counterions must be left b e h i n d i n the adjacent aqueous phase. 
This abandonment constitutes another k i n d of charge separation. T h e reverse 
interfacial proton transfer can thus be regarded as charge recombination. 
Such interfacial proton transfer reactions and the accompanying reverse 
reactions are also tantamount to charging and discharging of a capacitor. W e 
refer to this mechanism as the interfacial proton transfer mechanism ( I P T 
mechanism i n F igure 1). 

Because the objective of proposing these models is to understand the 
macroscopically measured displacement photocurrents i n terms of the under
lying mechanistic and molecular processes, the connection between macro
scopic electrical parameters and microscopic parameters must be demon
strated. This linkage can be provided by an analysis based on the 
G o u y - C h a p m a n diffuse double layer theory and the derivation of an equiva
lent circuit . As documented elsewhere (34, 36), analysis of the two models 
shown i n F igure 1 gives rise to a space charge density profile and an electrical 
potential profile across the membrane. T h e equations that describe these 
profiles can be reinterpreted as charge-potent ial relationships i n terms of 
three fundamental capacitances: a geometric capacitance ( C g ) and two d o u 
ble layer capacitances ( C d ) . This interpretation allows the spatial relationship 
of these capacitances and the (microscopic) photovoltage source ( E p ) and its 
internal resistance ( R p ) to be deduced. T w o slightly different equivalent 
circuits that were obtained for the two mechanisms could be further reduced 
to a c o m m o n irreducible equivalent circuit , i n w h i c h a composite capacitance, 
C p , is connected i n series w i t h the macroscopically measured photoelectro-
motive force (photoemf), £ p . Contrary to conventional wisdom, this capaci
tance, w h i c h we named chemical capacitance, is physically distinct f rom the 
ordinary membrane capacitance. A detailed argument, publ ished elsewhere 
(20), proves this point of view. H e r e it suffices to point out that whereas an 
ordinary membrane capacitance is i n parallel w i t h the photoemf, the capaci
tance C is i n series wi th the photoemf. In other words, the photosignal is 
ac-coupied (alternating-current coupled) through a bui l t - in series capaci
tance, which , together w i t h the internal resistance ftp, forms a high-pass filter 
for the photosignal. 
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IPT Mechanism 

Ρ 

OD Mechanism 

Η 3 0 + Ν Ί / - Ρ * 

V 
Η3Ο+^ΝΡ 

Η20< PhT 

aqueous membrane aqueous aqueous membrane aqueous 

E i R p 

Cd Cg C d 

- t i r I t l 
Cd Cg C d 

common irreducible 
equivalent circuit 

Figure 1. Two types of photoinduced charge separation (upper diagrams). The 
interfacial proton transfer (IPT) mechanism applies both to cytoplasmic proton 
binding and extracellular proton release at the membrane surface (only proton 
binding is shown). The oriented dipole (OD) mechanism applies to charge 
separation inside the membrane (or rather, inside bacteriorhodopsin). The thick 
curve across the membrane shows the space charge density profile, which, 
together with the potential profile across the membrane (not shown), allows us 
to deduce the two microscopic equivalent circuits shown in the lower diagrams. 
The two slightly different microscopic equivalent circuits are equivalent to the 
same irreducible equivalent circuit. (Reproduced with permission from reference 

34. Copyright 1978.) 

T h e high-pass filter effect o f C p dictates that the faster the charge 
separation and recombination, the greater the magnitude of the observed 
photocurrent. This relationship explains why a photocurrent induced by a 
br ie f light pulse appears to represent largely charge separation and recombi
nation and w h y the prominent photocurrent spikes appear only u p o n the 
onset and the cessation of a long rectangular light pulse. I n fact, these events 
are typical responses of a high-pass filter to a voltage pulse. 
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Another consequence of the presence of the series capacitance, C p , is the 
reduction of the source impedance of the membrane i n the high-frequency 
range. Because of this peculiar effect, a short-circuit measurement is harder 
to achieve i n the high frequency range than i n a steady state because a lower 
input impedance is required to achieve a short-circuit condit ion. Sometimes a 
commercia l picoammeter is used to measure displacement photocurrents 
under a presumed short-circuit condit ion. However , such instruments often 
have an input impedance on the order of 100 k û i n the megahertz frequency 
range. I n view of the m u c h reduced source impedance of a reconstituted 
purple membrane, these measurement conditions are actually closer to an 
open circuit than to a short-circuit condit ion. T h e measurement is often 
accompanied by a telltale observation that the measured current is the first 
t ime derivative of the measured photovoltage (26). A detailed analysis of this 
prob lem is presented elsewhere (19, 20). 

As suggested by the c o m m o n equivalent circuit shared by both the O D 
and the I P T mechanism, the macroscopically measured photosignals that 
arise f rom these two mechanisms are superficially indistinguishable. D i f f e r 
entiation between the two mechanisms is possible, however, by virtue of a 
chemical manipulation. Whereas the charge recombination is most l ikely a 
first-order (monomolecular) process i n the O D mechanism, recombination is 
a bimolecular process (second order or pseudo first order) i n the I C T 
mechanism. Thus , the photosignal that arises f rom an interfacial proton 
b inding process is expected to be sensitive to the p H of the adjacent aqueous 
phase. T h e absence of such p H dependence of the E R P as reported i n the 
literature prompted some investigators to conclude that the E R P is generated 
by an oriented dipole mechanism. However , the R 2 component of the E R P 
has been shown to be correlated w i t h a proton b inding reaction. This 
paradoxical behavior can be explained by the universal equivalent circuit 
m o d e l (see succeeding text). 

T h e revelation that C p is indeed a novel capacitance requires the 
inclusion of two capacitances i n the equivalent circuit shown i n F igure 2 (36, 
37). I n essence, w i t h the exception of a genuine short-circuit measurement, 
the macroscopically measured photosignal is a manifestation of the interac
t ion of two circuits i n parallel : O n e circuit represents the photochemical 
event associated w i t h bacteriorhodopsin, and the other circuit represents the 
resistance-capacitance ( R C ) relaxation event of the inert supporting structure 
— t h e membrane dielectric. 

It can be visualized readily i n F igure 2 that the photocurrent generated 
i n the circuit has two parallel paths to follow: one path is formed by the 
resistance (Rm) and the capacitance (Cm) of the inert supporting structure; 
the other path is through the external measuring device. T h e partit ion o f 
these two fractions of photocurrent depends primari ly on the relative magni
tude of the access impedance ( R e ) and the impedance of the inert supporting 
structure. 
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Measuring 
Device 

Pigmented Membrane 

Figure 2. Equivalent circuit of a bacteriorhodopsin membrane that includes the 
circuit parameters of the inert supporting structure and the access impedance of 
the measuring system. R e is the access impedance, which includes the input 
impedance of the measuring device, the electrode impedance, and the electrolyte 
impedance between the membrane and the electrodes. R m and Cm are the 
resistance and the capacitance of the membrane, Cp is the chemical capacitance, 
Rp is the internal resistance of the photoelectric voltage source, Ep(t), which is 
a function of the illuminating light power, and Rs is the transmembrane 
resistance encountered by the dc photocurrent. (Reproduced from reference 19. 

Copyright 1980 American Chemical Society.) 

U n d e r a true short-circuit condit ion, the photocurrent w i l l be diverted 
exclusively to the external measuring device and there w i l l be no interaction 
w i t h the inert supporting structure. Thus, upon i l luminat ion w i t h a br ie f light 
pulse (ideally w i t h a delta funct ion t ime course), charges w i l l separate and a 
surge of forward photocurrent w i l l be generated. U p o n the cessation of 
i l luminat ion, charge recombination ensues and the photocurrent reverses 
direct ion immediately; the reversed current w i l l decline w i t h a single expo
nential t ime course i f the recombination is a first-order or pseudo-first-order 
process (shown i n F igure 3) (19) . 

If, however, the access impedance is substantially different f rom zero, 
the partit ion of photocurrent between the external circuit and the internal 
membrane R C network w i l l lead to a surge of forward photocurrent that is 
fol lowed by a biexponential decay, as can be shown analytically by solution of 
a second-order deferential equation (36) . I n the extreme case of an open 
circuit measurement i n w h i c h the fraction of photocurrent fol lowing through 
the external circuit is negligibly small and i n w h i c h the electrical signal is 
necessarily reported as a photovoltage, almost al l of the photocurrent w i l l 
proceed to the membrane R C network. It is quite apparent that the pho
tocurrent relaxation necessarily w i l l be slow because it is dominated by the 
R C relaxation of the inert supporting structure ( R m C m ) . This conclusion 
indicates that the long relaxation t ime constant τ 4 reported b y Drachev et al . 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

23
5.

ch
02

5

In Biomembrane Electrochemistry; Blank, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 



BR
EI

F 
PU

LS
E 

ST
IM

U
LA

TI
ON

 

E
p(t

) =
 E

a-H
t)

 

LO
NG

 R
EC

TA
NG

UL
AR

 P
U

LS
E 

ST
IM

U
LA

TI
ON

 

EM
 

_J
 

1 
E

0 L
_ 

R
e =

 0
 

T
m

=0
 

k
. 

R
e>

0 

>
>

a
»

o 

(e
.g

.,
f?

s =
 o

o) 
T

,|
 

Fi
gu

re
 

3.
 R

el
ax

at
io

n 
ti

m
e 

co
ur

se
 o

f 
a 

pu
he

d-
lig

ht
-i

nd
uc

ed
 

ph
ot

oe
le

ct
ri

c 
si

gn
al

 w
ith

 
a 

si
ng

le
 c

om
po

ne
nt

. 
B

ot
h 

re
sp

on
se

s 
to

 a
 b

ri
ef

 l
ig

ht
 p

ul
se

 a
nd

 t
o 

a 
lo

ng
 r

ec
ta

ng
ul

ar
 l

ig
ht

 p
ul

se
 a

re
 s

ho
w

n,
 b

ut
 o

nl
y 

th
e 

br
ie

f 
lig

ht
 p

ul
se

 i
s 

di
sc

us
se

d 
in

 t
he

 t
ex

t.
 T

he
 p

ar
am

et
er

 r
m
 

is
 t

he
 c

ha
ra

ct
er

is
ti

c 
R

C
 r

el
ax

at
io

n 
ti

m
e 

of
 t

he
 s

ys
te

m
 t

ha
t 

de
pe

nd
s 

on
 

R
m
, 

R
e, 

an
d 

C
rn
 

sh
ow

n 
in

 F
ig

ur
e 

2.
 r

rn
c 

is
 t

he
 c

ri
tic

al
 v

al
ue

 a
ro

un
d 

w
hi

ch
 t

he
 t

im
e 

co
ur

se
 i

s 
ch

an
ge

d 
fr

om
 

m
on

ot
on

ie
 

to
 b

ip
ha

si
c 

an
d 

vi
ce

 v
er

sa
 (

no
t 

di
sc

us
se

d 
in

 t
he

 t
ex

t)
. 

(R
ep

ro
du

ce
d 

fr
om

 
re

fe
re

nc
e 

19
. 

C
op

yr
ig

ht
 

19
80

 
A

m
er

ic
an

 
C

he
m

ic
al

 S
oc

ie
ty

.) 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

23
5.

ch
02

5

In Biomembrane Electrochemistry; Blank, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 



540 B I O M E M B R A N E E L E C T R O C H E M I S T R Y 

(32) under open circuit condition» is indeed the membrane R C relaxation 
(Table I). This effect was recognized and reported by Drachev et al . (32), but 
the distortion of the remaining t ime constants was not appreciated. Because 
almost al l reported E R P data i n the literature are measured under open 
circuit conditions, this effect explains, at least partially, w h y the R 2 compo
nent of the E R P was found to be insensitive to p H changes i n the aqueous 
phases. A similar problem can also be identif ied i n the literature o f bacteri
orhodopsin: the E R P - l i k e signal f rom a reconstituted bacteriorhodopsin 
membrane is insensitive to p H i n the physiological range (32) . H o n g and 
M o n t a i (38) have demonstrated that such a lack o f p H sensitivity i n bacteri
orhodopsin membranes is, i n part, due to the commonly used open circuit 
measurement method. W e found that at least two chemically distinct compo
nents exist i n a reconstituted bacteriorhodopsin membrane: a B l component 
that is insensitive to both temperature and p H changes and is thus analogous 
to the R l component of the E R P , and a second temperature sensitive 
component, B 2 , that is analogous to the R 2 component, w h i c h was found to 
be highly sensitive to p H under a near short-circuit condit ion but that is 
insensitive to p H under an open circuit condit ion (F igure 4). 

Component Analysis 
T h e preceding analysis clearly indicates that the practice of decomposing a 
photosignal i n terms of its individual components as shown i n Table I is not 
recommended. I n fact, our analysis indicates that a photosignal that repre
sents a single exponential relaxation w i l l be manifest as a biexponential decay 
except under true short-circuit conditions. Thus, decomposit ion of the photo-
signal into components that correspond to the underlying chemical processes 
must be based on the equivalent circuit analysis and taken into account the 
presence of a nonzero access impedance. T h e equivalent circuit analysis 
indicates that al l of the circuit parameters can be either determined experi
mentally or derived by computation using measurable parameters and are, 
therefore, not freely adjustable (see Appendix III i n reference 36). 

Thus, unlike some kinetic models w i t h many parameters that must be 
determined implic i t ly by curve fitting, the present equivalent circuit m o d e l 
offers a stringent test of the validity o f our electrochemical analysis. T h e 
previously publ ished (34, 36) derivation of the equivalent circuit implies that 
the equivalent circuit is intended for a photocurrent that arises f rom a single 
relaxation process; that is, either first-order or pseudo-first-order processes. 
Thus, a composite photosignal that consists of both B l and B 2 is not expected 
to agree w i t h the equivalent circuit . Therefore, a prerequisite to test the 
validity of the equivalent circuit analysis is to devise a successful method to 
separate the two components, for example, by el imination of the B 2 compo
nent completely but leaving the B l component intact. 
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Figure 4. Temperature and pH dependence of the Bl and the B2 components. 
The photosignals generated in Trissl-Montal films are shown in A and in C for 
their pH and temperature dependence, respectively. The corresponding 
photosignals obtained from a multilayered thin film are shown in Β and in D. 
The plot in Β shows superposition of photosignals obtained from the same film 

at pH 7, 8, 9, and 10. Continued on next page. 
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Figure 4.—Continued. The small temperature dependence shown in D 
corresponds to an activation energy of 2.5 kcal/mol. (Reproduced with 

permission from references 39 and 4L Copyrights 1986 and 1987.) 

O n e such method was reported by Oka j ima and H o n g (39). M u l t i p l e 
layers of purple membrane sheets were first deposited onto a th in (6-μιη) 
Tef lon film that had been previously coated w i t h a mixture o f azolectin and 
n-octadecylamine. This thin film assembly was al lowed to dry for at least two 
days, then mounted i n a two compartment chamber, and then rehydrated. 
Pulse light stimulation consistently gave rise to a photosignal that was p H 
insensitive (Figure 4B) and that was consistently i n agreement w i t h the 
equivalent circuit (F igure 5). In fact, w h e n the access impedance was varied, 
the change of the photosignal t ime course c o u l d be ful ly predicted b y the 
equivalent circuit analysis (F igure 5 i n reference 39). 

However , i f the purple membrane sheets are deposited onto the Tef lon 
film by means of a method originally developed by Triss l and M o n t a i (40), a 
photosignal of considerably smaller magnitude is observed; this photocurrent 
consists of both a temperature- and pH-insensi t ive component and a temper
ature- and pH-sensit ive component (F igure 4A and C ) . H e r e , a composite 
signal w i t h at least two components ( B l and B2) is being dealt wi th , and the 
decomposit ion can be tricky. T h e foregoing analysis indicates that each of the 
two components decays i n two exponentials, as shown i n F igure 6. Because of 
the partial overlap of the decay of B l and the rise of B2 and because o f their 
opposite polarities, inhibi t ion o f B2 alone also can be interpreted as a 
concurrent inhibi t ion of B2 and enhancement of B l (cf., F igure 4A and C ) . 
In fact, the concurrent inhibi t ion and enhancement was the interpretation 
presented by Drachev et al . (32). This interpretation further contributes to 
the apparent lack o f p H dependence of the B2 component, because part o f 
the p H dependence of B2 was attributed to B l instead. O u r use of two 
separate methods o f reconstitution and our electrochemical analysis permit us 
to avoid this pit fal l . 

Thus, i f we define the pH-insensit ive photosignal found i n the multi lay-
ered th in film as the B l component and the pH-sensit ive port ion of the 
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Figure 5. Comparison of the computed photosignal and the measured photosignal 
obtained from a dried multilayered film of oriented purple membranes. The 
bathing electrolyte solutions contained 0.1-M KCl and 0.01-M L-histidine 
buffered at pH 2. The measurement was made at an access impedance of 39.2 
k Ω and an instrumental time constant of0.355 με. The lower trace is the power 
versus time function of the light source (dye laser; output at 590 nm). The inset 
shows the same data at an expanded time scale. See text for further explanation. 

(Reproduced with permission from reference 39. Copyright 1986.) 

Bl 

B2 

Bl + B2 

Figure 6. Schematic diagrams that show 
the decomposition of a composite signal 
with two displacement current compo
nents of opposite polarities when the 
access impedance is not zero. Each com
ponent decays in two exponentials as 
dictated by the equivalent circuit. Notice 
that inhibition of the B2 component re
sults in a decrease of the negative peak, 
but an increase of the positive peak. The 
sole inhibition of B2 could be misinter
preted as a concurrent increase of Bl. 
(Reproduced with permission from refer

ence 38. Copyright 1979.) 

photosignal observed i n a T r i s s l - M o n t a l - t y p e th in film as the B2 component, 
then a pattern appears. T h e B 2 component is sensitive to D 2 0 substitution 
and to changes of ionic strength, whereas the B l component is not (20, 39, 
41). T h e B 2 component can be suppressed w i t h the treatment of a surface 
chemical label, fluorescamine, whereas the B l component is not altered by 
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544 B I O M E M B R A N E E L E C T R O C H E M I S T R Y 

such a treatment (41). These observations suggest that the B l component is a 
natural entity consistent w i t h the underlying photochemistry. O u r observa
tions are also consistent wi th the assignment of the O D mechanism to the B l 
signal and the I P T mechanism to the B 2 signal. O n e obvious question is 
" W h y does a dr ied mult i layered bacteriorhodopsin film lose its ability to 
generate a B 2 signal?" 

T h e working hypothesis is as follows (Figure 7). T h e observation that the 
pure B l signal obtained i n a mult i layered bacteriorhodopsin film is usually 
5 - 1 0 times larger i n peak amplitude than the composite B l and B 2 signal 
from a T r i s s l - M o n t a i film suggests that the mult iple layers o f purple m e m 
brane sheets must maintain a high degree of orientation, w h i c h results i n 
additivity of the B l signal. Such additivity w o u l d not be expected of the B 2 
component, because the B 2 generation requires access to aqueous protons 
and only the top layer o f the multi layered assembly has such access. This 
differential effect can lead to enhancement of the B l signal relative to the B 2 
signal, but cannot completely eliminate the B 2 contribution. T h e near perfect 

(A) 
B1 + B2 

bR/Trissl-Montal Film 

(B) 5 X B 1 + B 2 

bR/Rehydrated 
Dry Multi-Layered Film 

Teflon PM Multilayer Aqueous 
Substrate Phase 

Figure 7. Schematic diagrams that show the difference of a Trissl-Montal film 
(A) and a rehydrated dry multilayered film (B). 
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25. H O N G Bacteriorhodopsin Membranes 545 

agreement w i t h the equivalent circuit suggests that an additional factor may 
be responsible for the complete el imination of the B 2 signal. W e found that 
prolonged drying of the multi layered bacteriorhodopsin film is necessary to 
completely eliminate the p H sensitivity. If, however, the film has been dr ied 
for less than two days, p H sensitivity, though less conspicuous, is retained. 
T h e fol lowing series of experiments (42) demonstrates that the additivity o f 
the B l component serves to diminish the p H sensitivity b y virtue of d iminish
i n g the B 2 contribution to the overall signal and that prolonged drying 
impairs the mechanism of the B 2 generation but not the B l generation. 

In a freshly prepared dr ied multi layered bacteriorhodopsin film, we 
observed the magnitude of the photosignal is about 100 n A as compared w i t h 
10-20 n A found w i t h a T r i s s l - M o n t a l bacteriorhodopsin film. W e also found 
that the temperature and p H sensitivity i n this film is stil l evident though less 
conspicuous than a typical Tr i s s l -Monta l bacteriorhodopsin film. This obser
vation indicates a diminished relative contribution of B2 . If, however, we 
attempted to remove the mult iple layers by stripping the film w i t h a cotton 
swab, the photosignal was not completely el iminated but was reduced to 
about 10-20 n A ; the resultant photosignal became indistinguishable f rom a 
typical T r i s s l - M o n t a l bacteriorhodopsin film i n terms of its temperature and 
p H sensitivity (Figure 8A) . Apparently, stripping w i t h a cotton swab fails to 
remove the very bottom layer that adheres tightly to the Tef lon substrate. 

1 θβ| 

β 1β 2β 311 4fl SB 6β 7β Ββ 90 1 ββ 
TIME (MICROSEC) 

Figure 8. Photoelectric signals from a fresh (A) and an aged (B) multilayered 
film before and after stripping with a cotton swab. Both records are taken at 26 
°C. The signal obtained after stripping is magnified 10 times in A and 6.5 times 

in B. {Reproduced with permission from reference 42. Copyright 1989.) 
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A similar experiment using a dr ied multi layered bacteriorhodopsin film 
older than 4 days was carried out to determine the effect of prolonged drying. 
N o trace of p H sensitivity c o u l d be found i n this preparation. Subsequent 
removal of the mult iple layers using a cotton swab reduced the photosignal to 
an amplitude comparable to that found i n a T r i s s l - M o n t a l bacteriorhodopsin 
film, but no detectable p H sensitivity could be observed. In fact, this 
diminutive signal had the same t ime course as the photosignal before 
stripping, as shown i n F igure 8 B . 

Independent support for the validity of the foregoing component analysis 
is provided by experiments carried out w i t h a mutant bacteriorhodopsin. 
Purple membranes were isolated f rom a mutant strain of Halobacterium 
halobium i n w h i c h a point mutation at residue 212 (aspartic ac id replaced by 
asparagine) was carried out by a new method of site-directed mutagenesis 
and expression (43, 44). T h e photosignal was found to be pH- independent i n 
the range of p H 4 - 1 1 (45, 46). This photosignal was found to be a pure B l 
component because its t ime course could be superimposed, after normaliza
t ion, w i t h that of the pure B l component observed i n a multi layered mutant 
bacteriorhodopsin film. Thus, Nature does indeed decompose the photosignal 
i n accordance w i t h the out l ined component analysis. I n other words, the B l 
component as def ined is indeed a natural entity. 

Concept of Local Reaction Conditions 
T h e apparent symmetry of proton uptake and release o n either side of the 
purple membrane suggests that proton release at the extracellular side and its 
reverse reaction may be manifest as a displacement photocurrent (a hypothet
ical B 2 ' component). This signal is b locked i n a T r i s s l - M o n t a l bacteri
orhodopsin film because the Tef lon film precludes access of aqueous protons 
at the extracellular side. If, however, bacteriorhodopsin is reconstituted i n a 
l i p i d bilayer membrane, this hypothetical component, w h i c h represents pro
ton release at the extracellular side, might be observable. A complication 
arises f rom the expected polarity of the B 2 ' signal, w h i c h should be the same 
as that of the B 2 component (both are o f opposite polarity to the B l 
component). Therefore, a method must be devised to distinguish the B 2 ' 
f rom the B 2 component. T h e fol lowing kinetic analysis provides the rationale 
for such a method. 

T h e currently prevail ing thought about proton translocation i n the purple 
membranes stipulates a proton conduct ion channel formed by a series of 
proton b inding sites that consist of the carboxylic group of aspartic acids (47, 
48) (F igure 9). F o r example, Asp96 is considered to be the immediate proton 
donor to the Schiff base that links the chromophore to the ε-amino group of 
Lys216. Thus, a model that is consistent w i t h our present v iew of displace
ment current generation is shown i n F igure 10. 
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Figure 9. Proton conduction pathway as revealed by cryoelectron microscopy. 
The letters A , B, C, D, Ε, F, and G refer to the seven α-helices that span the 
membrane. Notice that the C terminus and the cytoplasmic side of the purple 
membrane are at the top of the diagram. (Reproduced with permission from 

reference 48. Copyright 1990.) 

Cytoplasmic 

Space 

H30\ 

H 20 

Membrane 

Phase 

AgH -

Extracellular 

Space 

H 3 0 + 

H 20 

Figure 10. Coupled consecutive proton transfer pathway across the membrane. 
The actual number of binding sites is not known. For simplicity, only five 
binding sites (A1 through A5) are shown. Site A3 designates the Schijf base 
proton binding site. It is understood that the Schijf base is neutral when 
deprotonated and carries a positive charge when protonated. The reverse 
reactions are not shown but are important for the discussion. (Reproduced with 

permission from reference 82. Copyright 1990.) 
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T h e mode l i n F igure 10 depicts a sequence of proton transfer reactions 
between adjacent proton b i n d i n g sites; the reactions are coupled i n a linear 
fashion. This mode l resembles the reaction scheme i n the photosynthetic 
reaction center of Rhodopseudomonas vindis except that protons instead of 
electrons are transferred (49, 50). A n essential ingredient of the mode l is the 
reverse reaction of each and every proton transfer reaction. A simple kinetic 
analysis reveals that the m i n i m u m requirement for the scheme to work as a 
l ight-driven proton p u m p is to have one of the forward proton transfer steps 
be driven by light, but the absence of a reverse reaction i n this step is not 
required. T h e dr iving force for proton translocation is generally accepted to 
be derived f rom a l ight- induced p K f l decrease (or rather, pKb increase) o f 
the Schiff base proton b inding site ( A 3 ) , w h i c h causes a proton to be 
transferred f rom site A 3 to site A 4 . B y virtue o f the law of mass action, the 
equi l ibr ium w i l l shift toward the extracellular side. Eventual ly deprotonation 
o f site A 5 releases a proton into the extracellular aqueous phase. O n the other 
hand, deprotonation of the Schiff base (site A 3 ) creates a vacancy for a 
proton (a "negative" hole). B y the same token, the increasing tendency to fill 
this vacant site w i l l shift the equi l ibr ium away f rom the intracellular surface. 
Eventually, the surface b inding site Ax w i l l refi l l its vacancy by b inding a 
proton from the intracellular aqueous phase. 

T h e analysis of the O D and the I P T mechanisms indicates that for each 
pair o f forward and reverse proton transfer reactions, there is an associated 
displacement current. As explained before, equivalent circuit analysis i n d i 
cates that the faster the forward and reverse reactions, the more prominent 
the displacement current. Several laboratories observed that the init ial ( B l ) 
component represents a current f rom the extracellular space to the intracellu
lar space (27-32, 51, 52). Thus, the B l component represents movement of 
positive charges i n the direct ion opposite to that of the physiological proton 
translocation or movement of negative charges i n the direction of the 
physiological proton translocation. Regardless of the interpretation, the obser
vation suggests that there is at least a slow forward proton transfer reaction i n 
the direction of physiological proton translocation that is interposed between 
the Schiff base b inding site and either of the two surface proton b inding sites. 
Thus, i n the microsecond time scale, the two interfacial proton transfer 
reactions represented by the B 2 and the B 2 ' components, respectively, are 
chemically decoupled. Aga in by virtue of the law of mass action, the B 2 
component w i l l be insensitive to the extracellular p H although it is dependent 
o n the intracellular p H . Likewise , the hypothetical B 2 ' component is ex
pected to be dependent on the extracellular p H but not o n the intracellular 
p H . Thus, an interfacial proton transfer reaction depends solely on the local 
reaction conditions at the vicinity of the surface proton b i n d i n g site at the 
microsecond t ime scale. This dependence is because there is insufficient t ime 
for the effect of changing reaction conditions at the opposite side of the 
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25. H O N G Bacteriorhodopsin Membranes 549 

membrane to propagate via the proton conduction channel . This effect is 
summarized as the concept of local reaction conditions (53). 

Fo l lowing this reasoning, by variation of the electrolyte compositions on 
the two aqueous phases independently, the B 2 and the hypothetical B 2 ' 
components may be separated. A n experimental test of this idea is shown i n 
F igure 11 (41). Bacteriorhodopsin was first reconstituted into a l i p i d bilayer 
w i t h both aqueous phases maintained init ial ly at p H 7. Acidif icat ion of the 
cytoplasmic aqueous phase caused reversible inhibi t ion of the negative phase 
as expected for the known behavior of the B 2 component. Subsequent 
acidification of the extracellular aqueous phase leads to the appearance of a 
new negative phase that has a different t ime course. Furthermore , this 
negative component has a p H dependence that is opposite to the p H 
dependence of the known B 2 component and is enhanced by acidification. 
This new component is thus identif ied w i t h the hypothetical B 2 ' component. 

T h e foregoing analysis highlights an important feature of the operation of 
the purple membrane. Whereas many experiments were per formed w i t h 
purple membrane aqueous suspensions, the working environment of the 
purple membrane is highly anisotropic because its action creates a proton 
concentration gradient as w e l l as a transmembrane electric potential that are 
not present i n an aqueous suspension. W e believe this is at least part of the 
reason w h y some experiments reported by different laboratories cannot be 
reconciled. A detailed discussion i n this regard has been publ ished elsewhere 

Figure 11. An experiment that shows the presence of two pH sensitive 
components, B2 and B2'. (Reproduced with permission from reference 41. 

Copyright 1987.) 
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The Concept of Intelligent Materials 
T h e interfacial proton transfer reactions responsible for both the B 2 and the 
B 2 ' component are bimolecular reactions. A c c o r d i n g to the law of mass 
action, the relaxation o f the photosignal is dependent on three factors: 

1. T h e concentration o f occupied or unoccupied surface proton 

b inding sites, w h i c h is dependent o n light intensity and i l l u m i 

nation conditions. 

2. T h e pKa o f the surface proton b i n d i n g sites. 

3. T h e proton concentration of the adjacent aqueous phase. 

Consider the last factor: T h e B 2 component is expected to be enhanced by 
decreased p H , whereas the B 2 ' component is expected to be inhibi ted by 
decreased p H . T h e data shown i n F igure 11 are contrary to this expectation. 
Thus , we conclude that the pr imary effect of the aqueous p H is to alter the 
p K f l o f the surface proton b i n d i n g sites. 

This postulated p H effect on the p K e o f the surface proton b i n d i n g sites 
reveals the sophistication o f Nature's design of a proton p u m p . L i k e any 
mechanical p u m p , the efficiency of a proton p u m p can be diminished as a 
result of its action. Proton p u m p i n g by the purple membrane results i n an 
increase of the intracellular p H and a corresponding decrease of the extracel
lular p H . If the p K f l o f the surface proton b i n d i n g groups on either side of 
the membrane were pH- independent , the p u m p i n g efficiency w i l l be signifi
cantly reduced by the changing proton concentrations o n both sides of the 
membrane as a result of proton p u m p i n g . If, however, the ρ Κ β of the 
intracellular proton b i n d i n g group is increased as the cytoplasmic p H rises, 
the equi l ibr ium of the interfacial proton transfer reaction w i l l be shifted i n 
favor of proton uptake f rom the cytoplasmic aqueous phase. Likewise , i f the 
p K f l o f the extracellular proton b i n d i n g (or rather releasing) group is de
creased as the extracellular p H declines, the equi l ibr ium w i l l be shifted i n 
favor of proton release into the extracellular aqueous phase. This feature, 
w h i c h has an apparent survival value, fits the description of intelligent 
materials as proposed by the Science and Technology Agency ( S T A ) o f Japan: 
"substances/materials wi th the ability to respond to environmental conditions 
intelligently and manifest their functions" (54, 55). 

T h e concept of intelligent materials was first developed for materials 
science. T h e original idea was to design or synthesize materials w i t h m i 
crostructures so that both sensors and actuators were embedded throughout. 
T h e advantage of such materials for the construction of machines is the 
possibility of massively parallel and distributed signal processing, w h i c h 
results i n significant relief of the b u r d e n of the central processor. Biological 
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materials such as bacteriorhodopsin represent the ultimate intelligent materi
als because the desired intelligence resides i n a single molecule. 

Generality of the Electrochemical Analysis 
T h e foregoing analysis is restricted to membranes that contain bacteri
orhodopsin. However , we believe the electrochemical approach can be ap
p l i e d to other pigment-containing membranes. In fact, the previously out
l ined electrochemical method was first developed for and successfully applied 
to an artificial membrane system that contains a magnesium porphyr in and is 
coupled to a redox gradient. In this system, the transported charge is an 
electron instead of a proton (36, 37) . F igure 12 shows that the electrochemi
cal analysis also may be applicable to reconstituted reaction centers i m m o b i 
l ized on a thin film (56) . T h e waveform of the pulsed-light photoelectric 
signal is similar to that of the B l component. This similarity suggests that the 
signal is a displacement photocurrent. The record i n F igure 12 indicates that 
the photocurrent was not measured under a genuine short-circuit condit ion 
(i.e., the access impedance was not negligibly small as compared w i t h the 
source impedance); otherwise, the photocurrent should have reversed its 
polarity upon cessation of i l luminat ion. F o r a more detailed analysis, the 
interested reader is referred to publications elsewhere (19, 36). T h e exis
tence of the apparent relaxation time course i n the mil l isecond range suggests 
that the signal may have been distorted by the interaction of the photochemi
cal event and the membrane R C relaxation mentioned earlier. In fact, we 
have observed a similar change of t ime course i n purple membranes oriented 
and i m m o b i l i z e d on a solid substrate (57) . Other important factors known to 
affect the charge recombination, such as temperature, the distance between 
the electron donor-acceptor pairs, and their relative orientation, may also 

J 200 pA 

I 1 
100 ms 

t 
Figure 12. Light-induced current response in a thin film reconstituted from 
purified bacterial reaction centers. (Reproduced with permission from reference 

56. Copyright 1990.) 
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corne into play. W e believe that a detailed equivalent circuit analysis of the 
photosignal may help to clarify the relative importance of these factors. 

T h e generality o f the equivalent circuit m o d e l suggests that, w i t h suitable 
modifications, it should also be applicable to a reconstituted halorhodopsin 
membrane. Halorhodopsin is the second most abundant of the retinal pro
teins i n Halobacterium halobium (4, 6, 58). Instead of p u m p i n g protons, a 
halorhodopsin membrane pumps chloride ions across the membrane upon 
i l luminat ion. T h e modif ied electrochemical m o d e l predicts the existence of a 
fast photosignal that represents interfacial chloride ion transfer, w h i c h should 
be sensitive to chloride ion concentration rather than to p H . T h e predict ion is 
experimentally verif ied as shown i n F igure 13 (59) , i n w h i c h there is a 
photosignal component (named H 2 ) that depends on the C l ~ concentration 
i n a reversible fashion. In addition, there is a photosignal ( H i ) that persists i n 
a halorhodopsin mult i layered dry film that is insensitive to the change o f 
chloride ion concentration. 

Al though the visual membrane (that contains rhodopsin) does not func
t ion as a photosynthetic membrane, the fast photoelectric signal is similar and 
indeed analogous to the signal f rom a reconstituted bacteriorhodopsin m e m 
brane. I n fact, the names B l and B 2 were chosen pr imari ly o n the basis o f 
their similarity i n temperature dependence to the R l and the R 2 components 
of the E R P , respectively: B o t h B l and R l are temperature insensitive, but 
both B 2 and R 2 are inhibi ted by low temperature. T h e E R P data publ ished 
by Ostrovsky's and Skulachev's groups (60, 61) suggest that the equivalent 
circuit model may be applicable to the analysis of the E R P . These authors 
considered possible physiological roles o f the E R P . However , the majority of 

TIME (MICROSEC) 

Figure 13. Photoelectric signals from a Trissl-Montal-type halorhodopsin thin 
film. The change of the photosignal is reversible when the aqueous solution is 
changed from KCl to sodium citrate and vice versa. The pH was 6, and the 
temperature was 25 °C. The HI component has a positive polarity, and the H2 
component has a negative polarity. The HI component alone appears in a 
multilayered dry film (not shown) and is not sensitive to the replacement of 
medium. (Reproduced with permission from reference 59. Copyright 1990 

Institute of Electrical and Electronics Engineers, Inc.) 
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visual physiologists dismissed the E R P as an epiphenomenon unrelated to 
visual phototransduction. 

O u r analysis of the two mechanisms of displacement photocurrent gener
ation suggests otherwise. T h e oriented dipole mechanism is operative w h e n 
ever there is a l ight- induced charge separation i n the oriented membrane-
b o u n d pigments. B o t h photosynthetic and visual membranes contain m e m 
brane-bound photopigments that maintain a fixed orientation w i t h respect to 
the membrane. In the photosynthesis literature, l ight- induced charge separa
t ion is w e l l recognized as the pr imary event. Likewise , i n the vision literature, 
it is generally thought that the photon energy absorbed b y the visual pigment 
is temporarily stored as charge separation and is subsequently used to drive a 
conformational change of the visual pigment to achieve the desired signal 
transduction (62). Thus, the R l component may be the electrical manifesta
t ion of this important step of charge separation. 

T h e interfacial proton transfer mechanism is operative whenever there is 
a rapid transfer of protons across the membrane-water interface. Such an 
event is essential for the establishment of a proton gradient i n a photosyn
thetic membrane, whether the membrane is chlorophyl l - or bacteri-
orhodopsin-based. Interfacial proton transfer also occurs i n a visual m e m 
brane; its physiological role is not apparent because a visual membrane is not 
a photon energy converter as is the purple membrane. T h e initially absorbed 
photon energy is negligible compared to the energy that is being regulated 
w i t h regard to the sodium i o n current that is associated w i t h visual excitation. 
Thus, a photon acts merely as a trigger to initiate a sequence of biochemical 
and neurophysiological events dur ing w h i c h photon energy is ampli f ied 
100,000-fold via the so-called cyclic G M P (cyclic 3' ,5 '-guanosine monophos
phate) cascade (14, 15). Thus , there is no need for the visual membrane to 
transport protons al l the way across the visual membrane and, i n fact, it does 
not transport protons. The latter conclusion follows f rom work of Ostrovsky's 
group (61, 63), who showed protons are b o u n d f rom the cytoplasmic surface 
but are not released into the intradisc space i n the r o d outer segment. 

The presence o f intracellular proton b inding and the absence of intradisc 
release suggests that the R 2 signal may play an important role i n visual 
transduction. This possibility is supported by several additional observations. 
Metarhodopsin II is known to be the key photointermediate of the rhodopsin 
photobleaching sequence and it activates transduçin ( G protein); therefore, it 
is l inked directly to the cyclic G M P cascade (64). As mentioned earlier, a 
proton is b o u n d to rhodopsin dur ing the metarhodopsin I to II transition and 
dur ing the appearance of the E R P R 2 component. This b i n d i n g suggests that 
the R 2 component may be generated b y an interfacial proton uptake at the 
cytoplasmic surface just l ike the B 2 component of bacteriorhodopsin. Previ 
ous objections to this idea that were based on the apparent lack of p H effect 
are no longer val id (20, 65, 66). 
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Thus, the b inding of transducin to metarhodopsin II coincides w i t h the 
appearance o f a positive surface potential . This positive surface potential, 
w h i c h is associated w i t h proton binding, has been postulated by us (34) and 
observed experimentally by Caflso and H u b b e l l (67) . Furthermore , this 
positive surface potential appears o n the cytoplasmic surface where trans
ducin is b o u n d and activated. This observation leads us to postulate that the 
positive surface potential associated w i t h the R 2 signal may " t r igger" photo-
transduction by enhancing the b inding and activation o f transducin (66) . A 
negative surface potential also appears at the cytoplasmic surface at a later 
stage because of the phosphorylation of numerous serine and threonine 
residues o n the cytoplasmic surface of rhodopsin (68). This negative surface 
potential may be a mechanism to actively turn off the transduction process 
because expenditure o f energy i n the form of adenosine 5'-triphosphate 
( A T P ) is required. 

T h e preceding surface potential-based trigger mechanism for visual 
transduction requires experimental verification. However , as demonstrated i n 
a report by D r a i n and Mauzera l l (69), such a mechanism may actually work. 
These investigators studied the diffusion o f hydrophobic ions such as te-
traphenylborate or tetraphenylphosphonium ions across an artificial l i p i d 
bilayer membrane under the influence of an externally imposed transmem
brane potential. I n addition, the l i p i d bilayer also contains magnesium 
octaethylporphyrin, but the membrane separates two aqueous phases that 
contain equal concentrations of an electron acceptor. U p o n i l lumination, 
positive surface potentials of equal magnitudes appear on both membrane 
surfaces. T h e resultant surface potentials enhance the partit ion of te-
traphenylborate into the membrane and, therefore, increase the conductivity 
of the membrane to these ions. I n contrast, because of the negative charges 
borne by tetraphenylphosphonium ions, the l ight- induced surface potential 
decreases the ionic conductivity. 

Conclusions and Perspectives 
Nature utilizes different types of chromophores i n constructing photobiologi-
cal systems. However , there are several important features i n c o m m o n . First , 
most photopigments are membrane-bound and oriented w i t h respect to the 
membrane surface. T h e pr imary response o f photopigments to light stimula
t ion is charge separation. M o s t photobiological membranes b i n d or release 
charges at the membrane-water interface, w h i c h is w h y our electrochemical 
analysis (interfacial charge transfer mechanism or oriented dipole mecha
nism) is applicable to so many systems. T h e essence of our analysis is to 
recognize the anisotropic nature of the media where chemical reactions 
occur. In contrast to most solution phase chemistry, chemical reactions occur 
across the boundary of different phases of media that have different dielectric 
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constants, viscosities, and electrolyte compositions. T h e resulting charge 
movement i n these media is not only anisotropic, but also unidirectional 
(vectorial charge transport). T h e spatial scale wi th in w h i c h the chemical 
events take place is neither microscopic nor macroscopic; it is often referred 
to as mesoscopic. As a result o f the spatial scale, new and perhaps unexpected 
phenomena appear. These phenomena must either be regarded as paradoxes 
or be dismissed as something beyond our existing knowledge of physics and 
chemistry. In the present context, we have shown that some of these 
"apparent" paradoxes (investigators wi th f i rm mechanistic orientation c laim 
that there are no real paradoxes, only our o w n temporary confusion) are 
actually logical consequences of electrochemistry as appl ied to these systems. 

Electrochemistry is probably the branch of existing science that main
stream biologists most neglect. This neglect is pr imari ly because major 
advances i n biochemistry (biological chemistry) have been made i n the area 
of solution phase chemistry. However , life processes are carried out w i t h i n 
the framework of a complex structure i n w h i c h solution phases are compart
mental ized by an intricate scaffold of membranes. Nevertheless, electrochem
istry has enjoyed some success especially i n membrane-related phenomena 
(70). In view of the importance of biological functions based on interactions 
that involve forces other than covalent bonding, the electrochemical interac
t ion may be just as important as such wel l -known mechanisms as the van der 
Waals interaction and hydrogen bonding. Important phenomena such as 
self-assembly, ant igen-ant ibody reactions, cell-to-cell recognition, enzyme 
substrate interactions, and receptor recognition, to name a few, may require 
electrochemistry for further mechanistic elucidation. 

W i t h the advent of molecular electronics as the science and technology of 
the future, understanding these processes is no longer of mere academic 
interest (71-76), Molecu lar electronics evolves f rom the increasing recogni
t ion that the microelectronic revolution w i l l eventually come to a halt because 
the physical l imit o f miniaturization imposed by quantum and thermal effects 
is being approached rapidly. Devices constructed w i t h molecular materials 
offer hope; l iv ing organisms util ize molecular machines w i t h physical d i m e n 
sions i n the nanometer scale (nanobiology). U n l i k e conventional microelec
tronic circuits that operate pr imari ly o n the basis of bulk properties of 
materials, biomachinery utilizes the mesoscopic properties of biomaterials 
and exploits both the underlying physics as w e l l as chemistry for its functions. 
T h e rich repertoire of chemical reactions i n carbon-containing molecules 
provides virtually unl imi ted possibilities for fine-tuning molecular functions 
and allows intelligent materials to evolve. 

Biomaterials are seldom suitable for device construction, but w i t h the 
advances i n synthetic chemistry and i n genetic engineering (site-directed 
mutagenesis), raw biomaterials can be modif ied to suit the technological 
needs. O w i n g to its extraordinary stability, bacteriorhodopsin was one of the 
first biomaterials to be successfully ut i l ized for device construction. Vsevolodov 
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and his colleagues (7 ) developed image storage devices that ut i l ized bacteri
orhodopsin w i t h a modif ied chromophore embedded i n a polymer matrix. 
H a m p p and his colleagues (9 ) ut i l ized a mutant bacteriorhodopsin as a 
holographic m e d i u m . T h e possible use of bacteriorhodopsin to construct a 
high-speed high-density optical random access memory is being pursued by 
Birge's group (77) . A l l these applications util ize the photochromic properties 
of bacteriorhodopsin. I n addition, bacteriorhodopsin also has attractive photo
electric properties that can be exploited for sensor construction (8, 78). 

Site-directed mutagenesis as appl ied to bacteriorhodopsin was a difficult 
and labor-intensive procedure that used E. coli as the expression system (79, 
80). Recently, Needleman's group successfully developed a new expression 
system that uses a bacteriorhodopsin-deficient mutant strain of H. halohium 
(43, 44). Pre l iminary results were quite encouraging. U n l i k e the mutants 
expressed i n E. coli, the new method produces mutant bacteriorhodopsins 
w i t h properties that differ f rom the protein expressed by E . coli. Presumably 
this difference occurs because correct fo lding into three-dimensional struc
tures is more l ikely i n the natural host than i n its surrogate. Denaturat ion o f 
the mutant proteins is further avoided because reconstitution is unnecessary. 
O u r prel iminary results show that the fast photoelectric signal can be 
drastically altered by a judiciously chosen point mutation. 

In addition to the use of bacteriorhodopsin as b u i l d i n g blocks to con
struct devices, an enhanced understanding of the design principles of molecu
lar devices can be achieved by reverse engineering of photobiological m e m 
branes. O u r analysis suggests that the m i n i m u m requirement for a l ight-driven 
ion p u m p can be deduced. As a workable l ight-driven proton p u m p , F igure 
10 shows an array o f proton b i n d i n g sites that span the entire thickness of the 
membrane. Protons can move f rom one aqueous phase to the other v ia a 
series of consecutive coupled proton transfer reactions. T h e only additional 
requirement for such a p u m p to work is to have at least one of the proton 
movement steps be driven by light; a one-way proton transfer reaction is not 
required. In other words, unidirect ional proton p u m p i n g against an existing 
gradient can be achieved i n the presence of reverse reactions i n each and 
every step of the consecutive reactions. Reverse reactions (charge recombina
tion) undoubtedly w i l l reduce the efficiency o f the p u m p . Therefore, addi
tional elaboration of the p u m p w i l l minimize the impact of reverse reactions. 

K u h n (81) has proposed a detailed analysis for the bacterial reaction 
center of Rhodopseudomonas viridis that explains how Nature managed to 
minimize the effect of charge recombination by a judicious arrangement of 
the relative locations and distances between various prosthetic groups. I n the 
case of bacteriorhodopsin, our analysis indicates that the pH-dependent p K f l 

changes of the surface proton b inding groups counteract the increasing rates 
of reverse interfacial proton transfers caused by the emerging proton gradient 
that the p u m p generates. I n addition, the two interfacial forward proton 
transfer reactions may be light-assisted (82, 83). These additional effects are 
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possible because the entire proton p u m p resides i n a single molecule so that 
these effects can be accomplished by subtle conformational changes. These 
" p u r p o s e f u l " effects are the hallmark of intelligent materials (84). 

O u r analysis of the possible role of the E R P suggests another attribute of 
intelligent materials; that is, modular design of molecular functions. The 
ability of bacteriorhodopsin to b i n d protons f rom the cytoplasm u p o n light 
stimulation serves as a critical step i n proton translocation. T h e same event i n 
rhodopsin, however, may serve an entirely different function; it triggers the 
cyclic G M P cascade. Thus, Nature could w e l l have ut i l ized a c o m m o n design 
for vision and for photosynthesis (85). T h e same design principle may be 
implemented w i t h completely different types of molecules or materials. O n 
the other hand, the same molecular event may be exploited for different 
purposes. 

This chapter summarizes work on bacteriorhodopsin done i n the labora
tories of the author and his collaborators. O u r work has benefited by the 
application of electrochemistry. N o t only can a s impler and more coherent 
picture be obtained from an electrochemical approach than f rom a nonelec-
trochemical approach, but the predictive power of electrochemistry further 
allows us to design new experiments. In contrast, w h e n a nonelectrochemical 
approach is used, an ad hoc model must be concocted to fit each particular 
set of experiments. Such models often lack internal consistency (e.g., refer
ence 86). 

T o be able to provide simple explanations for complex biological phe
nomena is most gratifying and reinforces our resolve to pursue the mechanis
tic understanding of life processes. However , we refrain f rom a proclamation 
of the victory of the mechanistic approach because we believe the debate 
between the mechanistic approach and the neovitalistic approach is endless 
and futile. Whereas it is impossible to prove the validity of the mechanistic 
approach by a finite number of successful attempts, it is equally impossible to 
prove the validity of the neovitalistic approach by the sheer absence of 
available mechanistic explanations to a specific prob lem. A n abundance of 
historic lessons show that w h e n the capability of existing sciences is about to 
be exhausted, l ingering puzzles actually usher i n new sciences. In our present 
case, the solutions to our puzzles do not even require a new science, but 
rather a new perspective and a new point of view that use the existing 
knowledge of electrochemistry. 
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Richard Needleman. T h e experimental work that forms the basis of this 
review was per formed by M a n Chang , Alber t D u s c h l , F i lber t H o n g , Sherie 
Micha i le , Baofu N i , and T i n g L . Okaj ima. 
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Electroconformational Coupling 
Enforced Conformational Oscillations 
of a Membrane Enzyme for Energy Transduction 

Tian Y. Tsong 

Department of Biochemistry, University of Minnesota College 
of Biological Sciences, St. Paul, MN 55108 

We have studied, at the molecular level, how a cell can interact with 
an applied electric field and how an endogenous electric field may be 
used by a cell to regulate its internal activities and to exchange 
information with other cells. Molecules of the cell membrane play an 
important role because an electric field, either of endogenous or 
exogenous origin, is greatly amplified at the site of a cell membrane. 
This field amplification by a membrane enables a cell to receive, 
process, and transmit weak electric signals. Several laboratories have 
shown that membrane adenosine triphosphatase can absorb energy 
from an applied electric field and use it to perform different types of 
chemical work. To interpret these results, an electroconformational 
coupling model has been proposed. The model postulates that there 
are at least two catalytically and electrically active forms of the 
enzyme: one with its cation binding site exposed to one side of the 
membrane and the other with its binding site exposed to the opposite 
side. The two forms exhibit different affinities for the ligand. An 
oscillating electric field of appropriate amplitude and frequency can 
turn the catalytic wheel of the enzyme by enforcing conformational 
oscillations among its different catalytic states. Analysis of the model 
reproduces many features of experimental results, including the ob-
served optimal frequency for field stimulation. To obtain precise values 
of electric potential across a cell membrane, electric parameters of 
several cell membranes have also been measured. 

0065-2393/94/0235-0561 $08.00/0 
© 1994 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

23
5.

ch
02

6

In Biomembrane Electrochemistry; Blank, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 



5 6 2 B I O M E M B R A N E E L E C T R O C H E M I S T R Y 

SURFACES ARE ELECTRIFIED ( I ) , and a cel l membrane is no exception. 
This property o f a ce l l membrane makes it w e l l suited for processing electric 
energy and signals. E a r l y studies o n electrical properties of ce l l membranes 
are documented i n the monographs of C o l e (2) and T i e n (3) . M o r e recent 
studies have focused o n single-channel measurements of membrane patches 
or pur i f ied channels reconstituted into bilayer l i p i d membranes ( B L M ) (see 
Chapter 15 i n this volume). T h e reconstitution of pur i f ied membrane chan
nels, enzymes, and receptors into l i p i d vesicles for biophysical characteriza
tions is also a c o m m o n approach. O u r work focuses o n the direct exposure o f 
cells, organelles, or proteoliposomes, i n suspension, to a direct current (dc) 
pulse, an alternating current (ac) field, or a dc-shifted radio-frequency field. 
F o r convenience, this last technique w i l l be cal led the pulsed electric field 
( P E F ) method (4, 5) . 

Electric-Field-Induced Transmembrane Potential 
A P E F can induce a transmembrane electric potential , Δ ψ ι η , or an effective 
electric field across the membrane l i p i d bilayer o f Em = A\\fm/d, where d is 
the thickness o f the bilayer ( 5 - 8 nm). F o r a ce l l o f spherical shape, the 
relationship between Δ ψ ι η and the applied field, Ea, is (6-11) 

Δ ψ ι η = 1.5 H c e l l E a cos θ (1) 

where RceI1 is the radius of the ce l l and θ is the angle between the field fine 
and the normal to a point o f interest on the ce l l membrane. E q u a t i o n 1 is 
applicable to a dc type of P E F or an ac field ( 12). F o r an ac field of the type 
E a = E a c sin(<o£), the transmembrane potential generated w i l l not only de
p e n d on θ but w i l l oscillate w i t h a frequency / = ω / 2 IT ( ω is the angular 
frequency and t is t ime). E a c is the amplitude of the ac field. F o r most cells, 
i f the frequency of an ac field is be low 100 H z , e q 1 can still apply. However , 
w h e n the frequency of an ac field approaches the relaxation t ime of the ce l l 
membrane, T M , a phase shift w i l l occur between E a and Em that results i n 
the reduction of effective field, and e q 1 is no longer val id. In such a case, the 
Schwan equation should apply (6, 12): 

Ai|>m = 1.5 R c e I 1£ a cos e / [ l + (ωτ) 2] 1 / 2 (2) 

H e r e ω = 2ττ/, where / is the frequency of the ac field. 
W h e n the maximal transmembrane potential is considered (Θ = 0°), eqs 

1 and 2 become, respectively, 

Δ ψ ^ = 1.5 B c e l l E a (3) 

Δ ψ ^ = 1.5 R c e l l £ a ° c / [ l + ( ω τ ) 2 ] 1 / 2 (4) 
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26. T S O N G Electroconformational Coupling 563 

This apphcability of equations 1 - 4 has been verif ied for many types of cells 
and l i p i d vesicles by fluorescence imaging techniques ( 7 - 9 ) and for the 
measurement of crit ical breakdown field strength (10-12). 

Interaction of a Membrane Protein with an Electric Field 
Most membrane proteins are electrically active. I f a membrane-spanning 
protein has a conformational change that involves translocation or displace
ment of charges, or change i n the molar electric moment ( Δ Μ β ) , then a 
transmembrane electric field w i l l shift its chemical equihbr ium to favor states 
that have higher electric moments ( M e ) . T h e quantitative relationships for 
the effect of an electric field o n the chemical equihbr ium represented b y e q 5 
are given i n eqs 6 - 8 (13, 14): 

? l P 2 (5) 

Ki 2 ,eiec = Ki2,o e x p [ Δ M e E m / R T ] (6) 

^12,elec = ^12,0 

exp[rAMeEm/RT] (7) 

fca.eh* = *2i . o e x p [ ( r - 1) AMeEm/RT] (8) 

In these equations, P x and P 2 are the two conformational states of the 
transport protein, and equi l ibr ium constants (K) and rate constants (k) i n an 
electric field are shown to be these constants i n zero field mul t ip l ied by a 
nonlinear term that is the product of Δ Μ β and the electric field across the 
membrane, Em. T h e r i n these equations is the apportionation constant and 
has a value between 0 and 1 (14). This property of a membrane protein has 
been explored, and a model called electroconformational coupl ing has been 
proposed to interpret data o n the electric activation of membrane enzymes 
(13-17). A four-state membrane-facil itated transport model has been ana
lyzed and shown to absorb energy f rom oscillating electric fields to actively 
p u m p a substrate up its concentration gradient (see the section entit led 
Theory of Electroconformational Coupl ing) . 

Another mode of prote in-e lectr ic field interaction has been proposed by 
Blank (18-21). B lank considers that the effects o f an electric field o n 
membrane protein mainly arise f rom its effect o n the electric double layer at 
the water -membrane interface. In other words, an electric field can change 
the concentration of ions near a membrane protein, w h i c h results i n a 
stimulation or a reduction i n its activity. T h e surface compartmental m o d e l 
has been used to interpret the ac stimulated adenosine triphosphate ( A T P ) 
splitting of N a , K - A T P a s e (adenosine triphosphatase) and ribonucleic acid 
( R N A ) synthesis i n various types of cells (19-21). 

T w o types of experiments have been reported: O n e uses a low amplitude 
(less than 1 m V / c m ) ac field, and the other uses an ac amplitude larger than 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

23
5.

ch
02

6

In Biomembrane Electrochemistry; Blank, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 



564 B I O M E M B R A N E E L E C T R O C H E M I S T R Y 

1 V / c m . L o w - f i e l d experiments have been prompted by environmental 
concern and high-f ield experiments have been done to understand molecular 
mechanisms of field interactions w i t h ce l l membranes (14, 21, 22). T h e 
medium-f ie ld experiments should also be relevant to the development of 
biosensors and molecular electronics (23). O u r experiments used moderately 
high field strength (a few volts to many M o v o l t s per centimeter). T h e choice 
of a field strength was dictated by m i m i c k i n g the endogenous field of the 
enzyme under consideration. F o r example, inhibi t ion of the N a , K - A T P a s e of 
h u m a n erythrocytes leads to a depolarization o f several mill ivolts (24), w h i c h 
implies that cation p u m p i n g by the enzyme is responsible for an equivalent 
amount of membrane potential . T h e applied field strength of 20 V / c m is 
required to generate 10 m V of Δψ Γ η i n a h u m a n erythrocyte. W h e n ¥ 0 ¥ λ 

A T P a s e of submitochondrial particles is considered, a 1 0 - k V / c m appl ied field 
w o u l d be required to generate about 200 m V of Δψ Π 1 required for A T P 
synthesis (14). 

Use of a high field to activate a membrane enzyme was first reported by 
W i t t et al . (25) i n 1976. They used dc pulses o f approximately 1 k V / c m and 
of 1-ms duration to induce A T P synthesis by the chloroplast A T P a s e . F o l l o w 
ing this init ial work, there have been many reports on 1 - k V / c m dc field-in
duced A T P synthesis i n different A T P synthetic systems (see the literature 
cited i n references 13 and 14). T h e main conclusion from these studies is that 
an appl ied field-induced transmembrane potential can facilitate A T P release 
f rom the enzyme; whether a P E F can affect enzyme turnover is not clear. 
Because 1 - k V / c m dc fields also cause severe Joule heating of a sample 
suspension, thermal effects cannot be easily avoided except w h e n very short 
electric pulses (microseconds) are used. Thus , the method has l imi ted util i ty 
for electroactivation experiments. T h e P E F method is, however, quite p o p u 
lar for the study of electroporation and electrofusion of ce l l membranes (see 
the chapter by J . Weaver i n this volume), electroinsertion o f membrane 
proteins (26), and electrotransfection of cells (27). 

Electric Activation of Na, K-ATPase 
A summary of the salient features o f our experimental results (28-30) o n N a , 
K - A T P a s e follows. 

N a , K - A T P a s e of human erythrocytes can respond to the stimulation of 
an ac field of approximately 20 V / c m to p u m p N a + , K + , and R b + against 
their respective concentration gradients. There was no irreversible damage of 
the membrane permeation barrier after the erythrocytes were exposed for 
several hours to this magnitude of ac field. Af ter the field was turned off, the 
erythrocytes behaved very m u c h l ike fresh erythrocytes i n terms of their ce l l 
shape, volume, and normal i o n permeation properties. 
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26. T S O N G Electroconformational Coupling 565 

A t , 4 °C, no A T P - d e p e n d e n t N a + , K + , or R b + p u m p i n g activities 
sensitive to ouabain were detected. A n ac electric field stimulated active 
efflux of N a + and influx of K + and R b + but not the passive influx of N a + 

and efflux of K + and R b + . This ac-stimulated active transport of cations was 
completely inhib i ted by 0.2 m M of ouabain. A t 26 °C, the enzyme hydrolyzed 
A T P to p u m p N a + and K + . A n ac stimulation further increased the rate of 
p u m p i n g . A t 37 °C, the A T P hydrolysis of the enzyme was at its maximum 
and an ac stimulation d i d not escalate the rate of active p u m p i n g of these 
ions. 

T h e optimal field strength for activating both the N a + and the K + 

pumps was 20 V / c m (peak-to-peak). This appl ied field w o u l d generate a Δ ψ ι η 

of 12 m V , or an effective transmembrane electric field, £ m , of 24 k V / c m . 
Other field strengths l ed to reduced activities. 

W h e n the opt imal field strength, 20 V / c m , was used, the opt imal 
frequency for the N a + p u m p was 1.0 M H z , whereas it was 1.0 k H z for the 
K + or R b + p u m p . T h e wide separation of the optimal frequencies for the 
two pumps clearly indicates that they can function independently of each 
other. W i t h a 2 0 - V / c m field and a frequency of 1 k H z , the K + p u m p , but not 
the N a + p u m p , w o u l d be activated. Likewise , at 1 M H z the N a + p u m p , but 
not the K + p u m p , w o u l d be activated. W h e t h e r phosphorylation of the 
enzyme is responsible for coupl ing the two pumps i n vivo remains to be 
tested. 

U n d e r opt imal conditions, the net ac-stimulated N a + p u m p i n g was 
15 -30 ions per enzyme per second and R b + p u m p i n g was 10-20 ions per 
enzyme per second. T h e ratio for the two was roughly 3:2. T h e agreement o f 
this value w i t h the generally observed transport ratio may be coincidental . It 
is, however, possible to select a frequency of the ac field for w h i c h the ratio 
of N a + to K + transport w o u l d be 3:2. 

T h e ac-stimulated cation p u m p i n g apparently d i d not require hydrolysis 
of A T P . A t 4 °C there was no significant A T P hydrolysis, but there was 
stimulated activity. This stimulated activity was almost identical i n A T P - c o n -
taining ( 6 0 0 - 8 0 0 - μ Μ A T P ) and A T P - d e p l e t e d ( < 1 0 - μ Μ A T P ) erythrocytes. 

T h e M i c h a e l i s - M e n t e n constant, KM, o f internal N a + for the R b + 

uptake and the N a + efflux was 8 m M , and that for the external K + was 1.5 
m M , w i t h a H i l l coefficient of approximately 1.5. These values agree w i t h 
A T P - d e p e n d e n t p u m p i n g activity of the enzyme. 

Other inhibitors of the enzyme also had similar effects on the ac-stimu
lated activity. Ouabain ( 5 0 % inhibi t ion at 0.35 μ Μ ) , ol igomycin (8.0 μ Μ ) , 
ouabagenin (3 μ Μ ) , and vanadate (20 μ Μ ) all inhibi ted the ac-stimulated 
p u m p i n g activity. 4,4 ,-Bis(isothiocyano)-2,2 ,-distilbenesulfonate ( D I D S ) , an 
inhibitor of b a n d 3 protein-mediated L i + / N a + exchange, had no effect, nor 
d i d phloret in at micromolar concentrations. These results show that N a , 
K - A T P a s e is responsible for the observed effects. 
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Figure 1. Amplitude dependence of electric-field stimulated Na+ pumping (A) 
and Rb + pumping (B). Na+ efflux was measured with the ac field at 1 MHz 
and Rb + influx was measured at 1 kHz. 1 MHz and 1 kHz are the optimal 
frequencies of the Να+ pump and the Rb+ pump, respectively. Key: •, 
sample not stimulated with ac field; •, sample stimulated with ac field; • , 
sample not stimulated with ac field, in the presence of 0.2-mM ouabain; O , 
sample stimulated with ac field, in the presence of 0.2-mM ouabain. 1 amole / 
RBC-hr = 0.0108 mmol/ L of cells per hour, where RBC is red blood cell 

count. These measurements were done at 3 °C. (Adapted from reference 30.) 

Because the stimulated transport of cations d i d not require A T P hydroly
sis, the enzyme must be able to absorb free energy f rom the appl ied electric 
field. O n l y an oscillatory field o f def ined frequency and amplitude was 
effective. Figures 1 and 2 show the dependence of these ion p u m p i n g 
activities o n the field strength and o n the frequency o f the appl ied ac field, 
respectively. 

A n ac field could also stimulate A T P hydrolysis activity of sheep kidney 
N a , K - A T P a s e and E c t o nucleotide diphosphohydrolase, at 37 °C (31). A T P 
hydrolysis does not require energy input. T h e increase i n the A T P splitting 
activity reflects the sensitivity of chemical rate constants to an electric field as 
i n eqs 7 and 8. F igure 3 shows the A T P hydrolysis activity o f E c t o A T P a s e at 
37 °C as a funct ion of frequency w h e n a 5 . 0 - V / c m (peak-to-peak) ac field was 
used. As mentioned, Blank and Soo used 1 - m V / c m ac fields to stimulate the 
A T P splitting activity of N a , K - A T P a s e (19, 20). T h e i r results are also 
presented here. 

Theory of Electroconformational Coupling 
T o interpret experimental data on ac activation of N a , K - A T P a s e , FQFĴ  ATPase , 
and other related membrane phenomena based on the concept of electrocon-
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Figure 2. Frequency dependence of electric-field-stimulated Να + pumping (A) 
and Rb + pumping (B). Afield strength of 20 V/cm (peak-to-peak) was used in 
both cases. Symbols are the same as in Figure 1. These measurements were done 

at 3 °C. (Adapted from reference 30.) 

3000 

0 1 2 3 4 5 6 
Log Frequ./Hz 

Figure 3. Frequency dependence of electric-field-stimulated ATP hydrolysis 
activity of a highly purified Ecto nucleotide diphosphohydrolase. The ΑΤΈ 
splitting activity of the detergent-solubilized Ecto enzyme was measured at 37 
°C in the absence of ac field (Δ) , in the presence of 5.0-V/cm (peak-to-peak) ac 
field (O), and in the presence of 10-mM vanadate (A). Buffer: 0.1% of detergent 
NP40, 30-mM histidine, 4-mM ATP, 4-mM Mg2+, at pH 7.4. The optimal 
amplitude of stimulation is 5.0 V/cm with a 10-kHz ac field. (Adapted from 

reference 31.) 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

23
5.

ch
02

6

In Biomembrane Electrochemistry; Blank, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 



568 BIOMEMBRANE ELECTROCHEMISTRY 
formational coupl ing discussed earlier, we have used a four-state membrane 
transport, reaction 9 , to analyze thermodynamics of i o n p u m p i n g i n an 
oscillating electric field (13-17): 

- Sin ( 9 ) 

T2S 

Results of our analysis indicate that any M i c h a e l i s - M e n t e n type of enzyme 
has the ability to become a free energy transducer under certain specified 
conditions (14). I n the absence of an electric field, reaction 9 is a facilitated 
membrane transport system; that is, the transporter, T , can carry the sub
strate S across the membrane f rom the compartment w i t h higher concentra
t ion of S (out) to the compartment w i t h lower concentration o f S (in). 
However , w he n an ac field is turned on, Τ can p u m p S f rom i n to out, u p the 
concentration gradient. 

A n enzyme or transporter must be able to interact w i t h an electric field. 
This s imply means that there is charge displacement i n its structure that is 
associated wi th the Tx to T 2 transition. A n electric field favors a state w i t h 
greater electric moment (assuming T 2 ) than a state w i t h smaller electric 
moment (assuming T j ) . I f the Tĵ  to T 2 transition changes the molar electric 
moment of the transporter by Δ Μ β , an electric field of Em w i l l effect a shift 
i n the equi l ibr ium according to e q 6. 

W h e n an oscillating electric field, E a = E a c sin(a>0, is applied, the 
enzyme w i l l be forced to oscillate among its various conformational states. 
These oscillations w i l l drive the catalytic cycle of reaction 9 to turn either 
clockwise or counterclockwise. T h e direct ion of flux depends on the affinity 
of Τ for S. I f T 2 has higher affinity for S i n than T x has for S o u t , then the ac 
field w i l l turn the whee l clockwise to p u m p S f rom right to left. Otherwise, 
the ac w i l l turn the wheel counterclockwise to p u m p S f rom left to right. 
F igure 4 shows an example of ac field driven conformational oscillations of 
reaction 9 . State occupancies of different species of the transporter are 
plotted as a funct ion of the ac cycle. As seen, each species oscillates w i t h 
periodicity coincident wi th the ac frequency. In other words, the enzyme 
oscillation is enforced by the ac field. F igure 5 reproduces the frequency 
dependence of N a + and R b + p u m p i n g by N a , K - A T P a s e using suitable 
kinetic parameters. 

F o r this process to occur efficiently, the frequency of the ac field must 
match the kinetic characteristics of reaction 9 . N u m e r i c a l analysis indicates 

r 1 ? 

'out T 
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Figure 4. ac-induced conformational oscillations of enzyme states in reaction 9. 
The state occupancy of T2 S is plotted as a function of the ac cycle (A). The net 
clockwise flux of S is integrated (B). The set of parameters used for the 

calculation are given in Liu et al (30). 

that the system can be tuned to an optimal set of conditions for a maximal 
energy conversion. 

F o r a neutral l igand, the efficiency of energy conversion (i.e., the ratio of 
power absorption and power output) approaches the theoretical maximum 
100% (in practice, it is less than 100%) i f 

( 1 0 ) 
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Figure 5. Simulation of the ac-stimulated cation pumping of Figure 2 by the 
electroconformational coupling model. The filled circles are experimental points 
and the solid lines are calculated curves according to reaction 9. (Reproduced 

with permission from reference 32. Copyright 1991.) 

H e r e r œ n f , r e , and r b are, respectively, the rate of the Tx to T 2 (or T j S to 
T 2 S ) transition, the rate o f the rise o f electric field, and the rate o f the 
b inding o f S i n to T 2 (or S o u t to Τ χ ) . W h e n this inequality is met, the system 
w i l l respond to the oscillating field at nearly equi l ibr ium conditions and, as a 
result, the efficiency of energy conversion reaches its maximal value. 

A n y membrane transport system may be classified into one of the six 
categories: 

1. A transporter without gating charges and a neutral l igand. 

2. A transporter w i t h gating charges and a neutral l igand. 

3. A transporter without gating charges and a charged l igand. 

4. A transporter- l igand complex without gating charges; that is, 
the gating charges of the transporter are neutral ized by the 
charges of the l igand. 

5. A transporter and its complex w i t h the l igand having gating 
charges o f opposite signs. 

6. A transporter w i t h gating charges of the same sign as the 
charged l igand. 

System 1 is electrically inactive and cannot be coupled to an ac field for 
energy transduction. A l l other systems absorb energy f rom an ac field to 
actively transport the l igand. System 2 has been examined i n greater detail 
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26. TSONG Electroconformational Coupling 571 

elsewhere (13-17). F o r systems 2 and 6, the efficiency of energy transduc
t ion can approach 100% w h e n a large-amplitude ac field is used and w h e n 
the condit ion specified by e q 10 is satisfied. T h e maximal efficiency is only 
5 0 % for systems 3 and 4. I n these two systems, reverse energy transduction 
(i.e., the conversion of chemical potential energy into an electric energy) 
cannot be achieved. In system 5, the maximal efficiency is a mere 8.7%. T h e 
active p u m p i n g of l igand i n systems 3, 4, and 5 is mainly due to the 
rectification. I n al l cases except system 1, the active flux depends strongly on 
the frequency of the field and o n the concentration o f the l igand, and there 
are windows both o n the frequency and the concentration axes. B y measuring 
the windows, rate constants and equi l ibr ium constants of reaction 9 can be 
determined (32). F igure 6 gives a three-dimensional relationship of the active 
flux, the ac frequency, and the l igand concentration. T h e presence of a 
concentration w i n d o w remains to be verif ied by experiment. 

Energy transduction by a membrane protein is not l imi ted to electric 
signals. A n y potential energy that can interact w i t h a prote in and that exhibits 
similar properties of an oscillating field should also be able to transmit energy 
to the protein to drive an endergonic reaction (14, 22). F o r example, i f the 
T x to T 2 transition involves a volume change or a change i n its area i n the 
l i p i d bilayer, it should be able to transduce acoustic signals. The former is 
cal led P V coupling, and the latter is cal led 7A coupl ing (33). W e have 
investigated h o w such a mechanosensitive membrane transport system can 
absorb energy f rom an acoustic signal to p u m p an i o n and, thus, convert 
acoustic energy into electric potential energy (33). L ikewise , temperature 
oscillations and concentration oscillations can also be used for energy and 
signal transductions. T h e temperature oscillations require a A H (enthalpy of 
reaction) and the concentration oscillations require a AG (free energy of 
reaction) for the T x to T 2 transition (14). 

Measurements of Membrane Electric Parameters 
F o r the analysis of data using the electroconformational coupl ing model , we 
need to know electric parameters of ce l l membranes. T h e transmembrane 
potential generated by an ac field can be calculated using the Schwan 
equation (eq 2). T o test whether the equation is applicable to ce l l m e m 
branes, we have measured the crit ical breakdown potential, Δ ψ ο Λ , of myeloma 
cel l membranes using an ac field of frequencies f rom 100 H z to 300 k H z . 
W h e n an ac- induced Δ ψ ι η equaled Ai f/ c r i t , the membrane was punctured w i t h 
pores and a fluorescence probe (propidium iodide) permeated the cel l . T h e 
dye b o u n d specifically to D N A and gave rise to a red color (emission 
maximum 639 nm). F igure 7 gives an example of the measurement of E c r i t 

using p r o p i d i u m iodide. T h e field intensity that induced a Δ ψ 0 Γ ί ί , E c r i t , was 
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Figure 6. The ac-stimulated flux, ]lmu, as a function of dimensionless frequency, 
f /k14, and ligand concentration A (A) and contour maps of the same plot (B). 

Data from Markin and Τ song (32). 

plotted as a function of the ac frequency i n F igure 8. These curves fitted 
nicely to the Schwan equation, w h i c h indicates that the Schwan equation is 
applicable to cel l membranes (12). T h e dielectrophoresis method has also 
been used to obtain the membrane capacitance and the membrane dielectric 
constant (34). 

T h e electroconformational coupl ing method measures the force acting on 
a cel l by a nonuniform oscillating electric field. D e p e n d i n g on the frequency 
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Figure 7. Measurement of the cntical breakdown potential of a myeloma cell 
membrane using an ac field. The chemical formula of propidium iodide is shown 
in the upper figure. The middle figure shows a typical myeloma cell under the 
microscope (bright field). The relative positions of the platinum electrodes are 
indicated. The lower figure gives some photographs taken at different times after 
a cell was electroporated by an ac field E c r i t . Within 1-3 s, two narrow, 
fluorescent bands appeared at the two loci facing the electrodes (the leftmost 
photo). The next three photos, from left to right, were taken at 20 s, 1 min, and 
3 min, respectively, after the application of a 200-ms ac field of 1 kV/cm at 100 

kHz. (Reproduced with permission from reference 12. Copyright 1990.) 

of the ae, the cel l may be attracted either toward higher or lower field 
intensity. A t a critical frequency, fCTit, the net force acting o n the cel l is zero; 
that is, the cel l stops moving i n either direct ion. A c c o r d i n g to Saver (35), this 
frequency depends on electric parameters of the cel l membrane and the 
conductivity of the external m e d i u m . Experimental ly, fcrit is determined i n 
media of different conductivities. B y regression analysis the dielectric con
stant and the membrane conductivity can be determined (34) . 
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LOG (FREQUENCY IN Hz) 

Figure 8. Critical ac field strength, Ecrit, for electroporation of myeloma cells 
as a functions of ac frequency. Data were obtained in media of different 
resistivities: 52,600 Ω cm (O); 7050 Ω cm (Φ); 2380 Ω cm(u). The curves 
drawn through these data points were obtained by calculation (O) or 
optimization ( · and • ) according to the Schwan equation. (Reproduced with 

permission from reference 12. Copyright 1990.) 
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a-helix 

band parameters for C D , 92f 
conformation in polypeptide, 86-87 
use of polarization to determine orientation, 87 

ac-stimulated flux, function of 
dimensionless frequency, 572f 

Access impedance, partition of 
photocurrent, 538 

Acetylcholine (ACh) 
structure and activity, 292-293 
transmembrane or amphipathic sequences, 292 

Acetylcholine receptor (AChR) channel 
neuronal, 348 
selects against anions, 332 
Torpedo complex subunits, 333-334 

Acoustic signals, energy transduction by a 
membrane protein, 571 

Activation energy barriers 
globular proteins, 369-370 
kinetics of channel switching between 

different states, 368/ 
statistical properties of single-channel data, 367 
transitions, 366 

Active transport, ions across cell 
membranes, 444-445 

Adenosine triphosphate (ATP) release from 
enzyme, applied field-induced 
transmembrane potential, 564 

Adenosine triphosphate (ATP) synthesis 
adequate proton supply, 51 
characteristics of proton flux, 48 
proton-conducting channel, 41 
rate of proton conductance, 49 

Admittance data 
acquisition of a K + current response, 419f 
data analysis, 417-418 
determination of K- and Na-channel 

relaxation times, 415-428 
K+-conducting membrane, 422f 
magnitude and phase angle vs. frequency, 

425/ 
Na+-conducting membrane, 426/ 
Na + current response to a voltage-clamp 

step, 42Qf 
plotting calculations, 421 
rapid complex, 418-421 

Adsorbed protein, redox state, 482 
Adsorption of proteins, water-nitrobenzene 

interface, 72-78 
Aggregated protein structures, channels, 430 

Aggregation 
conductance states in planar lipid Mayers, 264 
peptide ion channels, 300-301 
preparation of peptide aggregates, 302-303 

Alamethicin 
α-helical form, 88-89 
aligned multilayers of DPhPC, O C D 

spectra, 90f 
association with membranes, 83-106 
asymmetric current-voltage curve, 273-274 
bridge through self-aggregation, 264 
C D spectra for different electric 

potentials, 118-119 
conductance, 302f 
conformation at different membrane 

potentials, 120i 
current-voltage curves, 275f 
DLPC vesicles, C D spectrum, 89/ 
DPhPC vesicles, C D spectrum, 93/ 
embedded in PC vesicles, C D spectra, 118f 
helix dipole model, 277/ 
in DOPC, phase diagram, 96/ 
in DPhPC, phase diagram, 95/ 
incorporation into lipid vesicle 

membranes, 110-111 
inserted and surface state helices, 94 
molar ellipticity as a function of 

Donnan potential, 119f 
multistate conductance, 267f 
nonconducting state, 94 
optimize solvent and dipole interactions 

with membrane, 272f 
pore models, 270 
structure and mechanisms, 270-271 
voltage-gating channel model, 271/ 

Alamethicin dimer, oligomers, 301/ 
Alamethicin monomers, structural description, 93 
Alignment, X-ray diffraction samples, 85 
Alkanes, spontaneous curvatures, 141 
n-Alkanes, electric fields and solubility 

in BLMs, 518 
Allosteric control, water as a variable, 185-186 
Amino acids 

cytochrome c 3 sequence, 472-474f 
V D A C sequences, 249f 

Amphipathic helix 
residue arrangements, 262f-263f 
sodium channel, 291 

Amphipathic α-helix 
inner bundle of channel proteins, 332-333 
plausible unifying structure, 351 
structural motif in ion channels, 331 
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Amphipathic peptides, conductance 
events, 349 

Amphipathicity, peptide ion channels, 300 
Amphiphihc molecules, structure of aqueous vs. 

integral membrane proteins, 129 
Anion-selective channel, mitochondrial 

voltage-dependent, 245-258 
Anions, permeability of liposomes, 46 
Anisotropy in the protein environment, 

lipid bilayer, 131 
Antibiotics 

Vf noise, 391 
membrane current noise, 392f 
peptide, 260-285 

Anticorrelations in transport events, shot 
noise, 380 

Apamin, structure and activity, 288-289 
Aqueous-membrane interface, electrostatic 

forces, 4 
Artificial membranes 

electrochemical approach, 551 
formation procedures, 492-495 

Artificial photosynthesis, pigmented B L M 
research, 526 

Averaged surface reconstruction, 
three-dimensional representation, 248f 

Axon membrane, expression for the complex 
admittance, 416 

Axon system, dye characterization, 168-170 
Axon terminal, voltage coupling across gap 

junctions, 238-242 
Azo dyes, characteristics, 152 

Β 

β-sheet structures, gramicidin A, 261 
β-sheet wall, VDAC, 246-248 
Back diffusion, quantitative 

interpretation, 122-124 
Bactericidal activity, magainin, 276 
Bacteriorhodopsin 
absorbance, 110 
description and activity, 532 
device construction, 555-556 
mutant strain, 546 
photovoltaic effects and photoconductivity, 523 
reconstitution in lipid vesicles, 109-110 
ultimate intelligent material, 551 
vision and photosynthesis, 532 

Bacteriorhodopsin film 
ability to generate a B2 signal, 542-545 
prolonged drying to eliminate pH 

sensitivity, 545 

Bacteriorhodopsin membranes 
electrochemical processes, 531-560 
equivalent circuit, 538f 
lack of pH sensitivity, 540 
temperature and pH dependence of 

components, 541/-542f 
Bacteriorhodopsin photosignals, relaxation 

time constants, 534f 
Bacteriorhodopsin reconstituted vesicles, 

C D spectrum, 116/ 
Bee venom 

apamin, 288-289 
mast cell degranulating (MCD) peptide, 

288-289 
melittin, 285-287 

Bending energy, monolayers of a lamellar 
bilayer, 139 

Beryllium plate, high quality diffraction 
patterns, 98 

Biexponential decay, second-order 
differential equation, 538 

Bilayer(s), force measurement, 187-189 
Bilayer channels, sucrose-permeable 

liposomes, 210-215 
Bilayer curvature elasticity, membrane 

protein activity, 129-148 
Bilayer lipid membranes (BLM) 

description of system, 514-515 
electrical properties in absence of 

light, 518-520 
electrical resistivity in presence of iodine, 517 
electronic processes and redox 

reactions, 513-529 
formation methods, 514-515 
fragility, 525 
metallic electrode behavior, 519-520 
potential applications, 524-526 

Bilayer thermal motion, separation of 
neutral bilayers, 188 

Binding agents, channel behavior, 255 
Binding kinetics, dyes, 164 
Binding sites 
ion permeation, 401 
number of distinct local velocities, 403 
symmetry, 100 

Biological functions, electrochemistry, 555 
Biological ionic systems, conductance noise, 382 
Biological membranes 
electronic noise sources, 375-399 
estimates of proton permeability, 46-47 
proton channels, 47-49 
significant deviations from Hooge's 

formula, 389 
Biological redox proteins, oxidation-reduction 

potentials, 478 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

23
5.

ix
00

2

In Biomembrane Electrochemistry; Blank, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 



582 B I O M E M B R A N E E L E C T R O C H E M I S T R Y 

Biological signal transduction media, 
source of electrical noise, 386 

Biomembrane(s) 
dynamics of proton transfer reactions, 27 
evidence for electronic processes, 515-520 
interaction of protons with surface 

groups, 31-33 
study approaches, 39 

Biomembrane lipids, diversity, 131-133 
Biomembrane molecules, computer modeling, 

14-23 
Biomembrane structures, electrochemical 

impedance spectroscopy, 491-510 
Biomembrane surfaces 
concentration of counterions, 6 
solvation force behavior, 7 

Biomolecular electronic devices, lack of 
electronic properties, 525 

Biosensors 
modified B L M , 524-525 
specific recognition functions, 491 
specificity and biocompatibility, 525 

Biphasic reduction, cytochrome c3, 484 
Bipolar cell, dendritic integration, 226 
Boltzmann distribution, Gouy—Chapman 

theory, 4-5 
Born energy 
calculation of actual ion flux, 45 
ions within small pores, 458 
simulations, 462 

Boundary lipid, nonspecific coupling with 
protein, 143 

Bovine serum albumin (BSA) 
adsorbed, effect of pH, 77-78 
adsorbing material, 72 
methods of study, 55 

Bragg reflections, phases determined by 
swelling method, 98 

Buffer(s), measurement of reaction rates, 43 
Buffer molecules 
enhanced interaction with membrane 

surface groups, 31-32 
proton diffusion, 31 

Bulk electrocompression models, rupture 
and reversible electrical breakdown, 448 

C 

Calcium channel 
proteins that mimic, 333 
single-channel conductance, 345 

Calcium channel modulators, binding sites, 331 
Calibration, laser Doppler instrumentation, 

407-408 

Capacitance 
double-layer, 505-506 
function of pH at interface, 78f 
membrane, 459 
source impedance of the membrane, 537 
surface-bound membranes, 506-508 

Carbocyanine dyes, potentiometry on the 
water-nitrobenzene interface, 59-72 

Carotenes, light-gathering accessory 
pigments, 521 

Carrier-mediated ion transport, 
nonequilibrium noise, 381 

Carrier molecule, covalent attachment of 
peptide segments, 333 

Catalytic wheel, enzyme, 561 
Cation pumping, ac-stimulated, 570f 
Cationic peptides, basic residues, 298-299 
Cecropins, 283-284 
Cell bilayer membrane, communication in 

living organisms, 491 
Cell membranes 
electrical properties, 562 
endogenous or exogenous electric field, 561 
topology, 465 

Cell physiology, potentiometric membrane 
dyes, 151 

Channel(s) 
aggregated protein structures, 430 
determination of ionic velocity, 401-413 
formed by connexin, prospects for 

biophysical study, 203-205 
Channel closure in VDAC, process, 251-253 
Channel conductance, potential dependence, 125 
Channel conformation, change as transition 

across activation energy barrier, 366 
Channel formation in membranes, peptides, 

259-314 
Channel-forming peptides, uniformly 

aligned multilayers of membranes, 83-106 
Channel-forming polypeptides, membrane 

potential, 126 
Channel-forming proteins, conservation in 

secondary structures, 246-248 
Channel gating 
changes in channel structure, 184 
mechanism, 439 

Channel-gating processes, membranes, 437-439 
Channel kinetics 
characteristics, 361 
effective kinetic rate constant, 361-365 

Channel mechanisms, fractal analysis, 357-374 
Channel opening, dependence on surface 

charge, 440 
Channel opening and closing, energetics, 

442-444 
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Channel proteins 
coherent patterns of motion, 373 
extensive sequence conservation, 351 
four-helix bundles as model of pore 

structure, 334-337 
functional elements of pore-forming 

structure, 349 
functional elements responsible for pore 

properties, 332 
functional properties, 331 
hydrophobic sequences, 347--348 
structure and inferences, 330-331 

Channel selectivity, electrostatic 
environment within the pore, 250 

Channel specificity, voltage gating, 440-442 
Channel switching, sources, 391 
Channel transitions, sucrose-permeable 

liposomes, 211 
Chaos, switching of conformational states 

of ion channel, 371-372 
Chaotic system, definition, 371-372 
Charge, transient generation, 124 
Charge density, fraction of open channels, 438 
Charge displacement, enzyme or transporter, 568 
Charge recombination 

bacteriorhodopsin, 556 
converted photon energy, 533-534 
net proton transport, 534 

Charge separation 
photoinduced, 536f 
response of photopigments to light 

stimulation, 554 
vectorial, 533 

Charge shift 
ionic gradients, 445 
probability, 444 

Charge-shift probes, spectroscopic and 
binding properties, 166f-167i 

Charge transfer resistance, effective area 
of OTS-coated PtO electrode, 497 

Chemical capacitance, definition, 535 
Chemical dehydration of head groups, 

osmotic pressure, 139 
Chemical free energies, hydration forces, 

179-181 
Chemical potential gradient, net transport 

of ions, 518 
Chemically specific lipid requirements, 

membrane proteins, 131 
Chloride, permeability of liposomes, 46 
Chloride ion, halorhodopsin membrane, 552 
Chlorophyll 

form in B L M , 522 
in bilayer lipid membranes, 521 

Cholesterol, membrane thickness buffer, 104 

Chromophore, insertion into defined 
microenvironments, 28 

Chromophore modification, potentiometric dyes, 
153 

Circular dichroism (CD) spectroscopy, 
secondary structures of proteins, 86-93 

Cleavage protocols, peptide-resin mixture, 343 
Colicins 

model of mechanism of action, 303 
voltage-gated monovalent ion channels, 303 

Complementary surfaces, attractive force, 192 
Complex admittance method, generalized 

data analysis, 426 
Component analysis, photosignal, 540-546 
Compound eyes 

fluorescence micrograph, 237f 
individual retinas, 226 
interference contrast micrograph, 228f 
light micrograph of a few facets, 232f 
scanning electron micrograph, 227f 

Computer modeling, biomembrane molecules, 
14-23 

Conductance, open and closed VDAC, 250-253 
Conductance disparity, oligomerie size, 348 
Conductance fluctuations 

aqueous solutions of strong electrolytes, 384f 
measurement methods, 382-383 
mixtures of NaCl and H C l electrolytes, 385f 

Conductance noise 
generation mechanisms, 386 
modulation of ion transport, 381-387 
pH-dependent spectral density, 387 

Conductance properties, neutral peptide 
sequences, 264^265 

Conductivity, proteins and protein films, 483 
Conductivity changes, transfer of 

electrons across the membrane, 517 
Configuration space, motion of membrane 

molecules in liquid crystalline phase, 20-23 
Confocal microscopy, magnitude of 

mitochondrial membrane potential, 163 
Conformational changes, energetic 

consequences in proteins, 434-437 
Conformational constraints, α,α-dialkyl 

amino acids, 267 
Conformational geometries, lipid matrix, 144 
Conformational states 

channel proteins, 357 
switching, 358 

Conformational studies, peptides in solvents, 295 
Conformational switches, peptide 

structures, 271-276 
Connexin 

definition, 198 
immunoaffinity purification, 205 
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Connexin—Continued 
suitable for reconstitution, 205 

Connexin-32 
bilayer conductance, 216f 
effects of preparation methods, 217 
pore in liposomes, 208-210 
selection by sucrose permeability, 208 

Connexin channels 
biophysical questions, 218-219 
composition, 201-202 
identification, 204-205 
liposomes, 206-208 
problems regarding reconstitution, 218 
schematic drawings, 199f 

Connexin-32 channels 
activity, 211/ 
reversal potentials for Mayers, 214 
structural form, 215 
through one or two membranes, 197-223 
voltage dependence, 212/" 
voltage-dependent kinetics, 21^f 

Connexin protein 
gated pore through two membranes, 198 
importance for electrochemical studies, 198-203 

Contact value theorem, surface charge 
density, 5-6 

Contingent gating, state-dependent 
alteration of field across a protein, 201 

Continuum models, ion permeation, 403-404 
Correlation function, inhomogeneous 

boundaries, 11-12 
Coupling 

ATP hydrolysis and proton transport, 327 
function in retina, 229 
neural elements, 229 

Coupling ratio, definition, 239 
Crossed-beam system 

low-intensity scattering, 407 
velocity components, 406/ 

Crystal, images of VDAC, 246 
Crystallization, water-soluble proteins 

and membrane proteins, 130 
Cubic cell model 

elecroporation, 465-466 
transmembrane voltage, 464f 

Current-voltage behavior, H+-ATPase in 
yeast, 320 

Current flow, comparison between electrode 
and ITIES, 56,57/ 

Current noise, calculations, 379 
Curvature energy, chains of lipid hydrocarbon, 140 
Curvature stress 

lipid bilayers of biomembrane systems, 147 
nonlameUar-prone lipids, 133 
polar and nonpolar region, 144 

Cyanine dyes, delocalized positive charge, 
157,162 

Cyclic voltammetry 
basics, 516-517 
modification of B L M , 519 
significant advantages, 520 

Cylindrical geometry, changes in lattice 
dimension, 137-138 

Cytochrome c3 

amino acid sequences, 474f 
asymmetric electrostatic field, 475 
biphasic reduction, 484 
changes of resistivity, 483-484 
electron distribution, 478f 
electrostatic properties, 473 
iron-iron distances and heme-heme 

angles, 477f 
kinetics of intramolecular electron transfer, 485 
macroscopic oxidation-reduction 

potentials, 479f 
oxidation-reduction potentials, 477—480 
properties and insights, 471-489 
stereo views, 476/ 
structure, 472-477 
surface spectroscopy, 482-483 

Cytolytic peptides, cationic site adjacent 
to a hydrophobic surface, 299 

D 
Decay constant 

nature of the interface, 12 
nature of the surface, 11 

Decay length, strength of hydration force, 12-14 
Decomposition of a composite signal, 

schematic diagrams, 543f 
Defects 

lipid bilayers, measurements of cation 
permeability, 45 

lipid sample, 85 
Defensins 
consensus sequence, 281/ 
dimer crystal structure, 283f 
selected sequences, 282i 
structure, 280-281 

Dehydration energy, gramicidin channel, 104 
Dendrites, monopolar, 239 
Dendritic integration, bipolar cell, 226 
Depolarization, voltage dependence, 440 
Derjaguin-Landau-Verwey-Overbeek (DLVO) 

theory, van der Waals and electrostatic 
forces, 3 

Designed proteins, amphipathic α-helices, 329 
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Desulfovïbrio, cytochrome c3, 471-489 
Detergent-solubilized protein, VDAC, 250 
Detergent dialysis 

formation of a relatively complete 
membrane, 503 

formation of surface-bound lipid 
membranes, 492-495 

procedure with membranes on SiO z, T i0 2 , 
and ITO electrodes, 506 

structures formed, 508 
Deterministic process, switching between 

different conformational states, 372 
Dielectric breakdown, strength of electric 

field, 519 
Difference frequency, Doppler scattering, 

405-406 
Difference spectra, bacteriorhodopsin, 115 
Difference X-ray diffraction, direct 

measurement of ion locations, 98 
Diffraction patterns, membrane multilayers, 97 
Diffusion 
protons within thin water layers, 28-31 
source of Vf noise, 392 

Diffusion current, charged molecule, 461 
Diffusion dynamics, shift from 3-D to 2-D 

space, 34 
Diffusional membrane potential, application, 110 
Diffusional relaxation 
calculation, 124 
curve, 125/ 

Dilauroylphosphatidylethanolamine (DUPE) 
molecules 

atom densities, 17f 
spacing in gel phase, 16 

Dioleoylphosphatidylcholine (DOPC), 
alamethicin, 96 

Dioleoylphosphatidylethanolamine (DOPE) 
temperature dependence of basis vector 

length, 136/ 
water extraction, 138 

Dipalmitoylphosphatidylcholine (DPPC) 
protrusions of phospholipid molecules in 

bilayer, 22,23/ 
simulations of liquid crystalline phase, 20-23 
-water interface, simulation of atom and 

water densities, 20f, 22f 
Dipolar potential, transmembrane ion 

transport, 504 
Disaggregation 

equilibrium constant as function of 
charge on the molecule, 433f 

hemoglobin, 432-434 
Disaggregation constant, change in charge 

density and pH, 431 
Discrete state models, ion permeation, 403-404 

Displacement current 
bacteriorhodopsin membrane, 532 
extracellular to intracellular space, 548 

Displacement photocurrent 
hypothetical B2' component, 546 
light pulse to stimulate membrane, 534 
photosynthetic and visual membranes, 553 
pulsed-light photoelectric signal, 551 

Dissipative resistance, fluctuations in a 
nonlinear steady state, 381 

DNA 
hydration energies, 193-194 
repulsion and attraction, 191-192 

Donnan potential 
calculation, 111-112 
conformational changes in alamethicin, 107 
gradient, generation across the 

membrane, 111-112 
Doppler frequency, variation with 

orientation angle of membrane system, 410f 
Doppler scattering, determination of ionic 

velocity distributions in channels and 
membranes, 401-413 
Doppler spectra, thallium ions in 

gramicidin channels, 410f 
Doppler velocimetry, 404-406 
Double helix, repulsion and attraction, 191-192 
Double-layer interaction, electrostatic force, 6-7 
Double-layer problem, Gouy-Chapman theory 

of the interface, 
Double minimum potential well, enhancement 

of proton activity indication, 32-33 
Drift current, charged molecule, 461 
Drift flux, calculation, 461 
Dye 
3,3'-diethylthiodicarboxycyanine (DisC2), 112 
diffusion in thin water layers, 28 
fluorescence of carbocyanine as 

potential-sensitive probes, 59-60 
need for supporting electrolytes, 66 
nonaqueous phase on reference interface, 63 
optimal for particular purpose, 170 
potentials of transfer, 66 

Dye binding to the membrane, kinetics, 164-165 
Dye characterization, potentiometric probe 

in biological applications, 163-170 
Dye concentration, membrane-bound vs. free 

aqueous forms, 164 
Dye coupling 
compartmentalization of tissue, 238 
experimental results, 237-238 
photoreceptors, 235-238 

Dye design 
fast dyes, 152-157 
slow dyes, 157-163 
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Dye indicators, membrane potential, 151-173 
Dye partitioning, interfacial potential, 59-60 
Dye-potential studies, limits on linear range, 72 

Ε 
Early receptor potential (ERP) 

definition, 533 
inconsistencies and paradoxes, 533 
lack of pH sensitivity, 540 
paradoxical behavior, 537 

Effective kinetic rate constant 
definition, 363 
potassium channel in corneal endothelium, 364/* 

Egg phosphatidylcholine, model for 
membrane-bound dyes, 163-164 

Elastic curvature stress, lamellar-nonlamellar 
phase boundaries, 129-148 

Elastic properties, liquid crystalline bilayer, 130 
Elastic stress field, interaction with 

membrane proteins, 143 
Electric field effect 

C D spectra of alamethicin added to PC 
vesicles, 118-120 

C D spectra of bacteriorhodopsin, 114-117 
membrane proteins, 124 
proteins and channel forming 

polypeptides in the membrane, 107-128 
Electric-field-stimulated ATP hydrolysis, 

frequency dependence, 567f 
Electric-field-stimulated Na* and Rb* pumping 

amplitude dependence, 566/ 
frequency dependence, 567f 

Electric mobility, apparent, 107 
Electric parameters, cell membranes, 571 
Electric potential gradient, effect on 

membrane protein, 108 
Electrical behavior, simulation, 462 
Electrical conductance, conventional B L M 

system, 514 
Electrical coupling 

compartmentalization of tissue, 238 
gap junctions, 234 
quantification, 241 
six terminals in a neuroommatidium, 234 

Electrical drift, molecular transport 
across planar membrane, 461 

Electrical fields 
behavior due to electroporation, 449-460 
B L M property modification, 518 
estimates of thresholds, 466 
molecular transport due to 

electroporation, 460-465 
net transport of ions, 518 

Electrical noise 
equilibrium conditions, 377 
sources, biological membranes and 

relevant ionic systems, 375-399 
Electrical potential, effect on C D 

intensity of bacteriorhodopsin 
reconstituted vesicles, 115 

Electroactive impurity, influence on 
interfacial potential-dye 
concentration relationship, 71/ 

Electroactive species, mode of mass 
transport, 516 

Electrochemical analysis 
generality, 551-554 
PtO-OTS electrodes, 495-498 

Electrochemical impedance spectroscopy, 
evaluation of surface-bound membranes, 
491-510 

Electrochemical model, voltage-gated 
channels, 429-446 

Electrochemical processes, 
bacteriorhodopsin membranes, 531-560 

Electrochemical proton gradients, proton 
pumps, 47 

Electrochemical reversibility, cytochrome cy 480 
Electrochemical stability, PtO-OTS in 

aqueous saline solution, 498 
Electrochemistry 

biological functions, 555 
liquid-liquid interfaces, 55-56 

Electrochromic dye, internal charge 
migration, 156/ 

Electrochromism, fast dyes, 153 
Electroconformational changes, membranes, 

447-449 
Electroconformational coupling 

developmental bibliography, 574-577 
electric activation of membrane enzymes, 563 
energy transduction, 561-578 
force acting on a cell, 572-573 
model, analysis of data, 571 
theory, 566-571 

Electrode 
adsorption of cytochrome c3,480-481 
surface roughness, 497 

Electrogenic proton transport 
genetic probing, 317-318 
membrane-embedded helices, 325-326 
yeast H+-ATPase, genetic approaches, 315-328 

Electrogenicity, H+-ATPase, 320 
Electrolyte(s), 1/noise, 389 
Electrolyte compositions, separation of 

components, 549 
Electrolyte solutions, conductance 

fluctuations, 384-386 
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Electron conduction, across B L M in the 
dark, 517-518 

Electron density profiles, gramicidin-DLPC 
bilayers, 100,102/, 103/ 

Electron transfer 
effect of electrode surface, 481 
heterogeneous, 480-482 
homogeneous, 484r-486 
intermolecular, 480 
reorganization energy, 481 

Electroneutrality 
apparent, 322 
mutant H+-ATPase, 320-323 

Electronic charges, transport across 
interface, 518 

Electronic inhibition, lateral current 
through gap junctions, 239-241 

Electronic processes, bilayer lipid 
membranes, 513-529 

Electrophoretic mobility 
quantitative interpretation, 122-124 
steady state conditions, 107-108 

Electrophoretic propagation of PSI 
particles, 114/-115/ 

Electrophotoluminescence (EPL) 
back diffusion, 113-114 
measurement procedure, 113-114 
relative change, 120 

Electroporation 
behavior of strong electrical fields, 449-460 
cubic cell model, 465-466 
general model, 451i 
hypothetical structures of membrane 

conformations, 457f 
membrane electroconformational changes, 468 
molecular transport, 460-465 
myeloma cells, functions of ac 

frequency, 574f 
physical ingredients of the theory, 451f 
simulation parameters and values, 456i 
theory, 447-470 
time scales, 450i 

Electroretmogram, electrode position in 
the eye, 235-236 

Electrostatic concepts, interaction forces 
between membrane surfaces, 3-25 

Electrostatic force 
description, 3 
double-layer interaction, 6-7 
effect on geminate recombination, 38/ 
Gouy-Chapman theory, 4-6 
intermembranal water phase, 37 

Electrostatic model 
analysis, 9 
hydration forces, 8-10 

Electrostatic repulsion, interplay of forces, 188 
Electrostenolysis, definition, 515 
Ellipticity 

alamethicin, 118-120 
bacteriorhodopsin reconstituted in vesicles, 117f 
function of calculated transmembrane 

potential, 119 
End-on interactions, peptide ion channels, 296 
Endocytosis, molecular transport mechanism, 461 
Energy barrier, local velocity of ion 

permeation, 402 
Energy transduction 

efficiency, 571 
enforced conformational osculations of 

a membrane enzyme, 561-578 
Entropie forces, molecular assembly, 192 
Entropy 
L-Hn transitions, 135 
protein aggregation, 430 

Enzyme 
catalytic wheel, 561 
time dependence of energy structure, 370 
transient aqueous pores, 466-468 

Enzyme function, perturbation, 326 
Enzyme inhibitors, effects on 

ac-stimulated activity, 565 
Enzyme oscillation 
ac-induced, 569f 
enforced by ac field, 568 

Equilibrium electrical noise, Johnson 
noise, 376-378 

Equilibrium separations in excess water, 
degree of swelling, 187 

Equivalent circuit 
capacitance and conductance data of 

lipid bilayers, 501-502 
change of photosignal time course, 542 
decomposition of photosignal, 540 
reconstituted halorhodopsin membrane, 552 
surface-bound membrane electrode 

interface, 502f 
theoretical simulation of impedance 

spectra, 503f 
Excess noise, measurable, 377 
Excitable cell preparations, dye 

characterization, 168-170 
Expression system, mutant 

bacteriorhodopsin, 556 
Extracellular voltage, high impedence, 241 

F 

1/noise 
diffusion theories, 392 
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588 B I O M E M B R A N E E L E C T R O C H E M I S T R Y 

Vf noise—Continued 
open channel and multichannel membrane, 390 
spectral density inversely proportional 

to frequency, 387-396 
upper limit in ionic conductors, 391 

Facet lenses, illumination, 239 
Facilitated electron transfer, cytochrome c3, 482 
Fast dyes 

differences in membrane potential of a 
single cell, 170 

electrochromic mechanism, 153 
fluorescence response, 153 
individual electrical events, 151 
merocyanine chromophore, 153-156 
oxonol chromophore, 153 
potential-dependent intramolecular 

rearrangements, 152-153 
representative sampling, 154£-155f 
styryls, 156-157 

Fast photoelectric effect 
electrochemical basis, 533-540 
light-induced displacement currents, 532 
light-induced rapid charge separation, 533 

Fast photoelectric signal, point mutation, 556 
Ferredoxin, reactions, 472 
Ferredoxin-cytochrome c3 complex, electron 

transfer, 486 
Ferric ion, electronic conductivity across 

BLMs, 517 
Field amplification, cell membrane, 561 
Field direction, reversal, 111-112 
Field effect transistors, device characteristics, 506 
Field strength, experiment design, 563-564 
Flip-flop gating mechanism 

helix rods, 273 
schematic diagram, 274f 

Fluctuation phenomena, ionic solutions, 382 
Fluorescence 

carbocyanine dyes, 59-60 
function of lipid concentration, 164 

Fluorescence dynamics 
function of excitation wavelength, 169/ 
pyranine trapped in aqueous layers, 34-37 

Fluorescence intensity, magnitude of 
mitochondrial membrane potential, 163 

Fluorescence quenching, time dependence, 113f 
Fluorescence response, fast dyes, 153 
Flux 

ion flow through membranes or channels, 402 
ions across a liposome membrane, 42 
mechanism for permeation of protons and 

other cations, 42-43 
Fly, photoreceptor axon terminals, 225-243 
Force measurements, swelling pressures and 

free energies, 181-182 

Foreign-phase dispersions, effect on 
excess noise in electrolytes, 389 

Formation of surface-bound lipid membranes, 
detergent dialysis technique, 492-495 

Four-helix bundles 
pore structure of channel proteins, 334-337 
synthesis and purification, 337-343 

Fractal(s) 
mathematical properties, 359-360 
self-similarity, 359-360 
Sierpinski triangle, 360/* 

Fractal analysis 
channel mechanisms, 357-374 
controversy over physical properties of 

ion channel protein, 370-371 
properties of globular proteins, 369-370 
rough electrode surface, 497 

Fractal kinetics 
large ranges of time scales, 367 
logarithmic relationship, 363 

Fractal properties, single-channel data, 372 
Fractal scaling 
continuous distribution of activation 

energy barriers, 367 
relationship between kinetic rate 

constants, 365-366 
Fragments, proteins that interact with 

membranes, 290-293 
Free energy approach, hydration forces, 

10-14,179-181 
Free energy of activation, simulation, 268-270 
Free energy of interaction, entropie and 

enthalpic parts, 192 
Free one-dimensional diffusion, 

fluctuations, 394/-395/ 
Frequency shift, light from moving particle, 405 
Frustrated energy, quantitative value, 143 
Functional control, water at the 

macromolecular surface, 177-196 
Fungal antibiotics, peptaibols, 264 

G 

Gap junction(s) 
electrical coupling, 234 
gating mechanism, 235 
in axon terminals, voltage coupling, 238-242 
light adaptation, 241 
photoreceptor axon terminals of the fly, 225-243 

Gap junction channels 
connexin protein, 197 
function, 198 
importance for electrochemical studies, 198-203 
permeability, 200 
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Gap junction channels—Continued 
prospects for biophysical study, 203-205 
reconstitution into liposomes and planar 

phospholipid bilayers, 204 
structure, 198 
transjunctional voltage sensitivity, 200-201 

Gated channels, connexin protein, 197 
Gating, changes in channel structure, 184 
Gating current 

ion pumping, 445 
sodium and potassium channels, 441 

Gating potential, orientation of helices, 303-304 
Gating processes, V D A C protein, 250-253 
Gaussian bands, helices parallel and 

perpendicular to the light, 90-92 
Gel-solidified probes, ease of handling, 79 
Genetic mapping 
hygromycin Β resistance, 325 
mutations, 323-325 

Genetic probing, electrogenic proton transport, 
317-318 

Geometric constraints, proton binding 
dynamics, 33-38/ 

Globular proteins 
fractal interpretations consistent with 

known properties, 369-370 
shallow local energy minima, 369 
time dependence of energy structure, 370 

Gouy-Chapman theory 
electrostatic force, 4-6 
linkage between macroscopic and 

microscopic electrical parameters, 535 
phase boundary, 4 
rapid charge separation and recombination, 531 

Gramicidin 
membrane thickness buffer, 104 
proton-conducting channel, 49-52 

Gramicidin A 
Iff spectra, 389 
crystallized from ethanol, 265/ 
noise of an open channel, 390/ 
schematic models, 264f 
structure and function, 260-261 

Gramicidin channel 
description, 97 
energy requirements for ion diffusion, 45 
ion binding site, 103-104 
ion permeation, 404 
location of ion binding sites, 83-106 
mechanism and conductance, 49-52 
proton conductance, 41, 52 
proton currents in HCl solutions, 50 
shot noise, 380 
velocity distribution for cations, 404—406 
waterlike environment, 410 

Gramicidin-DLPC multilayers, X-ray 
diffraction patterns, 99f 

Graphite electrode, protein redox potentials, 482 
Guillotine, formation of supported B L M , 516/ 

Η 
H+-ATPase 
electrogenicity, 320 
membrane topography, 324f 
model system, 316-317 
mutations, 327 

Habbactenum halobium, bacteriorhodopsin 
as reaction center, 532 

Halorhodopsin membrane 
interfacial chloride ion transfer, 552 
photoelectric signals, 552f 

Halosilanes, order of reactivity with silica, 495 
Head-group atoms 
phospholipid molecules, 16-18 
properties of water molecules, 18 

Heat flow, channel opening and closing, 442-444 
Helical conformation, crystal structures, 268 
Helical hinge region, translocation of a 

mitochondrial signal peptide, 298 
Helical rod, models, 273 
Helix 
inserted and surface state, 94 
orientation, 88-93, 303-304 
properties, 269f 
realignment mechanism for gating, 304f 
reorientation, 273 
rigid reorientation in response to 

electrical potential forms, 273 
structures, 269f 

Helix-hairpin mechanism, schematic diagram, 
299f 

Helix-hairpin model, membrane protein 
insertion, 298 

Heme 
oxidation-reduction potential, 477-478 
solvent exposure, 475, 486 

Heme attachment, cytochrome c3, 
473-474/ 

Heme groups, cytochrome cy 472 
Hemichannels 
composition, 202 
formation of junctional channels, 202-203 
function in cells, 200 
interactions, 218 
lateral interactions, 202 
reconstituted connexin-32,215 
structure, 198 
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Hemoglobin 
colloid osmotic pressure vs. charges per 

molecule, 432f 
conductivity, 483 
conformational changes, 434-437 
disaggregation, 432-434 
model for calculating energetics of 

conformational change, 435f 
molecular osmometer, 185 
osmotic stress associated with oxygen 

binding, 186f 
Heterogeneous rate constant, upper limit, 481 
Hexagonal lattice, basis length vs. 

temperature, 136 
Hexagonal phase, structural dimensions and 

stress, 189/ 
High-affinity site, homologous regions 

from subunits, 332 
High-pass filter effect, photocurrent 

magnitude, 535-536 
High-resolution lamellar diffraction, ion 

binding sites in gramicidin channel, 97-104 
Hn phase 
cross section, 141/ 
osmotically dehydrated, 139f 

Hildenborough gene, cytochrome c3,487 
Hindered motion, ions within small pores, 458 
Hodgkin-Huxley model, currents measured 

across cell membranes, 358-359 
Holographic medium, mutant 

bacteriorhodopsin, 556 
Homology, amino acid sequence, 472-473 
Hooge formula, 1/noise, 388-389 
Human erythrocytes 

applied field strength, 564 
Na, K-ATPase, 564-565 

Hydrated surface, etching, 508 
Hydration 

DNA attractive force, 192 
importance in biological processes, 

192-193 
stress on solvent-exposed surfaces, 194 

Hydration energies, DNA, 193-194 
Hydration force 
chemical free energies, 179-181 
description, 3 
electrostatic models, 8-10 
experimental results, 7-8 
free energy approach, 10-14 
mathematical forms and language, 178-179 
phospholipid molecules, first computer 

simulations, 14^15 
protrusion model, 14 

Hydration layer, curve calculated for 
actual width, 37 

Hydration repulsion 
bilayer interactions, 187 
equihbrium swelling of bilayers, 187-188 

Hydrocarbon chains 
biomembrane lipids, 131-132 
initiation sites for a lipid bilayer membrane, 493 
lipid hydrocarbon, 140 

Hydrocarbon packing energy, removal, 140 
Hydrocarbon thickness, changes in lattice 

dimension, 136-138 
Hydrogen-bonded water molecules 
adequate proton supply, 50-51 
potential proton translocators, 48-52 
proton selectivity, 51 
proton translocation, 41 
rate of proton transport, 50 

Hydrogen ion, pH gradients, 42 
Hydrophilic pores, source, 450 
Hydroxide ion, membrane translocation, 42 
Hygromycin Β resistant mutants, within the 

bilayer, 325f 
Hyperacuity 
anatomical substrate, 231-234 
definition, 228 
mechanism, 228-229 

I 

Ideal gas behavior, conductance fluctuations, 383 
Ideal linear potentiometric response, 

theoretical slope, 68-69 
Ideally polarizable interface, supporting 

electrolyte, 64-65 
Image potential, gramicidin channel, 104 
Image repulsion, static van der Waals 

interaction, 9 
Image storage devices, bacteriorhodopsin 

with modified chromophore, 556 
Immiscible electrolyte solutions, 

apparatus used for potentiometric and 
voltammetric studies on the interface, 58f 

Immiscible liquids, interfacial ion 
transport, 55-81 

Immiscible solutions, microinterface, 78-79 
Immune peptides, death of the invading 

organism, 279-285 
Immunoaffinity purification, connexin, 205 
Impedance 

function of concentration of Β SA, 76/ 
membrane electrode, 504-506 

Impedance data, best fits with the 
admittance model, 424—425 

Impedance frequencies, surface-bound 
membrane, 504-505 
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Impedance measurement 
dependence on applied interfacial 

potential, 73-74 
function of BSA concentration, 74 
indication of adsorption, 72 

Impurity, interfacial potential, 70-71 
Inactivation, ion permeability, 441 
Independent axes, substrate for hyperacuity, 231 
Information processing, retina, 226-231 
Inhomogeneous boundaries, correlation 

function, 11-12 
Input impedance, short-circuit condition, 537 
Insect defensins, effective against 

Gram-positive bacteria, 281 
Instrumentation, laser Doppler scattering, 

407-412 
Integral membrane proteins, fragments, 290-293 
Intelligent materials 

concept, 550-551 
definition, 550 
modular design of molecular functions, 557 
purposeful effects, 557 

Interaction forces, between membrane 
surfaces, 3-25 

Interaction potential 
definition, 478 
microscopic redox potentials, 479f 

Interface between two immiscible 
electrolyte solutions (ITIES), 
similarity to conventional electrode 
electrochemistry, 56 

Interfacial capacitance 
3-D surface plot, 77/ 
calculation, 74-77 

Interfacial curvature, lamellar-nonlamellar phase 
transition, 134 

Interfacial ion transport 
evidence, 57-59 
immiscible liquids, 55-81 
liquid-liquid interfaces, 56-59 

Interfacial polarization, transmembrane 
field, 448 

Interfacial potential 
dye partitioning, 59-60 
function of dye concentration, 67f 
logarithm of initial dye concentration, 70f 
reference interface, 62-63 
relative concentration, 67 

Interfacial proton transfer 
mechanism, 535 
photosynthetic and visual membranes, 553 

Interfacial reactance, calculation, 76 
Interfering ions, potentiometry, 69-71 
Interior positive membrane potentials, 

systems used to generate and measure, 321/ 

Internal kinetic parameters, deduced from 
experimental data, 404 

Interstitial chain density, transition 
temperature, 142 

Intrachannel ion-binding models, rate 
constants for individual transitions, 402 

Intrachannel velocities, ion mobility, 411-412 
Intramolecular bridging polar groups, 

energies, 186-187 
Intramolecular electron transfer, 

cytochrome c3,485 
Iodine, electrical resistivity of B L M , 517 
Ion(s), passage through pores, 458 
Ion binding sites, location in gramicidin 

channel, 97-104 
Ion channel(s) 
biophysical properties, 369 
definition, 357 
ion distribution determination, 84 
measurement of current, 358 
osmotic stress from excluded species, 184 
permeability, 200 
reconstitution into liposomes and planar 

phospholipid bilayers, 204 
structure fluctuations in coherent 

patterns of motion, 357 
Ion channel conformational states 

chaos, 371-372 
deterministic process, 372 

Ion channel gating, calcium-sensitive 
mechanisms, 330 

Ion channel protein 
controversy over physical properties, 370-371 
physical properties, 365-369,372 

Ion channel states, broad continuum, 365 
Ion-conducting channels, planar lipid 

membranes, 48—49 
Ion-conducting systems, potassium and 

sodium, 415-416 
Ion counterflow, mutant H+-ATPase, 320-323 
Ion flux 

electrodiffusion equations, 440 
energy requirement, 44-45 

Ion permeation 
binding-site mechanism, 403 
binding sites, 401 
fluid lipid bilayer, 41-42 

Ion pumping 
field strength and frequency of applied 

ac field, 566 
possible mechanisms, 444-445 
thermodynamics in an oscillating 

electric field, 568 
Ion selectivity, gating current, 441 
Ion specificity, specific electrodes, 524 
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Ion transit frequency, gramicidin channel, 
411-412 

Ion transport across membranes, assumptions, 
293 

Ion transport through open channel, source 
of 1/noise, 390 

Ionic channel across a low dielectric 
lipid bilayer, osmotic stress 
measurements, 182-184 

Ionic conduction, muscle neuronal AChR and 
synthetic protein, 347f 

Ionic current, voltage-gated channel, 441/ 
Ionic strength, effect on redox potential, 485 
Ionic systems, electronic noise sources, 375-399 
Ionic velocity distributions in channels and 

membranes, laser Doppler scattering, 401-413 
Irreversible ion transport, immiscible 

electrolyte solutions, 58 
ITIES theory, applications, 79 
ΓΓΟ electrodes, device characteristics, 506 

J 
Johnson noise, thermal motion of charged 

particles in conductors, 376-378 
Junctional channel 

formation, 202-203 
identification, 204-205 
prospects for biophysical study, 203-205 
structure, 199-200 

Junctional membranes, splitting, 218 
Junctional pore, permeability, 200 

Κ 
K + conductance, ATPase-mediated, 323f 
Kornyshev-Leikin theory, decay length, 

dependence on interface, 19 

L 

L -H„ transition 
a II 

curvature, 143 
entropy, 135 
geometrically frustrated free energies, 140 
lattice dimensions, 135 
mean interfacial molecular area, 135 

L-Hn transition temperature, hydrophobic 
chains, 141 

Lag period, before back diffusion, 124 
Lamellar-nonlamellar phase boundaries, 

elastic curvature stress, 129-148 
Lamina cartridges, neural circuitry, 234 
Landau-type expansion, justification on 

molecular grounds, 13 
Lantibiotics 
class of antibiotics, 279 
structure, 278 

Laser beam, experimental configuration, 405—406 
Laser Doppler gramicidin channel system, 

block diagram, 407f 
Laser Doppler scattering 
determination of ionic velocity distributions in 

channels and membranes, 401-413 
instrumentation, 407-412 

Laser Doppler veloeimetry, 404-406 
Laser-induced proton pulse, knowledge of 

proton diffusion, 28 
Lateral tension profile, protein 

conformations, 142 
Lattice size, water core radius plus a 

constant, 141 
Ligand sensitivity, junctional channels, 201 
Ligands, transition-effecting action, 185 
light, scattering frequency, 405—406 
Light adaptation, gating mechanism, 235 
light-driven proton pump 
requirements, 548 
reverse engineering of photobiological 

membranes, 556 
light-induced current response, 

reconstituted thin film, 551f 
light-induced electron transfer, redox reactions 

in and across the thylakoid membrane, 520 
light-induced rapid charge separation, 

photoelectric signal, 531 
Light-induced redox reactions, B L M , 526 
line tensions, exchange of free energy 

with the bilayer matrix, 131 
Iipid(s) 
effect on alamethicin phase transition, 96-97 
force measurement, 187-192 
impact of environment on structure, 295 
lateral mobility, 109 
smectic defects, 85 

lipid assemblies, phase transitions, 190 
lipid bilayer(s) 

anisotropy in the protein environment, 131 
conductance states, 264 
correspondence between noise and 

impedance, 377 
fluctuations of current, 391 
interactions with membrane proteins, 143 
proton permeability, 44-47 
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lipid bilayer(s)—Continued 
repulsive forces, 7-8 
transient hydrated defects with 

selectivity for protons, 43 
lipid bilayer matrix, structure and 

physical properties, 130 
lipid bilayer membrane, ion-conducting 

channels, 48-49 
lipid compositions, biomembranes, 132 
lipid curvature elasticity, 133-143 
lipid effects, chemically specific, 131 
lipid hydrocarbon chain layer, thermal 

energy, 135 
lipid mesomorphic tendencies, cell 

membrane function, 146 
Lipid monolayers 
curvature, effect on membrane proteins, 

144-145 
cylindrical geometry of the HII phase as 

a geometric amplifier, 137f 
lipid phase, water concentration change, 

135-136 
Lipid-protein bilayer membranes linked to 

surfaces, biosensor requirements, 491-492 
Lipid systematics, mesomorphic behavior, 145 
Lipid vesicles, dye characterization, 163-165 
Lipid-water phases, cross section, 134f 
Liposome(s) 
connexin-32,197, 210-215 
detergent-induced conductances, 215 
sucrose-permeable, 206 

Liposome membranes, potassium ion flux, 42 
Liquid-hquid interfaces 
electrochemistry, 55-56 
interfacial ion transport, 56-59 

Liquid crystalline lipid mesomorphs, 
fundamental construction units, 134 

Local reaction conditions, concept, 546-549 
Local velocities, ion within a channel, 402 
Localized electroconformational changes, 

hydrophilic pores, 449 
Lumen of the pore, polar-neutral residues, 337 
Luminescence, measurement, 113-114 

M 

ΜΑ-β peptide, synthetic, 349-350 
Macromolecular energies, surface energies, 186 
Macromolecular surface, water, 177-196 
Macromolecules, interactions, 190-192 
Macroscopic redox potential 
cytochrome c3, 479 
hemes, 478 

Magainin 
analogs, 278 
structure, 276 
voltage-dependent channels in lipid bilayers, 276 

Magnesium etiochlorin, electronic 
conductivity across BLMs, 517-518 

Mammalian defensins, bactericidal activity, 281 
Marcelja-Radic theory 
nature of hydration force, 10-11 
pictorial representation, 11/ 

Markov model 
constant probability per second of 

switching states, 359 
physical properties of ion channel 

protein, 365-371 
properties of channel protein, 365 
sharply defined time scales, 367 

Mast cell degranulating (MCD) peptide, 
structure and activity, 288-289 

Mastoparan, structure and activity, 287-288 
Mechanistic approach, explanations for 

complex biological phenomena, 557 
Mechanistic themes, membrane proteins, 130 
Melittin 
structure and activity, 285-287 
tetramer crystal structure, 286/ 

Membrane(s) 
Vf noise, 387-392 
channel-forming peptides in uniformly 

aligned multilayers, 83-106 
channel-gating processes, 437-439 
containing bacteriorhodopsin, 

electrochemical processes, 531-560 
determination of ionic velocity, 401-413 
electroconformational changes, 447-449 
on PtO electrodes, stability, 506 
one-dimensional structure, 84-85 
role of water in proton conductance, 41-54 
uniformly aligned multilayer samples, 85-86 

Membrane-active proteins, fragments, 290-293 
Membrane admittance 
determination of K- and Na-channel 

relaxation times, 415-428 
general expression, 416 

Membrane-bound dye, response to direcdy 
applied voltage, 165,168f 

Membrane conductance, single-channel 
current records, 348 

Membrane dielectric, two circuits in 
parallel, 537 

Membrane electric parameters, 
measurements, 571-574 

Membrane electrodes 
capacitances, 505i 
impedance, 504-506 
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Membrane fusion, nonlamellar phases, 133 
Membrane ion channels, protein function 

and dynamics, 197-223 
Membrane photochemistry, 520-524 
Membrane potential 

determination by potential-sensitive 
fluorescent dye, 112 

differences between mutant and wild-type 
cells, 318-320 

dye indicators, 151-173 
effect on biological activity, 108 
relationship to ATP hydrolysis, 322/ 
secondary structure of membrane 

proteins, 125 
Membrane potential maps, types, 170 
Membrane protein(s) 
curvature stress modulation, 147 
in electric fields, conformation and 

mobility, 107-128 
interaction with an electric field, 563-564 
mechanistic themes, 130 
modes of interaction with the embedding 

lipid bilayer, 131 
nonlamellar-prone lipids, 133 
structure, function, and location, 369 

Membrane protein activity, bilayer 
curvature elasticity, 129-148 

Membrane protein reconstitution, accuracy, 
145-146 

Membrane protein structures, uncertainty, 
129-130 

Membrane RC relaxation, long relaxation 
time constant, 538-540 

Membrane receptors, specific recognition 
functions, 491 

Membrane surface, interaction forces, 3-25 
Membrane surface waves, Doppler shift, 409 
Membrane thickness, effect of 

transmembrane potential, 296 
Membrane transport system 
categories, 570-571 
mechanosensitive, 571 

Mercury electrode, adsorption of 
cytochrome c3,480-481 

Merocyanine dyes 
fast potential-dependent absorbance 

changes, 153 
mechanisms, 156 

Mesomorphic phase transitions, theory, 133-143 
Metarhodopsin 
binding of transducin, 554 
visual transduction, 553 

Metastable pores, uptake, 463-465 
Methylation of the surface, magnitude of 

hydration repulsion, 187 

Micellar colloids, conductance 
fluctations, 385-386 

Michaelis-Menten enzyme, free energy 
transducer, 568 

Microelectronic revolution, physical limit 
of miniaturization, 555 

Microinterface 
immiscible solutions, 78-79 
study applications, 79 
voltammetric determination of lauryl sulfate, 79f 

Microscopic equivalent circuits, space 
charge distribution profile, 536/ 

Microscopic redox potentials, interaction 
potentials, 479-480 

Mitochondria 
ATP synthesis, 51 
binding agents and channel behavior, 255 
structure and function, 245-246 

Mitochondrial ATP synthetase transmembrane 
fragment, structure and activity, 293 

Mitochondrial membranes, proton 
conductance, 46 

Mitochondrial outer membrane vesicle, 
freeze-fracture electron micrograph, 256/ 

Mitochondrial porin, osmotic stress, 183-184 
Mitochondrial voltage-dependent 

anion-selective channel, 245-258 
Models 

alamethicin pore, 270 
computer simulation technique, 14-23 
currents across cell membranes, 

Hodgkin-Huxley, 358-359 
fractals, Markov, 359-371 
gramicidin channel, 261 
helical rod, 273 
synthetic pore proteins, 334r-337 

Molecular assembly, entropie forces, 192 
Molecular dynamics simulations, 

oscillatory force, 15-20 
Molecular dynamics unit cell, D L P E 

molecules in gel phase, 15/ 
Molecular electronics 
lack of electronic properties, 525 
nanobiology, 555 

Molecular osmometer, hemoglobin, 185 
Molecular transport 
electrical drift contribution, 465/ 
electroporation, 460-465 
estimates based on electrical drift, 462 

Molecules in solution, shape and volume 
changes, 184 

Monolayer bending energy, water removal, 138 
Monolayer curvature stress, ultimate 

source, 144 
Monopolar dendrite, encoding, 239 
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Multilayer sample, X-ray diffraction study, 85 
Multilayered bacteriorhodopsin film, prolonged 

drying to eliminate pH sensitivity, 545 
Multilayered film, photoelectric signals, 545f 
Multilayers 
membranes, structural order, 84 
uniformly aligned, 83-106 

Musca domestica, gap junctions in 
photoreceptor axon terminals, 225-243 

Mutagenesis 
site-directed, 486-487 
site-directed and random, 317 

Mutant(s), properties of cytochrome c3,487 
Mutant enzymes 
electroneutral H + transport, 327 
isolation, 317 
membrane potential depolarization, 318-320 
uptake of [14C]TPP, 318/ 

Mutant H+-ATPase, ion counterflow, 320-323 
Mutant strain, bacteriorhodopsin, 546 
Mutation(s) 
genetic mapping, 323-325 
hygromycin Β resistance, 325 

Mutational analysis, 
transmembrane-spanning domain, 296 

Mycoplasma, lipid adjustments, 146-147 
Myeloma cell membrane, critical breakdown 

potential, 573/ 
Myoglobin, time course of the binding of 

CO, 369-370 

Neuroommatidium 
divergence of optical axes, 231 
electrical coupling of axon terminals, 234-235 
fluorescent dye, 231-233 

Neurosuperposition 
photoreceptors, 231 
staining pattern of photoreceptor terminals, 233f 

Nicotinic AChR channel, proteins that 
mimic, 333 

Nitrobenzene, relative permittivity, 59 
Nitrobenzene-water interface 

ion transport, 57-59 
potentiometry in the presence of 

oxacyanine dyes, 59-72 
Noise 
biological membranes and relevant ionic 

systems, 375-399 
one-dimensional diffusion, computer 

simulation, 392-396 
protonation, function of pH, 388f 
source classification, 376 

Nonequilibrium noise, carrier-mediated ion 
transport, 381 

Nonexcitable cells, quantitative 
microscopy, 170 

Nonhelical molecules, orientational 
circular dichroism (OCD), 87-88 

NonlameUar-prone lipids, biomembranes, 133 
Nonpolarizable interface, salt 

concentration, 63-64 

Ν 

Na, K-ATPase 
electric activation, 564-566 
human erythrocytes, inhibition, 564 

Nanobiology, molecular electronics, 555 
Negative hole, proton binding site, 548 
Neovitalistic approach, explanations for 

complex biological phenomena, 557 
Nerstian indicators, environmental 

insensitivity, 162-163 
Nerve fibers 

determination of K- and Na-channel 
relaxation times, 415-428 

measured heat, 443 
Net drift, superimposed on random walk, 518 
Net proton flux, uncertainty about protons 

or hydroxide ions, 43-44 
Neural circuitry, lamina cartridges, 234 
Neural elements, coupling, 229 
Neuronal AChRs, classes of subunits, 348 
Neuronal signaling, synaptic junctions, 330 

Ο 
Octadecyltrichlorosilane (OTS) 
porous structure, 496 
protein molecules with bound lipid, 500-501 
supporting reconstituted membrane 

structure, 495 
unstable in basic solutions, 498 

Oligomer size, determinant of 
single-channel conductance, 348-349 

Oligomeric channel, fraction open as 
function of surface charge density, 438f 

Oligomeric channel proteins, design 
principles and chemical synthesis, 329-354 

Open channel, single membranes, 217 
Open-channel noise levels 

addition of water-soluble polymers to 
electrolyte solutions, 386 

shot noise, 380-381 
Optical random access memory, 

bacteriorhodopsin, 556 
Order near the interface, water molecules, 10-11 
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Order parameter, orientational 
polarization of water, 11 

Organic dyes, changes in membrane 
potential, 151 

Organosilanes, surface modification, 495 
Orientational polarization 

D L P E molecules, 18 
monotonie behavior of water, 22 
origin of the hydration force, 11 
water between D L P E bilayers, 19f 
water between DPPC bilayers, 21/ 

Oriented circular dichroism (OCD) 
helices, 88-93 
nonhelical molecules, 87-88 
orientation of α-helices, 84 
theory and applications, 86-93 

Oriented dipole mechanism, definition, 534 
Oscillating electric field 

enzyme, 568 
ion accumulation processes, 442 

Oscillating polarization profiles, short runs, 15 
Osmotic pressures 

hemoglobin and BSA, 432 
water removal, 139 

Osmotic stress 
application to a functioning protein, 185 
energetics of a molecular array, 182f 
energetics of nonbilayer assemblies of 

phospholipids, 189-190 
intermacromolecular force vs. molecular 

distance, 191/ 
loading oxygen onto hemoglobin, 185,186/ 
measurement of energies in molecular 

assemblies, 177 
molecular dimensions and intermolecular 

spacings, 182 
motion of interacting molecules, 181 
net repulsive pressure between 

membranes, 188/ 
structural dimensions of hexagonal 

phase, 18^ 
voltage dependent anion channel, 183-184 
water associated with opening and 

closing of a membrane channel, 183f 
Out-of-plane ligation, cytochrome c3, 472 
Oxacyanine dyes 

potential sensors, 71 
potentiometry on the water-nitrobenzene 

interface, 59-72 
Oxidation-reduction potentials, 

cytochromes c3, 477-480 
Oxonol dyes 

binding promoted by depolarization, 162 
fast potential-dependent absorbance 

changes, 153 

Oxygen binding, hemoglobin, calculations, 
435-437 

Oxygen binding affinity, delocalized energy, 186 
Oxygenation, conformational changes in the 

hemoglobin molecule, 434 
Oxygenation energy, protein-protein 

interaction, 186 

Ρ 

Packing energy, chains of lipid hydrocarbon, 140 
Patch clamp technique 

protein conformational states, 372 
sequence of open and closed states of an 

individual ion channel, 358 
Peptaibols 

amino acid sequences, 266f 
charge movement across membranes, 271-273 
voltage-dependent conductance, 264 

Peptide(s) 
α-helix conformation, 86-87 
channel-forming, 83-106 
impact of environment on structure, 295 
sequences that represent functional 

segments, 332 
transition to transmembrane component, 

294-295 
Peptide aggregate, molten globule, 303 
Peptide antibiotics 

gramicidin A, 260-261 
immune peptides 

cecropins, 283-284 
defensins, 280-283 
tachyplesin, 284-285 

lantibiotics, 278-279 
magainins, 276-278 
peptabiols, 264-276 

Peptide blocks, assembly, 342-343 
Peptide fragments, chemical modification 

and studies, 290 
Peptide ion channels 

amphipathicity, 300 
beta-sheet as a structural motif, 300 
conditions for characterization, 293-294 
end-on interactions, 296 
structural basis of formation, 259-314 
structure and mechanism, 293-304 
width of the bilayer, 295-296 

Peptide residues, interaction with 
negatively charged lipids, 350 

Peptide spectra, π-π* and η-π* transitions, 86-87 
Permeability 

excitable membranes, 441 
potassium ion and protons, 44 
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Permeability—Continued 
protons and other ions in model and 

biological membranes, comparison, 46t 
Permeation mechanism 

fluid lipid bilayer, 41-42 
through the channel, 403 

pH, effect on adsorbed BSA, 77-78 
pH gradients, liposome membranes, 42 
pH sensitive components, aqueous phases, 549f 
Phage lytic factors, protein interaction 

with the membrane, 290 
Phase change reversibility, alamethicin 

samples, 94 
Phase transition 

alamethicin in a membrane, 95-97 
LrHu, 134 
lipid assemblies, 190 

Phosphatidylcholine (PC) 
bilayers, measurement of forces, 7 
phase behavior, 134-143 

Phosphatidylethanolamine (PE), phase 
behavior, 134r-143 

Phospholipid, enhancement of proton 
activity indication, 32-33 

Phospholipid bilayer, ion-conducting 
systems, 416 

Phospholipid head group, effect on 
protonation dynamics, 32f 

Phospholipid membranes, characteristics of 
thin water layers, 27 

Phospholipid molecules, density and 
location of atoms, 16-18 

Photochemical conversion, B L M , 526 
Photocurrent 

partition, 537 
short-circuit condition, 538 

Photodynamic damage, usefulness of a dye, 168 
Photoelectric signal, light-induced rapid 

charge separation, 531 
Photon energy converter, 

bacteriorhodopsin, 532 
Photopotential 

chlorophyll BLMs, 521 
kinetics, 521 

Photoreceptor(s) 
dye coupling, 235-238 
gating mechanism, 235 
optical disparity, 241 
stimulus intensity and voltage, 239 

Photoreceptor axon terminals 
fly, gap junctions, 225-243 
interference contrast micrograph, 229f 
stained, 236/ 
traces of intracellular recordings, 240f 

Photoredox process, description, 523-524 

Photosignal 
component analysis, 540-546 
relaxation, 550 

Photosynthesis, redox reactions in and 
across the thylakoid membrane, 520 

Photosystem I (PSI) 
accumulation and depletion on poles, 121/ 
accumulation on one pole, 121/ 
mobility in plane of vesicular thylakoid 

membrane, 120-122 
Phototransduction, positive surface 

potential, 554 
Phytochrome, role in plant membranes, 522 
Pigment-containing membranes, 

electrochemical approach, 551 
Planar bilayer(s), connexin-32,197 
Planar bilayer membrane 

electroporation, 449-460 
experimental configuration, 460f 
longer time scale electrical behavior, 454f 
oxidized cholesterol, 450t 
transport of propidium iodide, 463/ 

Planar bilayer scattering experiments 
instrumentation, 408 
results, 409 

Planar lipid bilayer 
reconstitution, 343-345 
single-channel conductance, 345 
single-channel recordings, 346/ 347f 

Planar lipid membrane, ion-conducting 
channels, 48-49 

Planar membrane 
circuit differential equations, 459 
topology, 465 

Planar phospholipid membrane, sensitivity, 252 
Poisson's equation, Gouy-Chapman theory, 4-5 
Polar and nonpolar region, curvature 

stress, 144 
Polarization 

charge transfer within channel proteins, 445 
parallel and antiparallel, 120 
water, D L P E surface, 18/ 

Polarization profile, water, 21 
Polarization resistance, PtO electrodes, 504 
Polished beryllium plate, high quality 

diffraction patterns, 98 
Polyanion, influence on gating processes, 253 
Polycrystalline films, sandwiched between 

metal electrodes, 525 
Polyethylene imide affected alamethicin 

vesicles, C D spectra, 118/ 
Polymer-covered surfaces, steric force, 14 
Polymer formation, halosilanes, 495 
Polymer(s) in electrolyte solutions, 

open-channel noise, 386 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

4 
| d

oi
: 1

0.
10

21
/b

a-
19

94
-0

23
5.

ix
00

2

In Biomembrane Electrochemistry; Blank, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1994. 



598 B I O M E M B R A N E E L E C T R O C H E M I S T R Y 

Polymer-induced current noise vs. polymer 
molecular weight, 387f 

Polypeptide, α-helix conformation, 86-87 
Polysaccharides 
characteristics and repulsive forces, 190-191 
permeability in mitochondria, 245 

Polystyrene latex suspensions, conductance 
fluctations, 385-386 

Pore 
function as an enzyme, 467 
transient hydrophilic, 466-468 

Pore creation and expansion, electrical 
interactions, 462-463 

Pore flux, calculation, 454 
Pore formation 

electroconformational changes, 448 
role of lipid composition, 294 

Pore-forming properties, sequence-specific 
motifs, 350 

Pore-forming proteins, design, 332-334 
Pore free energy, calculation, 451-453 
Pore-lining segments, identification, 331-332 
Pore models, pore-expanding forces 

parallel to membrane, 449 
Pore population distribution 

calculated, 455/ 
computed, 453f 
range of pore sizes in membrane, 456 

Pore population kinetics, 457-458 
Pore production rate, effect of 

transmembrane potential, 296 
Pore structure of channel proteins, four 

helix bundles, 334-337 
Porphyrins, in bilayer lipid membranes, 521 
Potassium channel 

current, 358f 
determination of relaxation times in 

squid nerve fibers, 415-428 
Potassium conduction, determination of 

admittance in a steady state, 421-424 
Potassium ions 

flux across liposome membranes, 42 
pH gradients, 42 

Potential-concentration relationships, 
water.nitrobenzene volume ratios, 67-68 

Potential-dependent spectral changes, 
apparatus for measuring, 168f 

Potential energy minimum, PE and PC lipid 
bilayers, 135 

Potential of zero charge (PZC) 
calculation, 74 
water-nitrobenzene interface, 75f 

Potentiometric membrane dyes 
characterization, 151-173 
relative affinities, 164 

Potentiometry 
concluding remarks, 71-72 
experimental procedure, 65-66 
insensitivity to pH, 72 
interfering ions, 69-71 
results, 66-72 
water-nitrobenzene interface, 

carbocyanine dyes, 59-72 
Power law, fractal kinetics, 364 
Premeasurement interval, membrane 

response, 419-420 
Prepolarization, diffusional relaxation, 122f 
Prepulse 

amplitudes, 113 
effect on E P L signal, 113 

Primary pores, elevated transmembrane 
voltages, 463 

Probability density function, range of 
pore sizes in membrane, 456 

Proline, role in activity of 
membrane-active peptides, 297-298 

Protein(s) 
designed and synthesized, 329 
effect on capacitance, 77 
lateral mobility, 109 
orientational order, 84 
predetermined conformational properties, 

332-̂ 333 
semiconductor nature, 483-484 
synthetic, mimic pore-forming structure, 333 
VDAC, 246 

Protein activity 
mesomorphic tendencies of the lipid, 146 
phase tendency of the lipid, 146 

Protein adsorption 
impedance measurements, 72-74 
water-nitrobenzene interface, 72-78 

Protein aggregation 
electrochemical model, 429-446 
entropy-driven reactions, 430 
surface free energy changes, 431 

Protein assemblies, structural similarities, 430 
Protein attachment, VDAC, 254-255 
Protein conformations 

frustrated monolayer elastic curvature, 
143-144 

stress-depth distribution, 142 
Protein-electric field interaction, concentration 

of ions near a membrane protein, 563 
Protein films 

electrical properties, 483-484 
redox state, 482 

Protein loops, V D A C protein, 255 
Protein mechanisms, evaluation and testing 

of models, 131 
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Protein properties, fractal interpretation, 365-369 
Protein-protein interaction, oxygenation 

energy, 186 
Protein receptors, function, 492 
Protein structure dynamics, proton transport, 316 
Protein surface, solvation-desolvation, 193 
Proton(s) 

interaction with surface groups, 31-33 
measurement of diffusion, 28 

Proton antenna, enhancement of proton 
activity indication, 33 

Proton binding 
geometric constraints, 33-38f 
positive surface potential, 554 

Proton conductance 
bilayers, models, 44-47 
hydrogen-bonded waters, 49-52 
model and biological membranes, role of 

water, 41-54 
Proton-conducting channel 

biological membranes, 47-49 
chain of hydrogen-bonded water molecules 

across membrane, 43 
gramicidin, 49-52 

Proton conduction pathway, cryoelectron 
microscopy, 547f 

Proton diffusion at a water-membrane 
interface, time-resolved dynamics, 27-40 

Proton diffusion coefficient 
buffering moieties on membrane surfaces, 

31-32 
calculation, 29-30 
near a surface, 31 

Proton flux 
across bilayers, characteristics, 43-44 
independence of pH values, 44 

Proton permeability, comparison with 
permeability of other cations in lipid 
bilayers, 45-47 

Proton permeation of lipid bilayers, 
conclusions, 47 

Proton pump 
electrochemical proton gradients, 47 
pH effect on pK a of surface proton 

binding sites, 550 
reverse engineering of photobiological 

membranes, 556 
Proton release, extracellular side, 546 
Proton selectivity 

amino acid interaction with protons, 52 
hydrogen-bonded water molecules, 51 
water chains, 51-52 

Proton transfer, purple membranes, 546-549 
Proton transfer pathway, coupled 

consecutive, 54Ί/-548 

Proton transport 
dilemma, 318-320 
electrogenic, 315-328 
mechanism, 315-316 
mutation in the cytoplasmic ATP 

hydrolysis domain, 323-325 
Proton wire, amino acid residues of 

membrane proteins, 48 
Protrusion model, hydration force, 14 
PtO effective area, blocking, 499 
PtO electrodes 

Bode plots, 501/ 
capacitance and resistance values, 500f, 503-504 
cyclic voltammetry, 499/" 
parameters for best fit to impedance 

spectra, 504f 
polarization resistance, 504 
simulation spectra, 503 

PtO-OTS electrodes, electrochemical 
analysis, 495-498 

PtO-OTS in aqueous saline solution, 
electrochemical stability, 498 

Pulsed electric field (PEF) method, 
definition, 562 

Pulsed-light induced photoelectric signal, 
relaxation time course, 539f 

Purple membrane 
computed and measured photosignal, 543f 
fragments as source of 

bacteriorhodopsin, 109-110 
proton pump, 550 
sheets on Teflon film, photosignals, 542 
working environment, 549 

Pyranine 
fluorescence decay dynamics in bulk 

water, 34, 35/ 
measurement of reprotonation, 29f 
model for water layers in membranes, 28 
reaction space for proton-excited anion 

recombination, 34/ 
reprotonation rate vs. 2-D 

concentration, 30f 

Q 
Quasistatic approximation, electric field 

and magnetic field, 447 
Quinones, primary electron acceptor, 521 

R 
Radius of curvature, lipid monolayers, 189-190 
Randies equivalent circuit, diagram, 75/ 
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Random walk, ionic motion, 518 
Reaction space, proton diffusion between 

membranes, 34 
Receptor protein 

cellular membranes, specific recognition 
functions, 491 

function, 492 
rotational and translational diffusion, 509 

Reconstituted channels, structural form, 215 
Reconstitution 

material requirements, 205 
system for study of channels formed by 

connexin-32,206-215 
Redox potential 

cytochromes c3,479 
effect of ionic strength, 485 

Redox reactions 
bilayer lipid membranes, 513-529 
coupled photosensitized, 522 
hght-driven, 520 
photochemical, 523-524 

Reduction kinetics, cytochrome c3,485 
Reference interface 

addition of other ions, 63 
inequality condition, 62-63 
interfacial potential, 63 

Rehydrated dry multilayered film, 
schematic diagram, 544f 

Relative permeabilities, potassium ion and 
protons, 44 

Relaxation time 
estimates of sodium-conductance 

activation and inactivation, 427f 
evaluation by admittance analysis, 425-426 
fits of admittance data plotted as 

impedance loci, 423t 
potassium conductance, 424f 
sodium and potassium channels, 415-428 

Reorganization energy, electron transfer, 481 
Repartitioning 

equilibrium potential, 65 
salt concentrations, 62 

Repulsive force, electrical double layers, 6 
Repulsion force, electrostatic model, 8 
Repulsive force, polysaccharides, 190 
Resistance, conventional B L M system, 514 
Resistance-capacitance (RC) relaxation 

event, photosignal, 537 
Retina 

information processing, 226-231 
photoreceptor matrix, 231 

Reverse reactions, prevention, 524 
Reversible electrical breakdown (REB) 

definition, 449 
pore models, 449 

Rhabdomere 
microscopic observation, 229-230 
optical waveguide, 229 
tips in a living animal, 230f 

Rhodamine dyes, mitochondrial membrane 
potential, 162 

Rhodopsin 
description and activity, 532 
formed on electrode surfaces, 493 
photobleaching, 535 

Rhodopsin-containing membrane on PtO-OTS 
electrodes, electrochemical 
properties, 498-500 

Rupture, pore models, 449 

S 

Salt concentration, interfacial potential, 63-64 
Scattering amplitude, Doppler spectra, 412 
Scattering centers, ion flows in 

gramicidin channels, 408 
Scattering density profiles, structure factors, 100 
Schottky formula, shot noise, 379 
Schwan equation, cell membranes, 571 
Self-similarity 

property of a fractal, 359-360 
time, 361 

Semiconductor model, redox reactants, 524 
Semiconductor septum electrochemical 

photovoltaic (SC-SEP) cell, separation 
of aqueous solutions, 526 

Sensor construction, bacteriorhodopsin, 556 
Sequence homology 

channel proteins, 331 
negatively charged or polar residues, 332 

Sequence information, voltage- and 
ligand-gated channel proteins, 331 

Sequence-specific motifs, pore-forming 
properties, 350 

Sequence specificity, synthetic proteins, 345-348 
Serine-leucine peptides, ion-conducting 

channels, 48-49 
Short-circuit condition, input impedance, 537 
Shot noise 
charge transfer, 378 
damping in a simple model circuit, 380f 
multistep charge transfer, 379 , 

Si-Si0 2 electrodes 1 

capacitances, 507f 
device characteristics, 506 

Sickle hemoglobin, aggregation, 434 
Signal averaging, accumulation of 

transported molecules, 466 
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Signal peptides 
applications, 290-291 
helix stability, 297 
protein interaction with the membrane, 290 

Signal processing, massively parallel and 
distributed, 550 

Silica plate, high quality diffraction patterns, 98 
Silver electrode, protein redox potentials, 482 
Single-channel conductance 
oligomer size, 348-349 
planar lipid bilayers, 345 

Single-channel properties, Konig's 
polyanion, 253i 

Single-channel recordings, fractal 
properties, 361-365 

Single crystal diffraction method, ion 
binding sites in gramicidin channel, 97 

Single membranes, open channels, 217 
Single molecules, in solution, 184-187 
Site-directed mutagenesis 
bacteriorhodopsin, 556 
properties of cytochromes c3,486-487 

Slopes of potential vs. logarithm of dye 
concentration, 69i 

Slow dyes 
mechanism, 157,162 
potential-dependent redistribution, 151 
representative sampling, 160f-161/ 

Sodium, permeability of liposomes, 46 
Sodium channel 

conductance, 292 
determination of relaxation times in 

squid nerve fibers, 415-428 
heat of disaggregation, 443 
homologous repeats, 291 
synthetic peptides, 291-292 

Sodium conduction, determination of 
admittance in a steady state, 424 

Software 
AMBER, 16 
CPXFIT, 418 
DISCOVER, 334 
INSIGHT, 334 
TK-Plus Solver, 62 

Solar energy 
photolysis of water, 526 
transduction, 526 

Solvated phospholipid bilayer, 
electrostatic problem, 8 

Solvation, controlling oxygen uptake, 185 
Solvation energy, water at the 

macromolecular surface, 177-196 
Solvent-accessible surface, overlapping 

surface density, 337 
Spatial constraints, peptide interactions, 333 

Spatial orientation, template amino acids, 
334-337 

Spatial scale, apparent paradoxes, 555 
Spectral density, noise at free 

one-dimensional diffusion, 393-396 
Spectral density of voltage 
calculation, 376-377 
valinomycin-modified phospholipid 

bilayers, 378/ 
Spherical cell, broadband estimate, 466 
Spherical lipid bilayer, dye 

characterization, 165-168 
Splitting, junctional membranes, 218 
•Spontaneous curvature 

hmitations, 142 
molecular volume subjected to a torque, 135 
relative magnitudes, 141 
variation with stoichiometry, 142 

Squid, determination of K- and Na-channel 
relaxation times, 415—428 

Squid axon, dye characterization, 168-170 
Standard potential of transfer 
value determination, 60-62 
water and nitrobenzene, 61i 

State-dependent alteration of field across 
a protein, contingent gating, 201 

Steric force, polymer-covered surfaces, 14 
Stochastic behavior, switching of 

conformational states, 371-372 
Stochiometry of components, spontaneous 

curvature, 142 
Streaming potentials, ion flux, 49-50 
Stress, ultimate source, 144 
Stress-depth distribution, protein 

conformations, 142 
Stress field, interaction with membrane 

proteins, 143 
Structural theme, membrane proteins, 130 
Structure, cytochromes c3,472-477 
Structure factor 

H 2 0 swelling experiments, 10If 
inhomogeneous contribution to hydration 

pressure, 12 
Styryl dyes 
engineered to meet specific experimental 

demands, 158/-159f 
fluorescent potentiometric indicators, 153 
lipid concentration and spectral 

characteristics, 164,166i-167f 
variable overall charge and 

hydrophobicity, 156-157 
Sucrose permeability 
identification of protein responsible, 208 
liposomes, 207f 
mitochondria, 245 
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Sucrose permeability—Continued 
protein from junctional membrane, 206 
selection for full-length connexin-32,208 
selection for liposomes containing 

full-length connexin-32,20^ 
Sucrose-permeable liposomes, bilayer 

channels, 210-215 
Sulfate-reducing bacteria, cytochrome c3, 

471-489 
Supported B L M (s-BLM), formation and 

characteristics, 515 
Supporting electrolyte 

dye separation, 66 
ideally polarizable interface, 64-65 
potential, 65 
potential-dye concentration relationship, 69f 
potentiometric response, 64 
relationship between interfacial 

potential and dye iodide, 68f 
Surface-bound membranes 
alkylsilanated electrode surface, 501/ 
capacitance, 506-508 
detergent dialysis technique, 492-495 
electrochemical impedance spectroscopy, 508 
evaluation, 491-510 
Pt electrode, model, 500-506 
SiO z, Ti0 2 , and ΙΤΟ electrodes, 506-508 

Surface compartment model, effects of 
electrochemical properties on passive 
ion transport, 440 

Surface domain, structural evidence, 255 
Surface free energy 
calculations, 431 
hemoglobin system, 434-437 
protein aggregation, 430-431 

Surface groups, interaction with protons, 31-33 
Surface modification, organisilanes, 495 
Surface spectroscopy, cytochrome c3 films, 

482-483 
Switching region 

colloidal osmotic pressure of the medium, 254 
voltage-gating process of a channel, 252-254 

Synaptic terminals, gap junctions, 226 
Synergistic effect, polyanions and osmotic 

pressure, 254 
Synporins, synthetic pore-forming molecules, 333 
Synthetic channel proteins, reversed-phase 

HPLC, 344/ 
Synthetic peptides 

ability to self-assemble in lipid bilayers, 350 
characteristics, 291-292 
pore structure of channel proteins, 349-350 
sequences that represent functional 

segments, 332 
transmembrane segment, 351 

Synthetic proteins 
computer-generated molecular model, 

334/-336/ 
mimic pore-forming structure, 333 
pore-forming capability, 350 
sequence specificity, 345-348 

Τ 

Tachyplesin 
antibiotic activity, 285 
structure, 284 

Tangential electric fields 
lateral movements of membrane 

components, 107 
origin and effect, 108 

T C N E reduction on PtO and PtO-OTS 
electrodes 

complex plane plots, 497f 
impedance data, 498f 

Template amino acids, spatial orientation, 
334-337 

Template-assembled synthetic protein (TASP), 
covalent attachment of peptide segments, 333 

Template lysines, orientation relative to 
four-helix bundles, 337 

Tetracyanoethylene (TCNE) on PtO and 
PtO-OTS electrodes, cyclic 
voltammetry, 496/ 

Tetramethicin 
conductance, 302f 
oligomers, 301/ 

Thallium ion, membrane permeation, 404 
Thallium ions in gramicidin channels 

Doppler spectra, 410f 
velocities and transit frequencies, 41 It 

Thermal energy, lipid hydrocarbon chain 
layer, 135 

Thermal fluctations, separation of neutral 
bilayers, 188 

Threshold estimation, weak electrical fields, 
466 

Thylakoid membrane 
solar energy harvest and processing, 526 
structure, 520 

Thylakoid membrane proteins, integral 
membrane spanning complexes, 108-109 

Thylakoid vesicles, preparation, 112 
Ti -T i0 2 electrodes, device characteristics, 506 
Time axis of histogram, fractal scaling 

relationship, 362f 
Time-dependent rate constant, changing 

energy structure of channel protein, 366 
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Time-domain subtraction, admittance-containing 
current response, 420 

T i 0 2 electrodes, capacitances, 508f 
Torsional angles, residues and crystal 

structures, 268f 
Toxins 

apamin, 288-289 
δ-hemolysin, 289-290 
mastoparan, 287-288 
melittin, 285-287 

Transient aqueous pores, enzymes, 466-468 
Transient defects in lipid bilayers, 

measurements of cation permeability, 45 
Transient photocurrent, zero time integral, 533 
Transit frequencies, gramicidin channel, 411—412 
Transitions 

channel nonconducting and conducting 
states, 416 

peptide spectra, 86-87 
Transjunctional voltage sensitivity, gap 

junction channels, 200-201 
Translocation mechanism, proton 

conductance, 41 
Transmembrane channels, proton diffusion, 48 
Transmembrane electric field 

polypeptide insertion into lipid bilayer, 120 
quantitative relationships, 563 

Transmembrane electron tunneling, two-step 
electron transfer, 522-523 

Transmembrane helix 
amino acid sequence and molecular model, 

326/ 
functional channels, 332 
integral membrane proteins, basic 

conclusions, 297 
sodium channel, 291 
width of the bilayer, 295-296 

Transmembrane ion channel, gramicidin, 97 
Transmembrane ion transport 

dipolar potential, 504 
osmotic stress measurements, 182-184 

Transmembrane potential 
electric-field-induced, 562-563 
intrachannel average velocities, 401 

Transmembrane segments 
electrogenic H + transport, 325 
electrogenic proton transport and 

coupling to ATP hydrolysis, 327 
length requirements, 296 

Transmembrane sequences, fragments, 290 
Transmembrane signaling, insulin receptor, 

270 
Transmembrane transport 

catalytic pore formation, 467 
channels as catalysts, 467 

Transmembrane voltage 
cubic cell model, 464f 
effects in artificial and cell membranes, 468 
electrostatic and hydrophobic interactions, 449 
short time scale behavior, 452f 
spreading resistance, 459 

Transmitter release, calcium-sensitive 
mechanisms, 330 

Transport mechanisms, studies of shot 
noise, 380-381 

Transport noise, nonequilibrium systems, 
378-381 

Transport protein, molecular architecture 
at high resolution, 316 

Trissl-Montal film 
schematic diagram, 544f 
signal from multiple layers of purple 

membrane sheets, 543-545 
Two-dimensional space, reactivity of 

proton with surface group, 34 

u 
Ultramicroelectrodes, solution resistance 

difficulties, 78 
Uniformly aligned multilayer samples, 

membranes, 85-86 

ν 
Valinomycin 

effect on bacteriorhodopsin spectra, 115 
K + diffusion potential, 165 

Valinomycin-doped membranes, spectral 
density of voltage, 377 

van der Waals force 
description, 3 
dipole correlations and dielectric images, 9 

Velocimetry, laser Doppler, 404-406 
Velocity distribution 

ion mobility in the channel, 411-412 
number of binding sites, 403 
potential-driven ions in gramicidin 

channels in bilayer membranes, 401-413 
thallium ions within gramicidin channel, 412 

Venoms 
apamin, 288-289 
δ-hemolysin, 289-290 
mast cell degranulating (MCD) peptide, 

288-289 
mastoparan, 287-288 
melittin, 285-287 
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Vesicle formation, phosphatidyl choline, 111-112 
Viologen reduction, polarity of 

photopotentials, 522 
Viral fusion factors, protein interaction 

with the membrane, 290 
Viscosity, hemoglobin solutions, 434 
Visual membrane 

analogous to signal from 
bacteriorhodopsin membrane, 552-553 

photon energy, 553 
Visual phototransduction, rhodopsin, 532 
Visual transduction 

metarhodopsin, 553 
surface potential-based trigger mechanism, 

554 
Voltage 

membrane-bathing solution interface, 517 
restricted extracellular space, 241 

Voltage coupling, gap junctions in axon 
terminals, 23&-242 

Voltage dependence 
electric field effect on partition between 

aqueous and membrane phases, 264 
mitochondrial channels, 250-253 

Voltage-dependent anion-selective channel 
(VDAC) 

aluminum hydroxide, 254 
computer model for open state, 247 
dimer in detergent solution, 249-250 
highly charged polymers, 253 
mitochondrial, 245-258 
modulation, 252-254 
modulator, rate and extent of V D A C 

channel closure, 254 
molecular basis for selectivity, 250 
monomelic channel, 248-249 
osmotic stress, 183-184 
properties in mitochondria, 246 
properties of open and closed state, 252 
protein attachment, 254r-255 
residues lining the wall of the pore, 250 
reversal potential vs. charge within the 

pore, 251/ 
structure, 246-250 
two-dimensional crystals, 247f 
voltage dependence, 252f 

Voltage-dependent pores, lantibiotics, 279 
Voltage divider 

external and internal pore resistance, 453 
pore expansion, 459 

Voltage-gated channels 
conduction and propagation of nerve 

signals, 330 
cross section model, 439f 
electrochemical model, 429-446 

Voltage gating 
channel specificity, 440-442 
conformation of membrane proteins, 108 

Voltage perturbation, admittance data, 421 
Voltage-sensitive behavior, ATP 

hydrolysis, 320 
Voltage sensitivity 

determination, 212-215 
gap junction channels, 200-201 
reconstituted channels, 211-215 

Voltage spectral density, calculation, 376-377 
Voltammograms, electron-transfer 

reactions, 516-517 

w 
Wasp venom, mastoparan, 287-288 
Water 

chemical hydration of lipid head groups, 138 
macromolecular surface, 177-196 
orientational polarization, 21 
relaxation of curvature of monolayers, 136 
role in proton conductance across model 

and biological membranes, 41-54 
Water chains, proton selectivity, 51-52 
Water layer, dynamics approximated by 

two-dimensional space, 29 
Water-membrane interface, proton diffusion 

dynamics, 27-40 
Water molecules 

order near the interface, 10-11 
transition-effecting action, 185 

Water-nitrobenzene interface 
adsorption of proteins, 72-78 
complex plane impedance plots, 73/ 
interfacial potential, 60-62 
ion transport, 57-59 
nonpolarizable, 63-64 
potentiometry in the presence of 

oxacyanine dyes, 59-72 
protein adsorption, 72-78 
reference interface, 62-63 

Water oxygen, distribution of densities, 16/ 
Water polarization 

between D L P E bilayers, 1̂ " 
D L P E surface, 18/ 

Water removal, free energy consequence, 194 
Water solubility, decrease in chain length, 157 
Water soluble dye, pyranine, 28 
White noise, gramicidin channel, 391 
Wild-type and mutant cells 

effect of KC1 on medium acidification, 319f 
voltage-sensitive behavior, 320 
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X-ray determination, multilayer membrane 
structure, 84 

Yeast—Continued 
lipophilic distribution probe, 318 

Zero time integral, transient 
Yeast photocurrent, 533 

electrogenic proton transport, 315-328 Zwitterions, correlation vs. exponential 
H+-ATPase as a model system, 316-317 decay, 8 
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