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FOREWORD

The ADVANCES IN CHEMISTRY SERIES was founded in 1949 by the American
Chemical Society as an outlet for symposia and collections of data in special
areas of topical interest that could not be accommodated in the Society’s jour-
nals. It provides a medium for symposia that would otherwise be fragmented
because their papers would be distributed among several journals or not pub-
lished at all.

Papers are reviewed critically according to ACS editorial standards and
receive the careful attention and processing characteristic of ACS publications.
Volumes in the ADVANCES IN CHEMISTRY SERIES maintain the integrity of the
symposia on which they are based; however, verbatim reproductions of previ-
ously published papers are not accepted. Papers may include reports of re-
search as well as reviews, because symposia may embrace both types of presen-
tation.
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PREFACE

THE FUNDAMENTAL MEMBRANE PROCESSES OF LIVING CELLS, for example,
generation of ion gradients, sensory transductance, conduction of impulses, and
energy transduction, are electrical in nature. Each process involves charge move-
ment in a specialized protein structure, where part of the protein forms a chan-
nel for conduction of ions. The opening of the channel is controlled by changes
in physical factors such as the electrical potential across the membrane or the
binding of signaling (e.g., neurotransmitter or hormone) molecules and ions to
specific receptor or enzyme sites. The 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 in considerable detail,
so their function can be studied in relation to structure, and models for which
structure and properties can be characterized together can be constructed. Ex-
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 problem.
An 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 in all channel systems.

For these reasons, the Office of Naval Research initiated in October 1986
an Accelerated Research Initiative of electrochemical research on biological and
model membranes. The 5-year program explored the physical basis of biologi-
cal sensory and energy-transducing processes by focusing on the electrochemi-
cal properties of integral membrane proteins (i.e., channel structures) associ-
ated with ion-transport processes. The major research areas covered were inter-
faces and lipid layers, channels (structure and function), and signal transduc-
tion. This volume contains papers from that program, as well as some related
studies.

The electrochemical emphasis in the study of channels has led to some
useful generalizations about the physical properties of integral membrane pro-
teins and some of the specialized properties that depend on unique structures.
The findings were presented and discussed at contractor’s meetings in Novem-
ber 1988 at Belmont House in Elkridge, Maryland, and in April 1991 at Airlie
House in Airlie, Virginia. Many research papers were published 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.

MARTIN BLANK IGOR VODYANOY
Department of Physiology Biology Division
and Cellular Biophysics Office of Naval Research
Columbia University 800 North Quincy
New York, NY 10032 Arlington, VA 22214-5000
Xiv
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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 MOST IMPORTANT FORCES ACTING BETWEEN MEMBRANE SURFACES are
van der Waals, electrostatic, and hydration. The first two forces are explained
by the Derjaguin—Landau—Verwey—Overbeek (DLVO) theory (1); the exis-
tence of the hydration force was anticipated before it was measured (2). The
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 with distance. The electrostatic force describes the
interaction between charged membrane surfaces when the separation be-
tween surfaces is above 10 molecular solvent diameters. The 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). The term “hydration” reflects the
belief that the force is due to the structure of water between the surfaces.
Electrostatic and hydration forces are similar in some respects: both are
exponential and repulsive and their theoretical description involves coupling
electrostatic concepts and ideas borrowed from statistical mechanics. Al-
though the nature of the electrostatic force is solidly established, this is not
the case for the hydration force. To illustrate the role the electrostatic

0065—-2393 /94 /0235—0003$08.54 /0
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4 BIOMEMBRANE ELECTROCHEMISTRY

concepts play in the description of the interaction between the membrane
surfaces, we will describe the theory of the electrostatic and hydration forces.
The description of the electrostatic force will be brief because details can be
found in the excellent book by Verwey and Overbeek (I). The main emphasis
of this review will be on 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 functioning of this interface. Also, because a very large number
of molecules constitute the interface, it is anticipated that the theory couples
the electrostatic concepts with the concepts of statistical mechanics. Among
the theories that illustrate this coupling, we find the rather simple but
surprisingly successful Gouy—Chapman theory (4). The successes and failures
of the Gouy—Chapman theory in explaining the properties of biological
membranes are detailed in the recent review by McLaughlin (5).

Gouy-Chapman Theory. The first theory that successfully treated
the electric double layer present at a phase boundary was the Gouy—Chap-
man theory (4). In its simplest version it considers an interface between a
homogeneously charged solid surface and an ionic solution. The ions in the
solution are modeled as point charges and the solvent is modeled as a
dielectric continuum with dielectric constant €. To 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 mobile ions
extend from x = 0 to infinity. The starting equation in the Gouy—Chapman
theory is Poisson’s equation, which couples the space-charge density p with
the electrostatic potential :

eV = —4mp (1)

where € is the dielectric constant of the medium and V? is the Laplace
operator. At this point the Gouy—Chapman theory assumes that the average
concentration of ions at a given point can be obtained from the average value
of the electrostatic potential at the same point through the application of the
Boltzmann distribution; that is,

n_= ng exp(ze/kT) ©)
n. = ng exp(~zel/KT) 3)

where n, is the bulk concentration of ions, n_ (n,) are local concentrations
of negative (positive) ions, e is the electronic charge, k is the Boltzmann
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1. BERKOWITZ AND RAGHAVAN Interaction Forces between Membrane Surfaces 5

constant, T is the temperature of the system, and z is the valency of the ions.

The total charge density p is then given by the expression
p=ze(n,—n_) = —2zen, sinh(zey/kT) (4)
Substitution of 4 into eq 1 results in the Poisson—Boltzmann equation:
€ V2 = 8mzen, sinh(zels/ kT) (5)

Equation 5 the fundamental equation of Gouy—Chapman theory. When
zey << kT, eq 5 can be linearized. The resulting equation is
8mzZe’ny Y

viy = -
v ekT LN

(6)

where N, which is usually called the Debye length, is given by the

expression
N, = €kT/8mz%e%n, (7

For a flat interface, ¢ is a function of x only. Using the boundary
conditions that ¢ = 0 and d{/dx = 0 when x — o, the following exact
solution for the z:z electrolyte at the flat interface can be obtained:

2kT 1+ aexp(—x/\p)
 ze 1 — aexp(—x/\p)

(8)

where

_exp(zedy/2kT) — 1
 exp(zel,/2kT) + 1

s, is the potential at the surface (x = 0). For zey,/kT << 1, eq 9 predicts
the exponential decay of the potential:

b =g exp(—x/Ap) (10)

Equation 10 can be obtained directly from the linearized Poisson—Boltzmann
equation.

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

)

w € ,od*y € (di
7 /opdx 417[0 Pl 411'(dx)x=0 ()
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Equation 11 is often called the contact value theorem. Combining eqs 8 and
11, we get the desired relationship:

2n,ekT zeys,
= i 12
Iy V - smh( kT ) (12)

For the biomembrane surfaces the situation zeys, >> kT often occurs. In
this limit, eq 12 is simplified and has the form

n(0) = n, exp(zeYo/kT) = 2wo?/ekT (13)

Equation 13 predicts that the concentration of counterions at the surface of
the membrane, n(0), is proportional to the square of the membrane charge
density and is independent on the valency and the bulk concentration of the
ions. Equation 13 together with other predictions from Gouy—Chapman
theory are subject to experimental verification. The agreement between the
Gouy-Chapman theory and the experiment is rather nice, considering how
simple it is. The recent review by McLaughlin (5) should be consulted for
further details of the experimental tests, successes, and limitations of
Gouy—Chapman theory.

From the rigorous treatment of the double-layer problem on the molecu-
lar level, it becomes clear that the Gouy—Chapman theory of the interface is
equivalent to a mean field solution of a simple primitive model (PM) of
electrolytes at the interface (6). To consider the correlation between ions,
integral equations that describe the PM are devised and solved in different
approximations. An “exact solution” of the PM of the electrolyte can be
obtained from the computer simulations. This solution can be compared with
the solutions obtained from different integral equations. For detailed discus-
sion of this topic, refer to the review by Carnie and Torrie (6). In many cases,
the molecular description of the solvent must be introduced into the theory
to explain the complexity of the observed phenomena. The analytical treat-
ment in such cases is very involved, but initial success has already been
achieved. Some of the theoretical developments along these lines were
reviewed by Blum (7).

Double-Layer Interaction. When two charged surfaces approach
each other their electrical double layers start to overlap and, as a result, the
surfaces experience a repulsive force. For flat surfaces the forces can be
explained in terms of the osmotic pressure due to the difference in the ionic
concentration in the region between the plates and the concentration in the
bulk region. Therefore, we can write (1)

p =kT(n,+ n_—2ny) = 2n kT [cosh(ze,,/kT) — 1]  (14)
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where p is the disjoining pressure and ¢, is the potential at the midplane
between the surfaces separated by a distance h. If zey,/kT << 1, the cosh
term in eq 14 can be expanded and the following expression for the pressure
can be obtained:

p = nokT(zew, /kT)® (15)

When the distance between the plates is large (h/\, >> 1), we can show
that ¢ ~ 2 (x = h/2) (1). Therefore, at these conditions we get from eqs
8 and 9 that

zels,, /kT = 8a exp(—h/2\p) (16)

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

p = 64nykTa® exp(—h/\p) (17)

where a is given by eq 9. Equation 17 is an often quoted result of the DLVO
theory that predicts that at distances greater than the Debye length the
repulsive pressure between charged membranes decays exponentially, and

the decay length is given by the Debye length.

Hydration Forces

Experimental Results. The DLVO theory, which is based on a
continuum description of matter, explains the nature of the forces acting
between membrane surfaces that are separated by distances beyond 10
molecular solvent diameters. When the interface distance is below 10 solvent
diameters the continuum picture breaks down 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). The 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 (f the solvent is water, then the force is
called hydration force) that still remains a puzzle. The hydration (solvation)
forces have been measured by using the surface force apparatus (9) and by
the osmotic stress method (10, 11). Forces between phosphatidylcholine
(PC) bilayers have been measured using both methods and good agreement
was found.

The general picture that emerges from the experiments is that up to
distances ~3 nm lipid bilayers in water repel each other with an exponen-
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tially decaying force. The decay constant of the force varies from the value
less than 0.1 nm to above 0.3 nm (3). If the lipids are neutral, the repulsion is
eventually balanced by the attractive van der Waals forces of DLVO theory. If
the lipids are charged, the repulsion continues but with a decay constant
compatible with the value obtained from the double-layer theory. The
addition of ions to water can, in some cases, provoke the appearance of an
attractive force (3), a phenomenon of obvious relevance to membrane fusion.

The previously described measurements have been performed on lipids
in aqueous solutions, but lipid bilayers also swell in some other solvents (12)
and the results of such measurements compare quite well with the aqueous
case. In addition, hydration (solvation) forces act between DNA 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 of this solvation force exist. So far no truly
ab initio theory has been proposed. The 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. The solvated phospholipid bilayer can be
considered as an electrostatic problem, where water is modeled as a dielectric
continuum (with € = 80) enclosed between surfaces that represent the
phospholipid membranes. The head groups of the membrane molecules can
be represented by dipoles and the tails can be represented by a dielectric
continuum (e = 2). The repulsion hydration force is due to the interaction of
the zwitterions of the head groups with the image charges. The first analysis
of such an electrostatic model was performed by Jonsson and Wennerstrom
(JW; 15). Because the head groups of the membrane molecules are mobile,
JW represented the zwitterions as a two-dimensional fluid described by a
radial distribution g(r). To simplify the problem, JW assumed that the
surface separation was large and that there was no correlation between the
surfaces. From their analysis JW concluded that the force due to the images
strongly depended on the character of the pair distribution function. The
force had an exponential decay when the correlation between the zwitterions
was strong. For the uncorrelated zwitterions, the force followed the power
law. Because the calculated value of the force was of the same magnitude as
in the experiment, JW considered their theory a success. The theory pro-
posed by JW was extended by Kjellander (16), who investigated the model in
greater detail by removing some overrestrictive assumptions. Kjellander con-
cluded that the force was strongly dependent on the model used for g(r) and
that the agreement between the JW results and the experiment was fortu-
itous. Moreover, Kjellander showed that a change in the location of the
dielectric discontinuities with respect to the location of the zwitterions caused
the results to undergo a dramatic change.
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The electrostatic model proposed by JW was later thoroughly analyzed in
a series of works performed by the “Swedish—Australian group” (17-19),
where exact formal treatment and approximate methods were used to solve
the problem. The 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) with mobile ions adsorbed onto
them (the net surface charge was zero). The surfaces were immersed in the
dielectric continuum with the dielectric constant €,. Behind each surface a
different dielectric medium (with the dielectric constant €,) was placed. In
the second model the mobile ions were replaced by mobile dipoles that were
oriented perpendicular to the surfaces. In both models the motion of the
particles was restricted to the well-defined plane. From the analytical treat-
ment, which included images and correlations, the following asymptotic
results for the pressure were obtained for the first model:

1. When €, = €, (no image charges are present in the system),
the interaction arises from the charge fluctuations. The pres-
sure, P, is attractive and displays an asymptotic behavior:

P~ —T/K (h - ) (18)

The pressure is independent of the ion concentration and ionic
radii; it only depends on the temperature T and the distance
between the layers.

2. When €, # €,, image charges are present in the system. The
image repulsion between electroneutral planes is exactly can-
celed by the static van der Waals interaction, and the leading
term for the total pressure is exactly the same as in the
previous case.

In the second model (and in the case that €, # €,), the pressure
between surfaces arises from dipole correlations and dielectric images.
Asymptotically the pressure is

P~ —A/h*+ B/h* —C/h5 (h - ») (19)

The van der Waals pressure is not screened and it dominates at large
distances; the second term is due to image repulsion, and the third term is
due to the attraction between dipoles on different surfaces.

These asymptotic results were compared with numerical results obtained
by solving the hypernetted chain equation (HNC) for the pair distribution
function, with Monte Carlo (MC) simulations and with a mean field approxi-
mation. The agreement between the numerical results and the asymptotic
results was fairly good at distances above h = 1.5 nm. Substitution of the
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parameters that correspond to the zwitterionic lipid lamellae into the forego-
ing pressure expressions resulted in the attractive total pressure.

We have concluded that the electrostatic model proposed by JW 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. Nearly immediately after the publication
of the first data on the hydration force (10), Marcelja and Radic (MR)
proposed a very elegant theory to explain the nature of the observed strong
force (20). According to MR theory the force is due to the modification of
water structure near the membrane-water interface. The water molecules
near the interface differ from the water molecules in the bulk: they are more
“ordered.” To describe this “order,” one can introduce an order parameter
M(x) and perform a Landau-type expansion of the free energy density g(x);
that is,

g=g,+an + c(a'q/ax)2 + - (20)

where g, is the free energy density in bulk water, and @ and c are constants.
The corresponding minimization problem results in the differential equation

d*n(x)/dx* — (a/c)n(x) =0 (21)
Assume now that the interfaces are positioned at x = h/2 and x = —h/2
and that m(h/2) = —m(—h/2) = m,. The minimization of free energy

density given by equation 20 subject to these boundary conditions results in
the following form for the order parameter:

n(x) = m,sinh(kx)/sinh(kh/2) (22)

where k = (c/a)"/2. The excess free energy per unit area, AG, is
_ (k2 1/2 o
AG = [V (g - go) dx = (ac)"*n} coth(hx/2) (23)
—hy2

The pressure, p, is given by the derivative of the excess free energy:

IAG Po
= — = 24
P oh sinh®(kh/2) (24)
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For kh >> 1, the repulsion follows the exponential law:

p = 4p, exp(—xh) = 4p, exp(-h/\) (25)

where A = 1/k. From the derivation described previously, it follows that the
value of p, (the pressure when the surfaces are at close contact) is deter-
mined by the degree the surface orders the water and, therefore, depends on
the properties of the surface. The decay parameter N is determined by the
degree the ordering is propagated through water and, therefore, according to
MR theory (20) characterizes water only.

Marcelja and Radic (20) did not specify what quantity plays the role of
the order parameter. Many different variables can be considered as candi-
dates for this role, but the orientational polarization of water has the greatest
appeal. Indeed, in later publications Gruen and Marcelja (21) explicitly
considered this quantity as an order parameter in the problem. An emphasis
on the orientational polarization allows easy construction of an intuitive
picture for the origin of the hydration force, and this picture is given in
Figure 1. As can be seen from 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.

The MR 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 Leikin (KL; 22) extended the Marcelja—Radic
theory and demonstrated how this dependence can be explained. They
replaced the homogeneous boundary conditions used in Marcelja—Radic
theory by the inhomogeneous boundary conditions. According to Kornyshev
and Leikin, the description of the inhomogeneous character of the bound-

VIRVIR VARV

0 —>—<¢—>—<¢— Q
AA A A
AAAAA

VvV VWV V VvV

Figure 1. Pictorial representation of the Marcelja—Radic theory.
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aries is measured by the correlation function
Sij(R) = 3(dn,(r + R) 8"]](’") + Sle(r + R) dny(r)> (26)

where R is the lateral coordinate and i, j label the surfaces. In reference 22
the authors show that only S;;(R) contribute to the repulsion force. The
Fourier transform of this correlation function, S;,(Q) (usually called the
structure factor), which is defined as

Su(Q) = [dRS,(R)exp(~iQR) (27)

determines the inhomogeneous contribution to the hydration pressure Py,
which is given by the expressions

Pyn(h) = Py(h) + Py(h) (28)
c > QS:(Q)
R e L

In eq 29, 1/k is the characteristic decay length for the pure water. As
reference 22 pointed out, S;(R) displays periodic oscillations with some
wavenumber g, , modulated by a decaying envelope of some characteristic
width £. Then S,,(Q) has a maximum centered at Q = g, with a width £
In this situation when £* >> h(k* + g3)? (22), the main contribution to
the integral is given by Q = g, so that we obtain

_ BRI pg
k() Sinhz[h(K2+q=2k)l/2] sinh? (K oeh)

(30)

This equation is very similar to eq (24), the main result of Marcelja—Radic
theory. The difference between the eqs 24 and 30 is that eq 30 clearly shows
that the decay constant of the hydration force depends on the nature of the
interface. Equation 30 is obtainable from MR theory if the constants a and ¢
in eq 21 are assumed to be interface specific. Equation 30 justifies this
assumption.

In the opposite limit when £ << h(k® + g3)~!/2, the main contribu-
tion to the integral is due to the region near Q ~ k. The decay length is then
(2x)7!. In the intermediate case there is no single decay length, but there is

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



Publication Date: May 5, 1994 | doi: 10.1021/ba-1994-0235.ch001

1. BERKOWITZ AND RAGHAVAN Interaction Forces between Membrane Surfaces 13

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

1

1
<Ay < — (31)
a(x*+q3)" T 2

Kornyshev and Leikin (22) also proposed the following three qualitative rules

that describe the variation of the decay length and the strength of the
hydration force:

1. With the increase of the correlation range of the surface
structure factor, the effective decay range of the hydration
repulsion decreases.

2. At a large fixed distance between the surfaces, the increase of
the correlation range of the surface structure factor leads to
the decrease in the absolute value of the force.

3. The variation of the observable effective decay lengths is
limited from below and above. The lower limit is the period for
the surface perturbation distribution divided by 41r; the upper
limit is one-half of the water correlation length.

Kornyshev and Leikin show that these rules correlate well with the experi-
mental data (22).

Because the Landau-type expansion has an empirical character, justifica-
tion on molecular grounds is important. Gruen and Marcelja (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 Maxwell 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)

In equations 32 and 33, x is the susceptibility of the medium. Expressed in
the Fourier space, the Maxwell field E and the polarization P are related by

47P(k) = (e(k) — I)E(k) (34)
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where €(k) is the wave-vector-dependent dielectric tensor and I is the unit
tensor. From the minimization of the free energy density Gruen and Marcelja
(21) obtained the following form for the dielectric function e(k):

€ — €

- S R S '
() =|e* 17 £2k%, /<.

(35)

where €, and €, are the static and high-frequency dielectric constants,
respectively, and & is a decay length, the value of which is fixed to secure
agreement with the measured forces. This form for the dielectric function
was used extensively in nonlocal electrostatic theories that attempted to
explain the hydration repulsion (23-25). Very recently, it was pointed out
that the form for the dielectric function given by eq 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 Wennerstrom (IW) proposed that the origin of the hydration
force is due to the head-group protrusion of the phospholipid molecules into
the solvent region (27), and, therefore, the force is more akin to a “steric”
force acting between polymer-covered surfaces. Because such an explanation
of the nature of the hydration force does not involve electrostatic concepts,
we will not present the IW theory here. A detailed description of a protrusion
model is available in a recent review by Israelachvili and Wennerstrom (28),

and a critique of IW theory of protrusions can be found in Parsegian and
Rand (29).

Computer Modeling

Marcelja—Radic 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 Hamiltonian. Due to the
complexity of the problem perhaps only a computer simulation technique can
provide a description on this level. The tremendous usefulness of computer
methods in the study of DNA and protein molecules (30, 31) inspires the
hope that simulations will also play an important role in the study of
biomembrane molecules. The first computer simulations to study the prob-
lem of hydration force on phospholipid molecules were performed by Scott
(32, 33) and by Kjellander and Marcelja (34, 35). Because these studies were
performed seven to eight years ago, the researchers were limited by the
computer power available. As a result, the simulations were performed with
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simplified models of membrane molecules and the dynamics was restricted.
For example, in the simulations of Kjellander and Marcelja (34, 35) the
dynamics of water molecules in the presence of fixed lecithin head groups
was performed for a rather short run (8 ps). In these simulations the
orientational polarization propagated in a damped oscillatory manner some 1
nm from each membrane surface. This observation was used by Israelachvili
and Wennerstrom (27) as an argument against Marcelja—Radic theory, which
predicts an exponential decay of the polarization (20). However, because
Kjellander and Marcelja simulations were performed for rather short runs, we
question if the oscillating polarization profiles observed in these simulations
are due to the limited statistics. Another pertinent question is if 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). To answer these questions we recently performed 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 will be
given elsewhere.) In simulation A we considered a bilayer composed of 32
dilauroylphosphatidylethanolamine (DLPE) molecules and 362 water
molecules at T = 285 K. Each layer of the bilayer consisted of 16 molecules
and the layers were separated by a distance ~1.4 nm. The 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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taken from the AMBER software package (36). In this simulation we made
some improvements in modeling the DLPE bilayer since our last simulations
(37): In the previous simulations the hydrocarbon atoms of the chain were
held fixed; in the present simulation A all the atoms are moving. To
concentrate on the head-group motion we considered the bilayer to be in a
gel phase; therefore, the spacing between the molecules was adjusted so that
the area per DLPE molecule was 0.41 nm?® (area in the gel phase). A
snapshot from the simulation is given in Figure 2. In simulation B we kept
the DLPE molecules rigid and in the crystal phase.

The distribution of densities for water oxygen (relative to the density of
bulk water) along the x axis (axis perpendicular to the bilayer surface) is
shown in Figure 3. Figure 4 displays the density and the location of the atoms
in the head group of the phospholipid molecules. One of the most difficult
problems to be resolved when dealing with the rough surfaces is to decide
how to measure the intersurface distance. In the present simulations, guided
by Figure 3, we positioned the boundaries of the surfaces at x = 0.14 nm

2.0p———————+—— —— .
1.5¢1 4
&
: ﬂ
$ 1.07 +
2
[
s
[a]
0.5T 1
o.c';:.:]::r;:::

-25 -15 -5 5 15 a5

X (A)

Figure 3. Water oxygen densities from the simulations A (solid line) and B

(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 location of the membrane surfaces (see the text).
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o
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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 N 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 O atom, dashed line is for the P atom, dotted line is for the O
atom connected to P atom and C atom, and dot-dashed line is for C atom.

(roughly the radius of the water molecule) away from the positions that
correspond to the water adsorption peaks at the membrane surfaces. As we
can see from Figures 3 and 4, the head-group atoms slightly protrude into the
water and water penetrates ~ 0.5 nm from the surface into the head-group
region in simulation A. The weak layering of water is still present in the
system. When the surface is rigid (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 by the sharp intense peaks in the
density, is observed. In this case the density oscillations of water are still
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strong even beyond the first layer. Figure 5 shows the orientational polariza-
tion profiles along the bilayer normal obtained from the simulations A and B.
Similar to the density profiles, much sharper polarization oscillations are
observed in the simulation with rigid DLPE molecules. Although the oscilla-
tions in the polarization profile from a gel simulation are reduced compared
to the oscillations observed by Kjellander and Marcelja (34), they are still
present in our simulation. The main conclusion we draw from the comparison
of water properties obtained in simulations A and B is that the structure and
packing of the head groups of the membrane molecules dramatically influ-
ence the properties of water molecules embedded between membrane sur-
faces. This conclusion is in agreement with Kornyshev and Leikin theory
(22).

Because our simulations were performed on a rather small sample and
only for 96 ps, it is possible that we did not sample enough of the configura-
tion space of the system. To avoid some of the effects due to this problem we
performed another 96-ps simulation (simulation C) in which the phospholipid
molecules were again kept in gel phase, but were initially prepared in a
different configuration. The symmetrized polarization profile obtained from

0.2 T v T Y T

Polarization

-5.0 -2.5 0.0 2.5 5.0
X (A)

Figure 5. Polarization of water in the direction normal to the DLPE surface
from simulations A (solid line) and B (dashed line).
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averaging the two gel simulations (simulations A and C) is presented in
Figure 6 together with the fit of this profile to a functional form given by eq
22. The dependence of the decay length k on the character of the interface is
assumed. This assumption is justified by Kornyshev—Leikin theory [see the
foregoing discussion on Kornyshev—Leikin theory (22)]. In general, the
polarization data from the simulations are fitted to the equation

n(x) = asinh[(x = x4)/Aegr] (36)

where a is a fit constant and x,, is the value of the coordinate in the middle
of the bilayer (x, = 0 in eq 22). The polarization profile obtained from our
simulations does not show as much oscillation as the profile from the
simulation of Kjellander and Marcelja (34), but it is still not monotonically
decaying as predicted by eq 36. Nevertheless the decay exponent for the
polarization obtained from the fit is of the same value as the exponent found

Polarization

e 3

-5.0 -2.5 0.0 2.5 5.0
X (A)

Figure 6. Data points that represent the orientational polarization of water
between DLPE bilayers 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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in different experiments involving PE molecules in gel phase [the experimen-
tal decay length in the region 0.08-0.12 nm (3)].

A better sampling of the motion of the configuration space of the system
can be done when the membrane molecules are in a liquid crystalline phase.
Therefore, to study the behavior of water between the membrane surfaces,
we analyzed the data from the recent simulations of a liquid crystalline phase
of dipalmitoylphosphatidylcholine (DPPC) molecules (38) and from an exten-
sion of this simulation (S. J. Marrink, M. Berkowitz, and H. J. C. Berendsen,
unpublished). Some of the results from these works are shown in Figures
7-11. Figure 7 displays the density of phosphorus (P) and nitrogen (N) atoms
of the head groups together with the profile for water density. As the figure
indicates, the phospholipid molecules are well solvated. The vertical lines on
this figure indicate the positions of the surfaces, which were found using the
following procedure. First we obtained the average positions of P atom and of

40 T Y Y T T T T T T Y T

Density (g/cm?)

X (nm)

Figure 7. The N atom (solid line), P atom (dotted line), and water densities

(dashed line) from a simulation of DPPC—water interface as a function of

distance along the bilayer 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 ~0.6 nm.
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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.

N atoms from their respective distributions. Then we found the midpoint
between these positions, and finally we placed the membrane wall at a
distance 0.5 nm away from the midpoint toward the water. This procedure
used to locate the position of the membrane surface agrees well with the
procedure used in the experiments with X-rays (11). The density profile of
water, which is also shown on the figure is smooth and does not display any
oscillations. It is, therefore, not that surprising that the orientational polariza-
tion of water is also smooth and, moreover, can be very nicely fitted to a
functional form given by eq 36, as shown in Figure 8. The exponent for the
polarization decay obtained from the fit has the value of 0.26 nm, which is
relatively close to the experimental value of 0.21 nm (3). Figures 9 and 10 are
similar to Figures 7 and 8, but they are obtained from a simulation with a
larger separations between DPPC membrane surfaces. Again the fit of the
water polarization profile obtained from the simulation to the functional form
of eq 36 is good. According to theory the exponent of the polarization decay
should not depend on the distance between membranes, and, indeed, from
our simulations we observe this to be true (the decay constant obtained from
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Figure 9. Same as Figure 7, only for the distance ~1.6 nm between DPPC
surfaces.

a simulation with a larger separation of DPPC molecules is found to be
~0.21 nm). Considering that we deal with measurements of rather limited
accuracy due to the fit and statistics, we conclude that the agreement
between the exponents from the two simulations of DPPC molecules is good.

The major result from our analysis of DPPC simulation is that the
orientational polarization of water displays a monotonic behavior. Therefore,
the statement that computer simulations always show an oscillatory polariza-
tion profile of water seems to be incorrect. To understand better the nature
of what is happening in the simulations with liquid crystallne DPPC, we
display a snapshot from the simulation in Figure 11. This figure clearly shows
protrusions of the phospholipid molecules from the bilayer surface. We think
that the role of these protrusions is to “roughen” the surface. Rough 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 of hydration force in
some way combines the pictures presented by free energy theories (20-22)
with the IW (27) theory. We emphasize that, contrary to the IW view
expressed in reference 27, we believe that the force is due to the orientational
order in the solvent.
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Figure 10. Same as Figure 8, only for the distance ~1.6 nm between DPPC
surfaces.

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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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.

THE STUDY OF PROTON DIFFUSION ON MEMBRANE SURFACES can be satisfied
with different levels of elaboration. The initial step is acquisition of experi-
mental transients that reflect the proton diffusion process. The study contin-
ues with analysis of the observation to obtain time constants and diffusion
coefficients, and ends with 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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We shall describe the various steps in the evolution of the methods and
knowledge of proton diffusion on the membrane surface. The methods used
for our studies all emanate from one basic technique—the laser-induced
proton pulse (I). The common step of the various forms of this method is a
pulse excitation of aromatic alcohols (#OH), such as naphthols, sulfono
naphthols, or pyranine (8-hydroxypyrene-1,3,6-trisulfonate), to their first ex-
cited electronic singlet state (POH*). In this state the compound is very
acidic and the hydroxyl proton dissociates in subnanosecond dynamics.

The reaction of the proton with the environment is monitored by its
interaction with pH indicators, dye release by the ground-state anion of the
proton (®07), or even the geminate recombination of H with the excited
anion (®O* ™) (for reviews, see references 2 and 3).

The capability to measure transient signals directly coupled with protona-
tion of a distinct chromophore is further exploited by insertion of the
chromophore into defined microenvironments. Gutman et al. (4) used this
method to trap the proton emitter, pyranine, in aqueous layers of multilamel-
lar liposomes to measure the diffusion of protons in ultrathin layers in the
microsecond time scale. The same system was investigated with a 1000-fold
time resolution to monitor the reaction within 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 within a proteinaceous cavity (6). Thus the versatility
of the method is limited 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. When dry
phospholipids are swelled in dilute solutions of pyranine (2 mM or less),
multilamellar vesicles are formed where the dye is entrapped, almost exclu-
sively, in the outer aqueous layers. A suspension of such vesicles in water
provides a model for the water layers that exist in the folding of mitochondria
membranes or the packed lamellae of thylakoids.

When the dye in the thin water layer is laser pulsed, its proton is rapidly
ejected and, after rapid relaxation to ground state, an ion pair H* and ®O~
is formed. The strong absorption of the ®O~ anion (at 450 nm) fades rapidly
(within a few microseconds) due to its reaction with the proton, and the
system relaxes to its initial prepulse state. Typical traces are shown in Figure
1. The two traces correspond to recombination in unstressed vesicles, where
the width of the water layer is 25 A, and under strong osmotic pressure
(applied by sucrose), which squeezes the water layer to ~10 A (7). Both
signals exhibit a rise time, unresolved at that time frame, followed 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 X 107 dyn/cm?) in
10-mM mesylate pH 5.7.

The analysis of the dynamics assumes the water layer to be infinitely thin,
approximated by a two-dimensional space. The dynamics of a diffusion-con-
trolled reaction in a two-dimensional space is given by Hardt’s analytic
expression (8), which predicts that the relaxation rate (y) will vary almost
linearly with the two-dimensional concentration [<I>O"](2) of the reactants:

Dp2nN[®0 ],

Yo In(1/R,py/7N[®O]; )

where Dy, is the two-dimensional diffusion coefficient of H* (diffusion of
®O~ is assumed to be negligible), N is Avogadro’s number, and R,y is the
collision distance.

The results of many experiments, similar to those depicted in Figure 1,
are drawn in Figure 2 in accordance with eq 1. As predicted, a straight line
correlates the experimental value of the rate constant (vy) with the amplitude.
The slope of these lines corresponds to the two-dimensional diffusion coef-
ficient of H*. The different slopes imply that the diffusion coefficient of

(1)
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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 X 107 dyn/cmz), B.

protons near a membrane is not constant; it varies with the width of the
aqueous layer. The value measured for the unpressed structure is

Dg, = 2.5 + 0.5 X 107 cm?/s

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

The slower diffusion coefficient derived from the dynamics of the proton
anion reactions, measured under osmotic pressure (curve B in Figure 2),
implies a complex relationship between the external pressure and the order-
ing of water in the hydration layer. As the width shrinks, the capacity of
protons to diffuse within the space by a random walk is diminished.

The interpretation of this observation is not simple and calls for evalua-
tion of two more parameters: the interaction of protons with surface groups

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



Publication Date: May 5, 1994 | doi: 10.1021/ba-1994-0235.ch002

2. GUTMAN  Time-Resolved Dynamics of Proton Diffusion 31

and the effect of the geometry of the reaction space on the dynamics of the
reaction.

Interaction of Protons with Surface Groups

The surface of a biomembrane is not inert. It is covered by a multitude of
groups that have a wide range of pK values. Each phospho moiety, even
zwitterionic ones, can bind a single proton with pK = 2.25. The carboxyl of
phosphatidylserine has a higher proton affinity (pK = 4.5), whereas proteins
and phosphatidic acids provide sites with pK values above 7. The multiplicity
of proton binding sites dramatically affects the capacity of the proton to
propagate along a surface. For instance, free protons bound to a phospholipid
or protein are practically immobile. Thus the apparent diffusion coefficient
(D,p,,) of protons near a surface will be much smaller than that of protons in
bulk; it will be roughly proportional to the fraction of free protons at the
interface. The precise expression derived by Junge and McLaughlin (12) also
accounts for the presence of mobile buffer molecules (substrates, adenosine
5'-triphosphate (ATP), adenosine 5'-diphosphate (ADP), etc., present under
physiological conditions). The detailed expression for the diffusion of extra
H™ (or OH™) near a buffered surface is given by

2.3(H") ) _( 2.3[0OH] ) N pBi @

D, =Dy+|—
PP " ( Brot Brot Brot

where Dy +, Doy -, and D, are the diffusion coefficients of H*, OH™, and
all other buffers (fixed and mobile) present in the system. B, is the total
buffer capacity and B; is the buffer capacity of the various individual buffer
moieties. From this expression one can see that near neutrality, where
[H*] ~[OH"]1 ~ 107" M, even 1 mM of mobile buffer will suffice to
function as the main carrier of acidity.

Although the presence of buffering moieties on membrane surfaces
reduces the apparent diffusion coefficient of a proton, it can enhance the
probability that protons in the bulk phase will interact with groups on a
membrane surface. This feature is demonstrated by the experiments pre-
sented in Figure 3. The measured parameter in these experiments was the
protonation of a pH indicator adsorbed to the surface of a micelle made of
uncharged detergent (Brij 58). The protons were released in the bulk from a
hydrophilic proton emitter, 2-naphthol-3,6-disulfonate. The protons released
in the bulk react by a diffusion-controlled reaction with the micelle-bound
indicator and lead to a fast protonation phase. The perturbation then relaxes,
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on a larger time scale, both by dissociation of the proton from the indicator
and through collisional proton transfer between the indicator and the anionic
state (#O~) of the proton emitter. That scenario is depicted in curve A of
Figure 3. Trace B in Figure 3 was measured under the same conditions
except that the micelles were spiked with six molecules (averaged for the
population) of the zwitterionic neutral phospholipid, phosphatidylcholine.
The signal of the protonation of the indicator is larger, which demonstrates
that the neutral phospholipid somehow enhanced the probability of proton-
indicator interaction.

The mechanism of the enhancement is the rapid exchange of protons
between adjacent surface groups. When two charged sites are packed to-
gether on a surface so that they are a few angstroms apart, their Coulomb
cages can merge into a double minimum potential well (13, 14). In such an
extended cage, the proton can rapidly shuttle between the sites. When the
density of these sites is sufficiently high to form an effective network, the
“search” becomes very efficient, which represents a reduction of dimension
of the search space (15, 16). The effective rate of proton exchange between

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, phosphatidic acid added to 6
molecules per micelle. For more details see Nachliel and Gutman (11).
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nearby surface groups is a function of the proton binding site density on the
surface. As a result, we observe a “concentration” dependence. The larger the
density of sites, the more efficient is the mechanism. The apparent correla-
tion factor, as measured for mixed micelles (17), pure lipid surfaces (11), or
protein (18) is ~10' M™! s7!; that is, as fast as a diffusion-controlled
reaction. This process bestows a “proton antenna” property on any surface.

It must be stressed that the exchange of protons between adjacent groups
has no surface-enhanced directionality. A proton dissociating from one moiety
can reach either the bulk or the nearby surface moiety, which sets a limit to
the effectiveness of the proton antenna. Even with transfer efficiency as high
as 90%, after n = 9 passages the probability that the proton will remain on
the surface dwindles to e¢~!. Because the length of a Coulomb radius on the
surface is [ = 10 A, the dimension of the effective search distance is
d=1/n=304

The efficiency of the proton antenna of a surface is a function of the pK
of the collecting groups. Very basic moieties (pK >> pH) will be constantly
protonated and, thus, noneffective in the exchange. More acidic moieties
(pK ~ pH) will be in the proper ionization state to accept the proton and
keep it for a few microseconds, which renders the proton less mobile. This is
clearly seen in traces C and D of Figure 3. Neither phosphatidylserine
(pK = 4.5) nor phosphatidic acid (pK = 8.0) function as components of
proton antennas. The dwell time of protons on these groups is sufficiently
long to inhibit propagation along on the surface.

Effect of Geometric Constraints on Proton Binding
Dynamics

At present the highest resolution of diffusion-controlled proton binding
reactions is attained by monitoring the time-resolved fluorescence signals of
reversible proton dissociation from the excited state of proton emitters
(18-21). These measurements monitor, at real time, the subnanosecond
events of the dissociation of protons from ®OH* with sensitivity so high that
the recombination event of ®O* "+ H™" can be observed. The high accuracy
experiments of Huppert et al. (19-21) were reconstructed by Agmon’s
mathematical treatment. The procedure is a numerical solution of the
Debye—Smoluchowski operator that describes the translational diffusion of
the proton within the electrostatic field of the excited anion. For a proton in
spherical symmetry, the program calculates the probability of stepping inward
[from ri to r(i — 1)] and outward [to r(i + 1)], and the influx of protons to
r(i) from the two adjacent shells. These probabilities are given by the
gradient of the electrochemical potential of the proton, which is the combina-
tion of the electrostatic potential and the entropic gain of a proton moving to
a larger volume as r increases.
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The primary advantage, and beauty, of this treatment is that the control
parameters of the program are purely stochastic. These stochastic elements
are blended by the computation algorithm to produce averaged values such as
density probabilities or radial possibilities with macroscopic interpretabilities.

The reaction space pertinent to our system is depicted in Figure 4. The
proton is assumed to dissociate in the aqueous layer and diffuse in a
three-dimensional space until its diffusion sphere contacts both membranes.
At that point the diffusion loses its three-dimensional property and assumes a
cylindrical configuration that, with respect to the volume increment between
two shells, is identical to a two-dimensional diffusion. The shift from a three-
to a two-dimensional space has a marked effect on the diffusion dynamics: In
the three-dimensional space the density of a particle in a concentric shell
varies as r~3, whereas in the two-dimensional space the density varies as r~2.
Consequently the concentration gradient in three-dimensional space is larger
and drives a better diffusion away from the center.

The second factor associated with the shift to the two-dimensional
regime is the reactivity of the proton with the surface group. The effect of
transferring the reacting pair from the ideal spherical symmetric environment
of bulk water to the confined space between the phospholipid plates is shown
in Figure 5. The lower curve depicts the fluorescence decay dynamics of
pyranine in bulk water. After a fast relaxation of the ®OH* fluorescence,
due to its dissociation, we observe a long shallow tail due to geminate
recombination. Between membranes (made of dipalmitoylphosphatidyl-
choline (DPPC) or DPPC plus cholesterol) the tail is more pronounced,
which indicates a higher probability of proton-®0O*"~ encounter.

Figure 6 depicts the observed dynamics using a logarithmic scale. This
figure also includes the reconstructed fluorescence dynamics generated by
Agmon’s algorithm. The five curves drawn in the figure were calculated with
the same microscopic parameters, with the exception that the width of the

NS

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 (R;)
exceeds the distance to the membrane (d,, /2), the shape of the diffusion space
deviates from spherical symmetry and approaches cylindrical symmetry. R, is
the reaction radius, R, is the unscreened Debye radius of pyranine (R ; = 28.3

). d,, in this scheme is 30 A , and the size of the water molecules is drawn to

scale.
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Figure 5. Time-resolved fluorescence of pyranine at the wavelength of maximum
POH* emission. The dye was excited by a 10-ps laser pulse (A = 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
(1:1). 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 ®O*~ 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 Figure 4) was varied from 30 [corresponding to with the
value determined by Rand and Parsegian (22)] to 20 A

The curve calculated for the actual width 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. The curves, with smaller gaps
between the membranes where the two-dimensional diffusion was estab-
lished earlier, differ systematically from the experimental curves. All the
curves exhibit a slower fading of the ®OH* species, which indicates that the
shift of 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
width of the aqueous layer. This method, unlike X-ray scattering (7, 22) or
electron density maps (23), gauges the effective width of the diffusion space
and is free from assumptions associated with 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. The thin layer of a high dielectric fluid sandwiched between the
low dielectric lipid plates, each covered by positive and negative charges,
forms a very complex medium for calculation of electrostatic interaction
(24, 25).

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

The uppermost curve was calculated for €. = 39, which would have
been the dielectric constant for a charge adsorbed to the dielectric boundary
between water (€ = 78) and lipid (e = 2). The corresponding curve is far
from reality. Near the best fit curve (corresponding to €. = 52), the shape of
the line is extremely sensitive to the dielectric constant, and deviations as
small as 10% 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 in
contact with biomembranes.
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Summary and Conclusions

We have demonstrated how studies of proton transfer on membrane surfaces
evolved from the phase of data acquisition to the level of biophysical
evaluation of the diffusion space matrix, an evaluation that is based on
recognition of the paramount role of dielectric discontinuities and the geome-
try of the reaction space.

These studies can evolve further. The biochemist and the physiologist are
much more interested in the protein and lipid elements of the biomembrane
than in the aqueous phase adjacent to it. These components can be investi-
gated through measurements of the effective dielectric constants on their
surface.

If the dielectric constant of the aqueous phase enclosed inside the heme
binding site of apomyoglobin can be measured and the dielectric constant of
the protein is deduced from that data (26), there is no reason why the same
procedure cannot be applied to membrane proteins. If the geminate recombi-
nation of proton-excited pyranine anion can be monitored in the anion
channel of the Pho-E protein (27), the interior of other channels can also be
investigated.

No 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 will be followed by “Discussion”.
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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 F,F,
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 PA, or 10°H* /8. Assuming
that an adequate supply of protons is made available to the putative
channel, this rate easily supports proton transport requirements of the
F,F, ATP synthase during ATP synthesis. However, at neutral pH
ranges diffusion of free protons probably could not maintain an
adequate supply at the channel mouth. Other sources of protons must

therefore be postulated.

THE NATURE OF THE PERMEABILITY BARRIER AND THE BASIC MECHANISM of

ion permeation are understood only in the most general sense even though
the first measurements of ionic flux across lipid bilayer membranes were
conducted 25 years ago. Establishing a permeation mechanism is difficult
because the fluid lipid bilayer is described in terms of average motions of
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many lipid hydrocarbon chains. This description makes it difficult to deduce
the conformation or activity of a lipid molecule as it interacts with an ion, for
instance, the permeation of a single potassium ion. The flux of potassium ions
across a liposome membrane is readily measured, either as radioactively
labeled species or with a potassium-sensitive electrode. The flux is slow—
about 107° the rate of water permeation down equivalent gradients—but
nonetheless occurs. What happens when a potassium ion approaches the
bilayer? Is the bilayer indifferent, or does it become deformed by the
immense electrostatic energy associated with the ion? How does the ion enter
the bilayer phase? Does it dissolve in some sense, in a manner analogous to a
permeating water molecule, or does it require a substantial transmembrane
defect before it can find its way across?

We were forced to address such questions 10 years ago when we
observed that pH gradients across liposome membranes decayed at rates
much greater than expected from our knowledge of other cation permeation
rates (I). For example, a potassium ion gradient has a decay half-time
measured in hours, whereas an unbuffered hydrogen ion gradient in the same
system decays in less than a second if counterion current is not limiting. The
apparent discrepancy between proton and potassium permeation rates has
intrinsic interest, but also has more general implications because the genera-
tion and maintenance of hydrogen ion gradients are central bioenergetic
events in all cells.

What underlying mechanism might account for the vastly greater perme-
ability of lipid bilayer membranes to protons? There is no obvious difference
between solvated forms of potassium and hydrogen ions. Both would be
“seen” by the membrane as a positive charge surrounded by several water
molecules. However, there are important differences in the way a hydrogen
ion might be translocated across a membrane. First, unlike any other cation, a
hydrogen ion has an equivalent anion; that is, translocation of a hydroxide ion
across a membrane in one direction is essentially indistinguishable from the
translocation of a hydrogen ion in the other direction. Second, hydrogen ion
equivalents have the capacity to move along chains of hydrogen bonds, as
exemplified by protonic conductance in ice (2, 3). In liquid water as well, the
ionic mobility of protons is about seven times that of other cations because of
hydrogen ion diffusion through transient clusters of hydrogen-bonded water
molecules.

The unique ability of hydrogen ions to move along hydrogen-bonded
chains suggested a possible flux mechanism that would differentiate between
the permeation of protons and other cations. Perhaps ions do not “dissolve”
in the bilayer to cross the membrane. Instead, transient hydrated defects may
be produced by thermal fluctuations in the lipid, and ions could then cross
the membrane barrier by diffusion through the defects. If water molecules in
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.

The concept of transient hydrated defects in lipid bilayers with high
selectivity for protons suggests a second possibility: If there were some way to
produce a relatively long-lived chain of hydrogen-bonded water molecules
across a membrane, the result would be a proton-conducting channel. Such a
channel would have important implications for the function of certain biologi-
cal membranes. For example, the F, subunit of coupling membranes directs
protons in such a way that previously synthesized adenosine 5'-triphosphate
(ATP) is released from binding sites on the F, subunit. We can ask how
protons move through the F, subunit: Do they diffuse through a channel by a
process resembling that of other ion channel conductance? An alternative is
that proton transfer occurs along hydrogen-bonded chains of water within F.

In the discussion to follow, we will address the following questions:

1. What is the mechanism of the proton conduction across lipid
bilayers?

2. What are the proton-conducting properties of known hydro-
gen-bonded chains?

3. Can we relate these properties to models for proton conduc-
tance by the F; subunit?

Characteristics of Proton Flux across Bilayers

Proton flux across lipid bilayers can be measured by a variety of techniques.
For example, a buffered pH gradient can be established across liposome
membranes, and the rate of decay of the gradient can be monitored by any of
several methods. Early measurements were carried out by monitoring
pH shifts in the external medium with a glass electrode (1); later measure-
ments used pH-sensitive dyes such as pyranine, carboxyfluorescein, and
9-aminoacridine (4-6). Cafiso and Hubbell (7) used spin labels very effec-
tively, and Perkins and Cafiso (8) conducted an extensive series of measure-
ments with this system.

In a typical experiment, proton flux might be driven by placing liposomes
that contain pH 8 buffer in a solution buffered at pH 6, so that the initial
proton flux is driven by 107%-M protons outside and 10™° hydroxide ions
inside. Buffers are required to make the decay rate of pH gradients suffi-
ciently slow so that initial rates can be conveniently estimated. It is also
necessary to release proton diffusion potentials by addition of valinomycin or
a permeant anion; otherwise the proton flux will be limited by counterion flux
(9).

It is not known whether protons or hydroxide ions conduct the primary
ionic current under these conditions, and Nichols and Deamer (1) suggested
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the term “net proton flux” to indicate this uncertainty. However, if significant
conductance occurred by simple diffusion of hydroxide ions across the
bilayer, the decay of a pH gradient would be expected to have kinetics
controlled by the permeability of the hydroxide anion, which should resemble
that of other monovalent anions like chloride. As we will see, this expectation
is inconsistent with evidence in hand, so for the purposes of our discussion
we will assume that all the current is carried as protons.

Under these conditions, a typical measured proton flux might be in the
range of 107'% mol/(cm?® s). To compare this value with that of potassium,
1 M potassium ion (as potassium sulfate) could be trapped inside the same
liposomes, and potassium efflux into 1 M choline sulfate could be measured
with a potassium-sensitive electrode. A typical result might again be in the
range of 1075 mol/(cm? s). The proton permeability anomaly now becomes
clear: The same flux is measured for both potassium ion and protons, yet the
proton flux is driven by a concentration of protons 6 orders of magnitude less
than the concentration of potassium ions. Estimates of the relative permeabil-
ities of the bilayer to protons and potassium using these flux data yield values
of 107% cm/s for protons and 107!2 cm/s for potassium ion.

A second characteristic of proton flux makes such calculations of proton
permeability coefficients useful only for comparisons of permeability at
defined pH values. Imagine in the preceding experiment that we measured
potassium ion flux down 10-fold gradients: 1.0-0.1-, 0.1-0.01-, and
0.01-0.001-MK ™. The flux would decrease by an order of magnitude with
each 10-fold decrease in potassium concentration. Now imagine that we
measured proton conductance across lipid bilayers down 10-fold proton
gradients: pH 6-7, 7-8, and 8-9. When this experiment was carried out, the
unexpected result was that the flux was relatively independent of pH (1). This
observation was confirmed and extended by Gutknecht (10), who measured
voltage-driven proton current across planar lipid membranes at pH values
ranging from 2 to 11 and found again that current was essentially indepen-
dent of pH; current varied approximately 10-fold over 9 orders of magnitude
difference in proton concentration. Any mechanism proposed for the proton
flux anomaly must take this observation into account, which has proven to be

a surprisingly difficult task.

Models for Proton Conductance in Bilayers

Before discussing possible mechanisms of proton conductance, it is worth
introducing the more general question of ion flux. The bilayer barrier to free
diffusion of ions was first considered by Parsegian (11), who treated the
hydrocarbon phase as solvent in which an ion might dissolve. The energy
requirement can be calculated in terms of the Born energy necessary to move
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a monovalent cation from water (dielectric constant = 80) into the hydrocar-
bon phase of a lipid bilayer (dielectric constant = 2). Parsegian showed that
the energy was in the range of 40 kcal/mol for a typical ionic solute like
sodium.

This substantial energy requirement helps us to understand why a lipid
bilayer 5 nm thick represents such an effective barrier to ionic diffusion. The
barrier can be overcome by providing a hydrated channel, so that a continu-
ous high dielectric pathway exists across the bilayer. For example, Parsegian
showed that a hydrated 0.5-nm-diameter “pore” reduced the Born energy
barrier to 6.7 keal. The gramicidin channel, a classic example of such a pore,
contains a single chain of water molecules that permits ions to diffuse with
greatly reduced energy requirements.

We can now ask whether the Born energy calculation can predict the
experimental measurement of an actual ion flux. Hauser et al. (12) trapped
radioactive sodium ion in sonicated liposome preparations [now referred to as
small unilamellar vesicles (SUV)] and measured the sodium ion efflux over
periods up to a month. The measured rates were then compared with
theoretical rates predicted from Born energy considerations. The unexpected
result was that the measured permeability constant was 3 orders of magnitude
greater than the calculated value. To explain this discrepancy, Hauser et al.
proposed that sodium ions leaked out, not by dissolving in the bilayer phase
and diffusing across, but instead by leaking through some very substantial
defect.

Our laboratory (13) and others (14) have confirmed and extended the
earlier measurements of cation permeability across liposome membranes
[large unilamellar vesicles (LUV)] and values in the range of 107!2 cm/s have
been reported. These values are much greater than predicted from Born
energy considerations, which is again consistent with the presence of tran-
sient defects in lipid bilayers. Such defects need not be common events to
account for ion permeation rates. One can readily calculate from the mea-
sured flux of sodium, potassium, and protons (10> mol)/(cm® s) that one
ion will, on average, pass through the area occupied by a single phospholipid
(0.7 nm?) every two days. By contrast, several thousand water molecules pass
through the same area every second!

Proton permeability can now be compared with the permeability of other
cations in lipid bilayer systems, specifically liposomes (Table I) (15-21). First,
it is important to note that the intrinsic proton permeability of a given lipid
bilayer depends on its physical state (gel or fluid) and the size of the vesicles.
This dependence means that the proton permeability of lipid bilayers can
vary by as much as 3 orders of magnitude when small vesicles composed of
relatively saturated lipid (P = 1077 cm/s) are compared to large vesicles
composed of highly unsaturated lipid (P = 10™* cm/s). The permeability is
not strongly dependent on the lipid head group.
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Table I. Comparison of Permeabilities of Protons and Other Ions
in Model and Biological Membranes

Membrane® P(cm/s) Reference
Protons
Large vesicles (LUV)
Egg PC:PA 9:1 14 x 1074 1
Mixed plant PL 14 x107* 15
Egg PC 0.7 X 1073 8
Synthetic DAPC 1.8 X 1075 8
Synthetic DMPA (T < T,) 1078 16
(T>T,) 1073 16
Small vesicles (SUV)
Egg PC 59 % 1077 8
Planar lipid membranes
Bacterial PE 1075 10
Diphytanoyl PC 4%x1078 10
Biological membranes
Sarcoplasmic reticulum 1073 17
Muscle sarcolemma 1073 18
Mitochondria 1073 1,19
Brush border membranes 5x 1073 20
Other Ions
SUV, egg PC, Nat 1014 12
LUV, egg PC, Na* 10712 14
SUV, egg PC, Cl1~ 1071 21

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

The permeability of liposomes to other cations also seems to depend on
the size of the vesicle: In small vesicles, sodium permeability ranges around
107 cm/s, whereas in large vesicles, sodium permeability is about 100-fold
greater. The permeability of lipid bilayers to monovalent anions like chloride
is consistently higher; typical values are in the range of 107'° cm/s. The
question of greater anion permeability has been addressed by Flewelling and
Hubbell (22), who concluded that permeability is in part a function of a
dipole potential at the bilayer surface that favors permeation of anions.

Several estimates of proton permeability of biological membranes have
been made. These estimates are generally greater than the permeability of
lipid bilayers, as might be expected if the presence of integral proteins
produces defects in the bilayer barrier that permit substantial proton leakage.
However, even though the permeability to protons is high, the concentration
of protons in a typical biological system is so low (0.1 wM) that significant
proton currents do not occur. For instance, Mitchell and Moyle (23) showed
that the proton conductance (not permeability) of mitochondrial membranes
was no greater than that of other cations. The conclusion is that a coupling

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



Publication Date: May 5, 1994 | doi: 10.1021/ba-1994-0235.ch003

3. DEAMER AND AKESON  Role of Water in Proton Conductance 47

membrane provides a sufficient barrier to proton flux follows, even though it
may be 6 orders of magnitude more permeable to protons than to other ions
(D).

We can now summarize our conclusions regarding proton permeation of

lipid bilayers:

1. Lipid bilayers have an anomalously high permeability to pro-
tons relative to other monovalent cations.

2. The high permeability, however, is balanced by the very low
concentration that drives proton flux in typical membranes, so
the conductance is low. This situation permits coupling mem-
branes like those of mitochondria to maintain proton gradients

even though proton permeability is high.

3. The proton permeability is affected by lipid composition and
vesicle size over about 3 orders of magnitude.

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

5. Proton flux is linearly proportional to the magnitude of the
concentration gradient driving the flux.

6. The conductance mechanism is understandable in terms of
transient hydrated defects in the bilayer that allow 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. If the defects are
short-lived, the high relative permeability 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. To produce such gradients, coupling membranes
contain proton “pumps” that are activated by ATP, electron transport, or
light 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|F, ATP synthase of coupling membranes.
Such proton pumps must have some means to translocate protons across lipid
bilayers, and the bilayer must in turn provide a sufficient barrier to proton
leakage, as previously discussed. In the second portion of this review we will
focus on the F,, subunit.
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The F,F, ATP synthases produce ATP at the expense of electrochemical
proton gradients generated by the electron transport systems in coupling
membranes. The F,F, structures are similar in bacteria, chloroplasts, and
mitochondria (24), and it is likely that the proton flux mechanism is essen-
tially the same in all three membranes. Some primary characteristics of
proton flux in ATP synthases are a 1200 H* /s current requirement (25) and
H*/Na*= 107 selectivity (26) for the CF, channel. Conserved amino acids
required for proton permeation are a subunits Arg,,o, Hisys, and Sery
(27) and ¢ subunit Aspg, (28).

There are three alternative mechanisms by which protons might cross the
F, subunits during ATP synthesis. One 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 diffu-
sion of individual protons through a classical ion channel seems unlikely.
Even in a disordered environment like water, proton mobility occurs largely
by hydrogen bond exchange; diffusion is only a minor component. This
situation suggests that some form of translocation along hydrogen-bonded
chains is plausible.

The earliest suggestion that protons may be conducted by a hopping
mechanism along amino acid residues of membrane proteins was the “proton
wire” concept of Nagle and Morowitz (29). Cox et al. (30) and Senior (24)
proposed models in which a network of such residues is present along the
aligned surfaces of a-helices in the F,, subunit. Although this is an attractive
hypothesis, no such wire-like arrangements of amino acids have yet been
detected. Furthermore, obligatory proton conductance along wires of amino
acid residues is inconsistent with evidence that Na* currents can also drive
ATP synthesis (31, 32). Sodium ions would not be expected to move within a
hydrogen-bonded chain of amino acid residues by the same hydrogen-bond
exchange mechanism available to protons.

The third alternative is proton exchange along hydrogen-bonded water
molecules (33-35). In bacteriorhodopsin, for example, a recent structural
model at 3.5-3 resolution strongly suggests that water molecules form a
narrow channel and are involved in proton delivery to the chromophore (36).
The remainder of this review will discuss chains of hydrogen-bonded water
molecules as potential proton translocators and describe some initial tests of
the concept.

The first question concerns the physical nature of such a channel in the
F, subunit. A useful model is provided by the work of Lear et al. (37, 38),
who found that synthetic serine-leucine peptides form ion-conducting chan-
nels in planar lipid membranes. The channels apparently are produced when
a-helical configurations of the peptides form clusters within the bilayer. For
instance, when a 21 residue peptide H,N—(LSSLLSL),—CONH, was
incorporated into a planar lipid bilayer membrane, channels appeared that
had cation conducting properties that resembled those of the acetylcholine
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receptor. Channel lifetimes in 0.5-M KCl ranged around 5 ms, with conduc-
tances of 70 pS (4.2 X 107 ions/s) at 100-mV potentials. Significantly,
peptides with one of the serines replaced by a leucine formed highly selective
proton channels with a conductance of 120 pS and lifetimes in the range of 1
ms. Computer modeling suggested that the proton channel is a trimeric or
tetrameric aggregate of a-helices, whereas the cation conducting channel is
hexameric or larger.

How might this knowledge be applied to proton flux through the F,
subunit? The F; subunit of the E. coli ATP synthase is composed of
approximately 10 a-helical ¢ subunits associated with one a subunit and two
b subunits (27). It seems reasonable to suggest as a working hypothesis that
the ¢ subunits encircle the a subunit. Their a-helices and those of the a
subunit would then form complexes within the lipid bilayer with proton-
conducting characteristics similar to those described in the model system of
Lear et al. If the complexes are tetramers of associated a-helices, chains of
hydrogen-bonded water molecules would be able to translocate protons
across the assembled F,, subunit.

Gramicidin as a Proton-Conducting Channel

How can we go about testing the concept that chains of hydrogen-bonded
water could represent the proton-conducting channel of Fy? A relatively
simple test concerns the rate of proton conductance relative to ATP synthesis.
Using this approach, Junge and co-workers (25) measured proton flux rates
through the CF, channel. After 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 pH of 7.5, and 100-mV driving potential.
This conductance is approximately 2 X 10° protons per channel per second,
which is more than sufficient to accommodate even the highest ATP synthesis
rates (1200 H*/s) during photophosphorylation.

We can now ask a more specific question: Can a single chain of
hydrogen-bonded water molecules conduct enough protons to supply mea-
sured rates of ATP synthesis? The gramicidin channel is able to provide some
insight here. Gramicidin A produces ion-conducting channels in lipid bilayers
when two gramicidin molecules form head-to-head hydrogen-bonded pairs
that span the membrane (39, 40). The channel contains a single strand of
10-12 water molecules, and is highly selective for monovalent cations. Myers
and Haydon (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 known to occur in
ice. Levitt et al. (42) measured streaming potentials produced when 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 did not. This
observation supported the original conjecture of Myers and Haydon that
protons moved by a hopping mechanism along hydrogen-bonded water
molecules in the channel, rather than by diffusion.

The gramicidin channel thus offers a model system for investigating
properties of proton conductance along hydrogen-bonded waters. We can
now address the question of the maximum rate at which a single strand of
hydrogen-bonded water molecules can transport protons. If we find that
under no conditions are protons transported sufficiently fast to account for
ATP synthesis by F,F,, then we must consider alternative conductance
mechanisms. We can also ask how the proton selectivity of the gramicidin
channel compares with that measured in the F,, subunit. If the selectivities
are similar, we can draw some conclusions about the nature of the F,
channel, but if the selectivities are vastly different, we will need to consider
what properties of the F, channel might produce such a difference.

The experiments described in the following text were carried out on
gramicidin channels in a glycerol monooleate—cholesterol membrane (43).
Channel open times of about 1 s were typically observed, similar to those first
described by Hladky and Haydon (26). We compared single channel proton
currents under several conditions, including varying the potential driving the
current and varying the concentration of protons (in the form of HCI from
0.01 to 7 M). Our results are summarized as follows:

« Single channel currents: 1.4 pA in 0.01 M HCI; 6.0 pA in 0.1
M HCI; 45 pA in 1 M HCI

e Saturation current: 140 pA in 4 M HCI or 10° protons per
second per channel

e Activation energy: 20 + 3 k] /mol

When proton currents through gramicidin single channels were com-
pared in HCI solutions of varying concentration, we found three distinct
conductance regimes: a shoulder at 0.01 M HCl, a linear relationship
between 0.1 and 2.0 M HCI, and saturation above 4 M. The saturation of the
channel appears to be due to a rate-limiting property of the channel itself,
rather than some property of the bulk phase in supplying protons to the
channel. The saturating current in 4 M HCl is near 140 pA, equivalent to 10°
protons per second per channel. This is 10° times faster than the proton
transfer rate required to ATP synthesis and about 10° times faster than the
maximum protonic current in CF, (25).

We conclude that a chain of hydrogen-bonded water molecules is able to
translocate protons at a rate sufficient for measured ATP synthesis if the
proton supply from the bulk phase is adequate. In the physiological pH
range, the question of proton supply to a putative proton channel becomes
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central. Our current-voltage data show that proton flux in the gramicidin
channel is limited by supply from the bulk phase at pH ranges higher than 2
(43). Proton supply to the F; channel from the thylakoid lumen (pH 5) and
from the cytosol bathing the mitochondrial membrane (pH 7.5) would,
therefore, limit proton flux. Would this supply be adequate to account for
measured ATP synthesis rates? The proton motive force in chloroplasts and
mitochondria is about 200 mV. At pH 2 and 200-mV applied potential, proton
current through a gramicidin channel is 1.1 pA or 6.9 X 10° H* per channel
per second. The proton current in a population of gramicidin channels
appears to decrease linearly with pH below 2 (44). Therefore, at pH 5 (the
pH of the chloroplast thylakoid lumen; 45), proton flux through the grami-
cidin channel would be 6.9 X 10° H* per channel per second. If we assume
that the gramicidin channel is a plausible model for proton conductance in
F,, this value is sufficient for the maximum rate of ATP synthesis in CF,CF,
of intact chloroplasts.

An adequate proton supply to an F,, subunit channel in the mitchondrial
ATP synthase is less certain. Using the same logic as before, proton supply
from the cytosol at pH 7.5 would be only 20 H* per channel per second.
This discrepancy might be overcome by a much wider channel mouth, a
slower rate of ATP synthesis per enzyme, or some additional mechanism by
which protons are supplied to the mitochondrial ATP synthase. One possibil-
ity is that in mitochondria, where ATP 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 lipid bilayers.

The last question to be considered here is whether hydrogen-bonded
water molecules account for the extreme proton selectivity (107) observed in
F,. First, it is important to note that the proton selectivity observed by Lill
et al. (25) in CF, is not due to an anomalously high proton conductance, but
rather to the apparent failure of Na* or K* to permeate the channel even at
300-mM electrolyte concentration. CF,, effectively excludes all ions except
protons. Exclusion of this sort could result from any of several underlying
characteristics of the conductance mechanism. For instance, ions larger than
the diameter of the channel might be rejected, or there may be specific
binding to a site in the channel (an energy well) and failure of that site to
bind other ions (47, 48).

Rejection of an ion by size seems unlikely for the F; subunit. That is,
such a channel must be at least 2.5 A in diameter to accommodate water
molecules, but then would resemble gramicidin, which does not exclude Na*
or K* ions with diameters significantly less than 2.5 A. A proton selectivity
ratio of 100 would be expected rather than 107 (CF,).

Water chains that extend only part way across the membrane, such as
those postulated to lead to the chromophore in bacteriorhodopsin (37) are
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more likely to account for an extreme proton selectivity. To permeate a
channel containing a single chain of water molecules, alkali cations must push
water molecules through the channel (42). If displacement of water molecules
were prevented by some physical property of the channel, K* or Na™ flux
would be inhibited. A second possibility is that amino acids within the
channel could specifically interact with protons. For example, the amino
groups of arginine and histidine readily form bonds with protons but have
very low affinities for alkali cations (49). Alternatively, the —NH, groups
and carboxylates in F, could coordinate with hydrated protons and select
against alkali cations as do certain crown ethers (33).

We can now summarize our results with the gramicidin channel and
relate them to the F, subunit:

1. The proton conductance of the gramicidin channel has at least
three rate-limiting conditions that depend on proton concen-
tration. In the neutral pH range, the rate-limiting step appears
to be proton production by hydrolysis of water at the channel
mouth. At moderate proton concentrations (pH 2-5) conduc-
tance is limited by proton diffusion to the channel. At high
proton concentrations (pH 0-2) conductance is limited by
translocation along hydrogen-bonded water chains in the chan-
nel.

2. The gramicidin channel conductance saturates at 140 pA (530
pS) of protonic current in 4-M HCL

3. The gramicidin channel was tested as a model for proton
conductance in the F, subunit under the assumptions that the
channel resembled those channels produced by synthetic a-
helical peptides in lipid bilayers and that proton translocation
occurred along chains of hydrogen-bonded water molecules.
The measured proton conductance at saturation is more than
sufficient to transport protons through the F; subunit in quan-
tities that would support known ATP synthesis rates. At physio-
logical pH ranges the rate-limiting step appears to be proton
diffusion to the channel, rather than the channel itself. Finally,
the F channel must be much more restrictive than gramicidin
to alkali cation permeation due to either a partial water strand
or to selectivity at an internal binding site.
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Interfacial Ion Transport
between Immiscible Liquids

Petr Vanysek

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 with dissolved electrolytes,
which are most interesting to workers in several disciplines, cover theoretical
physical electrochemistry and analytical applications for sensor design. These
interfaces are used in interpretation of processes that occur in biological
membranes and in biological systems. The interface between two immiscible
electrolyte solutions was studied for the first time at least 100 years ago by
Nernst (1), who performed the experiments that provide the theoretical basis
for current potentiometric and voltammetric studies of interfaces. In 1963,
Blank and Feig (2) suggested that an interface between two immiscible
liquids could be used as a model (at least as a crude approximation) for
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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
ITIES. Experimental measurements revealed that this predicted similarity is
real, and the field of experimental electrochemistry on ITIES gained recogni-
tion and practitioners.

The similarities between ITIES and conventional electrode electrochem-
istry provide an arsenal of electrochemical techniques that have been previ-
ously tested in the more common electroanalytical chemistry and physical
electrochemistry. To understand the similarities between ITIES and elec-
trode electrochemistry, it is more useful to look at the differences first.
Faradaic current flow through an electrochemical cell is associated with redox
processes that occur at the electrode surface. The functional analog of an
electrode surface in ITIES is the interface itself. However, the net current
observed when the interface is polarized from 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 ion transport through the interface, from one phase to another.

Figure 1 illustrates the difference in the cause of current flow experi-
enced on an electrode and on the ITIES. Sufficiently negative potential
applied to the metal electrode (Figure 1A) will cause reduction of the analyte
in the bathing solution. An electron will leave the electrode and reduce the
dissolved species Fe®* to Fe®*. Overall charge balance is achieved and
overall flow of negative charge from the electrode to the solution is observed.
To complete the circuit, an oxidation of some species, often even the solvent,
has to occur on the counter electrode. Figure 1B considers the case of ITIES
with a picrate anion present in both phases. Electric potential applied
between the two electrodes will result in a potential difference on the liquid
interface. If the potential on the aqueous side is positive enough, the picrate
anion will be carried from the nonaqueous (nitrobenzene) phase to water and
its transport will appear in the outside electric circuit as a flow of negative
charge from the bottom of the cell to the top. Overall charge balance is
maintained by reduction of any available material of the nonaqueous phase
and oxidation of some available species in the aqueous phase on surfaces of
the current-carrying platinum electrodes.

Liquid-Liquid Interfaces in Interfacial Ion Transport

From the principle governing current-potential response of liquid-liquid
electrochemistry, it follows that the interface between the two immiscible
electrolytes can be treated in a manner similar to solid electrodes. It must be
stressed again that it is ion transport across the interface, and not an
electrode redox process, that determines the potential and current character-
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Figure 1. Comparison o(f the interface between an electronically conductive

electrode and a solution (reduction of Fe®*) (A) and the interface between two

immiscible solutions of electrolytes (ITIES) during current flow in a closed

electric circuit [ transport of picrate (Pi~) from nonaqueous phase (n) to water

(w)] (B). (Reproduced from reference 4. gopyright 1990 American Chemical
Society.

istics of the system. With this fact in mind, it is possible to employ, in some
modified fashion, all the techniques used with electronic electrodes in the
studies of immiscible electrolyte interfaces.

Figure 2 is a diagram of a typical cell used in the studies of immiscible
electrolytes. The investigated interface is formed in the narrow part of the
cell. To allow positioning of the interface within 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 within
the solutions. Because the resistance of the solvents should be eliminated, a
four-electrode potentiostat with a pair of reference and counter electrodes
should be used. The measured or controlled potential difference resides
between the tips of the two reference electrodes; thus, the potential across
the liquid-liquid (LL) interface is monitored.

A number of techniques have been applied to the interface in recent
years. For the detailed list and explanations, several reviews are suggested
(4-11). Typical evidence of interfacial ion transport is illustrated by Figure 3,
where the transport of acetylcholine cation is observed between water and
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Counter
Reference electrodes electrode
L .‘ L J i Adjusting
plunger
- —
Glass frit
Ho0
\
Reference =
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Interface
Nitrobenzene
Glass frit
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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). The potentials of the peaks are separated by 60 mV,
which signifies a reversible process in the sense that the transported ion can
move, with only thermodynamic restrictions, from one phase to another. A
process that could be called irreversible is observed in the cases when the
ion, upon transport to the other phase, undergoes some change that prevents
its rapid return upon differential change of potential. Often this irreversibility
occurs when the ion forms an insoluble precipitate in the opposite phase or
when adsorption of the ion or its reaction product takes place on the
interface. Curve 1 in Figure 3 corresponds to a voltammetric curve of the
supporting electrolytes only. A voltammogram depicts a dynamic dependence
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voltammogram of supporting electrolytes
ot ] only: 1 mol /L LiCl in water and 0.025
1 mol / L tetrabutylammonium tetra-
-200f | phenylborate in nitrobenzene. Curve 2 is
the voltammogram after the addition of
-400} 1 0.011 mol/L acetylcholine chloride to
-60 water. Scan rate 12.5 mV s. (Reproduced
oF 1  with permission from reference 9. Copy-

! 4 : 1 right 1984 The Electrochemical Society.)
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of current I on applied potential AU. In comparison with metal electrodes,
the LL interfaces allow much narrower potential window in which analytes
can be studied. This narrow window is one disadvantage noted in electroana-
lytical applications of the technique.

Subsequently, the water—nitrobenzene interface will be described and
experimentally studied. The reason for using nitrobenzene, which is not a
physiologically occurring environment, is its high relative permittivity (e =
34.8 at 25 °C), which makes it very convenient for performing many studies.
When the experimental techniques are perfected, in particular, when high
resistance of less polar solvents can be overcome, the conclusions and
experience can be explained to naturally occurring lipophilic environments
with lower relative permittivity.

Potentiometry on the Water—Nitrobenzene Interface
in the Presence of Oxacyanine Dyes

The membrane or interfacial potential, particularly in biological applications,
is often determined from the change in fluorescence of added carbocyanine
dyes (12, 13). The fluorescence intensity of the dyes depends on the solvent
in which the dyes are present. When the dyes are used as potential-sensitive
probes, their fluorescent intensity is a function of the interfacial potential
across the membrane. We studied the behavior of dye transport on a phase
boundary between water and nitrobenzene to better understand the princi-
ples of the potential dye partitioning as a function of interfacial potential
(14).

Carbocyanine dyes are salts that have fluorescent cations. To use this
fluorescent property to indicate biological membrane potential, the dye cation
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is added as a potentiometric indicator to a suspension of cells. If the inside of
the cell has a negative potential with respect to the solution surrounding the
cell, some of the dye cations will be transported across the cell membrane.
The fluorescent intensity of the dye that moves from the extracellular liquid
into the cell through the cell membrane decreases due to fluorescence
quenching in a different dielectric medium or due to adsorption of the dye
onto the membrane or other cell structure. This decrease in fluorescent
intensity is proportional to the membrane potential and provides a relatively
noninvasive and simple method of determining the cell membrane potential.
A suitable technique that can be used to calibrate these probes independently
in vitro and to understand their behavior can be found in liquid-liquid
electrochemistry research.

Interfacial Potential. The relationship that describes ionic equilib-
rium on the ITIES and accounts for all the present ions was first described by
Hung (15). The derivation is based on the equality of the electrochemical
potentials in either phase for all ions involved and the requirement of
electroneutrality in each solvent. The equation is given as a summation over
all present ions, i:

j
‘gz,. /{V +V, Bexp[RT (Ao — ABq;,)]} 0 (1)

where z; is the charge of the ion, m; is the total number of moles of the ion i
in both phases V, and V are the volumes of phases o (aqueous) and B
(nitrobenzene), y* and ! are the activity coefficients of the ion, A}¢ is the
potential difference on the interface defined as Ap = ¢* — ¢P, and Aﬁcp, is
the standard potential of transfer of the individual ion from phase a to phase
B. T is absolute temperature expressed in kelvins, R is the molar gas constant
(8.31441 J /(mol K), and F is the Faraday constant (96,484.6 C/mol).

The standard potential of transfer for an individual ion, A‘Ecp?, is not
amenable to thermodynamic measurement. Its value can be determined by
measuring the distribution ratio of its salt, for which the Gibbs free energy of
transfer of the counterion is already known. From the experimentally accessi-
ble partition coefficient of the salt, the standard Gibbs free energy of transfer
of the salt, AG % ®, from phase o to phase B is calculated as

salt( a)
salt( B)

AGY%P =RT In (2
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using the activities @ of the salt in phases a and B. The standard Gibbs free
energy of transport of a salt is the sum of the AG% 2~ B of both ions, so

tr, i

AGO,u—»B = AGO,a—»B _ AGO,a—»B (3)

tr, i tr, salt tr, counterion

Equation 3 allows the values for individual ions to be calculated from the
knowledge of the Gibbs energies of transfer for other individual ions. This
chain calculation requires an a priori knowledge of the value for one ion,
which is, in a rigorous thermodynamic sense, impossible. It is usually as-
sumed that tetraphenylarsonium (TPAs*) and tetraphenylborate (TPB™)
partition in the same ratio in any pair of solvents (16). Then it holds that

AGtr,TPAs+ = AGu, TPB ™~ (1/ 2) AGtr, TPAsTPB (4)

The quantity AG,, 1pacrpp is experimentally accessible from a partition 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 in this work. A
corresponding standard potential of transfer for an individual ion is calculated
from the standard Gibbs free energy for the transfer of individual ion from
phase a to the phase B as

Ajel = AGy P /%, F (5)

tr, i

Table I. Standard Potentials of Transfer
between Water and Nitrobenzene for Ions Used
in the Potentiometry Measurements

Azl
Ion (mV) Reference
Li* +395 51
Na* +354 51
H* +337 51
TMA™* +35 51
TEA* —-59 51
TBA™ —248 51
DIOC (3)* -310 21
TPAs™ —-372 51
DiOC,(5)* —400 21
cv*t —410 52
Cl~ —324 51
I~ —195 51
TPB~ +372 51
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Equation 1 provides a comprehensive description of the equilibrium on
liquid-liquid interfaces, but it cannot be solved explicitly for A} without
some assumption when more than two ions are involved. For more than two
ions the implicit form can be solved numerically. We used a TK-Plus Solver
(Universal Technical Systems, Rockford, IL) software for a personal com-
puter.

Reference Interface. Any system that measures the potential of the
liquid-liquid interface has to have a pair of reference electrodes connected to
it. The aqueous phase is usually connected to a simple electrode of the
second kind; the state of the nonaqueous phase is usually explored by the
so-called reference interface, which is, in essence, an ion-selective electrode.
The reference interface is a liquid-liquid boundary that shares a common ion
(usually a cation, denoted here B,) of a constant and usually known concen-
tration. The interfacial potential can be calculated as

a a 0 RT c®
AB(p = AB(prr + —F—ln C_B (6)

under the assumption that

c

Y 2F a .0 Ca F a .0 a .0
c_B exp Er}-AB(prr >> 411+ c_B exp E(ANPBIWL +AB¢A—)
(7

The counterions of the supporting electrolytes are A7 in phase a and
Aj in phase B. Condition 7 has to be fulfilled for either counterion; thus it is
designated A~. After the two phases are brought into contact, some reparti-
tioning of the salts occurs. The concentrations ¢* and ¢? denote the salt
concentrations after the repartitioning; the values of ¢® and ¢® are not easily
obtained. However, for the purpose of the inequality test eq 7, the initial
concentration values before repartitioning can be used. Statement 6 is often
used in the literature, but the prerequisite and the meaning of the assump-
tion 7, first made by Hung (15), is never fully quantified. The repartitioning
does not interfere with the test condition. However, it does cause significant
deviation in calculated interfacial potentials in situations when inequality 7 is
not fulfilled. Our calculations reveal that for a reference system consisting of
tetrabutylammonium chloride (TBACI) in water and tetrabutylammonium
tetraphenylborate (TBATPB) in nitrobenzene at 0.01-mol/ L initial (formal)
concentrations, the left-hand side of eq 7 is actually only 2.4 times greater
than the right-hand side. As a result, the interfacial potential for equal
concentrations in both phases, calculated from eq 6, is —248 mV, whereas
the actual value obtained from eq 1 is —245.7 mV. Considering the experi-
mental uncertainty, this difference is acceptable. It must be emphasized that
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any new reference system should be tested for the validity of condition 7. For
example, when tetraphenylarsonium (TPAs*) is the common ion in a

water—nitrobenzene reference interface, the approximately calculated value is
—372 mV, a significant difference from the exact value —335.5 mV (18).

Interfacial Potential of the Reference Interface. The value of the
potential of the reference interface is determined by the relative concentra-
tions of the common ion, B{ , in the two phases. Thus, this interface responds
to changes at the working interface through the change in the concentration
of B in the organic phase. The practical merit of the reference interface is
not only that its potential can be calculated, but also its indifference to
outside perturbations. For example, an attempt to change the —245.7-mV
equilibrium potential of a 0.01-mol/L TBA*-TBA™ reference interface by
10 mV would require repartition of 20.5% of all ions present in the system, a
rather significant impediment to the potential change (19, 20).

Other Ions in the System. Consider what happens to the potential of
the reference interface if another ion is added to the nonaqueous phase. This
experimental condition will arise from ion redistribution on the working
interface. Iterative calculations account for the effect of the dye in the
nonaqueous phase on the reference interface. The result shows that if the dye
concentration changes from 1072 to 107® mol/L while the supporting
electrolyte concentrations are held constant at 0.01 mol/L, the interface
experiences only a 1-mV change. This change is so small that for actual work
the potential of this interface can be considered constant.

The tetrabutylammonium chloride—tetrabutylammonium tetraphenylbo-
rate junction of equal concentrations in aqueous and oil phase are commonly
used as the practical reference for LL measurements. Often the interfacial
potentials are expressed in relative terms as the potential vs. the TBA™ ion
selective electrode. Potentials thus expressed are 245.7 mV lower than if they
were expressed relative to the tetraphenylarsonium—tetraphenylborate con-
vention, which de facto determines the practical standard scale for ITIES
studies.

Nonpolarizable Interface. It is important to realize that in the
case when only one salt of the type B, A, is present, at respective concentra-
tions ¢® and c? in phases a and B, as in the cell

(phase o) (phase B)
¢* BA, BA, cP (8)

the interfacial potential will be independent of the total salt concentration.
Equation 1 can be solved explicitly for one salt in this cell. If the charge on
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the cation is +n and the charge on the anion is —m, then the interfacial
potential can be calculated from the standard potentials of transfer of the
individual ions Age:

m(A5955+) + n(A5edy-)

A% =
B?® m+n

©)
If both the cation and the anion are univalent, eq 9 simplifies to
Ay = 5(A30R -+ Ajeh+) (10)

This system behaves like a nonpolarizable interface. The salt concentration
ratio will not be affected by potential applied from an extraneous source. The
equilibrium potential depends only on the standard potentials of transfer of
the ions; in particular, it does not depend on the initial concentrations (c*
and cP) nor is it a function of the phase volumes. Therefore, if only one salt is
present in a LL system, the system is not amenable to potentiometric studies.
It is thus essential that a supporting electrolyte be present to observe a
potentiometric response of a third ion. The need to have a supporting
electrolyte is similar to the need of immobilized ions in an ion exchanger
membrane of an ion-selective electrode; it also explains why it is essential that
a supporting electrolyte or physiological concentration of salts must be
present in measurements that employ fluorescent dyes.

Ideally Polarizable Interface with Supporting Electrolytes.
Supporting electrolytes are important in potentiometric determinations. A LL
system with supporting electrolytes B;A, and B,A, can be described by the
ce

(phase a) (phase B)
c® BA, B,A, ¢ (11)

The salts chosen as supporting electrolytes must conform to certain rules. It is
essential that the ions in water be very hydrophilic, which, in terms of the
potentials of transport for the ions, means that

AjeRs >>0 and AjeR; <<0 (12)
The salt in the nonaqueous phase must be very lipophilic:

Ajepy << 0 and Agey; >>0 (13)

Very little repartitioning of the supporting electrolyte salts is expected for
such a system. These conditions are fulfilled for supporting electrolytes such
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as LiCl in water and TBATPB in nitrobenzene. Under the described condi-
tions, eq 1 can be solved explicitly for the interfacial potential:

iF z,F
RT c® exp["zﬁ(_AaB‘ng)] +CBeXP[—E(_AOé‘P%§')]
AaB(P = _2_F ziF ziF
g e P PRy

(14)

Potential of the Supporting Electrolyte. The actual equilibrium po-
tential expressed by this equation is of little importance. Any imposition of
extraneous potential will occur without much opposition because the change
requires only minute ionic repartitioning. This case can be illustrated by the
response of the interface that consists of 0.01-mol/L LiCl in water and
0.01-mol/L TBATPB in nitrobenzene.

Repartitioning. When the two phases are brought into contact, repar-
titioning equal to 0.0017% of all ions present has to take place to establish
equilibrium. The equilibrium potential will be 58.2 mV. When a 100-mV step
is applied on the interface from an outside source, only 0.035% of the total
ions will have to repartition to achieve the new equilibrium. This situation
contrasts markedly with the reference interface, where only a 10-mV poten-
tial step requires a 20.5% concentration change.

The minimal repartitioning when a potential difference is applied on this
interface is reflected by only negligible current flow. This behavior is ob-
served within the limits of the standard potentials of transfer of the ions
present in the potential window region of the system (cf., Figure 3). For the
previously mentioned TBATPB-LiCl system, the potential window is limited
on the positive end by TPB~ (A"écpo = 372 mV) and on the negative end by
TBA* (A3¢° = —248 mV).

The potential described by eq 14 will become unimportant if an analyte
ion that is capable of repartitioning is added to the system. Within the
described potential window it is possible to observe voltammetric response
due to the presence of ions whose potentials of transport are between those
of the supporting electrolytes. Any ion that can partition within the potential
window will take the function of the potential poising species. Therefore, a
supporting electrolyte, which is necessary for potentiometry of partitioning
ions, does not interfere with the measurement.

Experimental Procedure for Potentiometry. The two dyes de-
scribed here, 3,3’-diethyloxadicarbocyanine iodide [DiOCy(5)] and 3,3'-di-
menthyloxacarbocyanine iodide [DiOC,(3)], were obtained from Molecular
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Probes, Inc. (Eugene, OR). Their fluorescent behavior is described elsewhere
(21, 22). These two dyes were chosen because their potentials of transfer fall
within the potential window of the supporting electrolytes being used. The
apparatus used for the potential measurements is similar to that shown in
Figure 2, but only the reference electrodes are used. The cell composition is

TBACI
aqueous

LiCl

aqueous

TBATPB
nitrobenzene

RI

Ag-AgCl Ag-AgCl (15)

The supporting electrolytes (when used) were 0.01-mol/ L lithium chloride in
aqueous phase and 0.01-mol/L tetrabutylammonium tetraphenylborate
(TBATPB) in nitrobenzene.

The interface of experimental interest, the working interface, is labeled
WI; the constant potential or reference interface (vide supra) is labeled RI.
The aqueous phase of the RI is 0.01-mol/L tetrabutylammonium chloride.
The interfacial potential of the reference interface is poised by the concentra-
tion ratio of tetrabutylammonium, a constant concentration ion shared by
both phases. The exact potential of the reference interface can be calculated
using eq 1. The electrochemical cell is connected to an electric circuit via two
Ag—AgCl electrodes imersed in an aqueous chloride solution.

Potentiometric Results. As shown earlier, a single salt concentra-
tion variation has no effect on the interfacial potential. Thus, to study the
effect of the dye cation on the interfacial potential, other ions must be
present. Supporting electrolytes, selected in such a way that an ideally
polarizable interface is formed when the dye is absent, are conveniently used.

The function of sodium chloride as the aqueous supporting electrolyte is
physiologically relevant to the experiment. Figure 4 shows the variation of
interfacial potential as a function of dye concentration at selected concentra-
tions of sodium chloride. The value 0.12 mol/ L (7-g/ L NaCl) corresponds to
a physiological concentration.

Supplemental curves in Figure 5 give an insight into the effect of the
supporting electrolyte concentration. To underscore the importance of the
supporting electrolytes in the function of the dye separation, the result is also
given for the iodide form of the dye in the absence of any supporting
electrolytes (curve E). As expected, the potential established on the interface
by the dye alone is constant regardless of the dye concentration. Calculated
interfacial potential vs. dye concentration is shown for the following organic
phase-supporting electrolyte cations: tetramethylammonium (TMA™®), tetra-
ethylammonium (TEA™*), tetrabutylammonium (TBA*), tetraphenylarsonium
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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 /L as indicated at the curves. 0.12 mol /L is a physiological saline

solution (7 g /L NaCl). The dye DiOC,(3)I was dissolved in the nitrobenzene
phase.

(TPAs™), and crystal violet (CV*) with tetraphenylborate as the counterion.
Lithium 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 in Figure 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 1:1075. For dye
concentrations from 1072 to 10~° mol/L, the supporting electrolyte concen-
tration that allows the interfacial potential to work in the linear region is
between 0.01 and 1.0 mol/ L. A concentration of 0.01 mol/ L was selected for
this study.

Equation 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-concentration relationships for water to nitrobenzene volume ratios
between 10~% and 10°. These slopes show that to approach the ideal linear
voltammetric slope of 55 mV/decade in the dye concentration range of
1073-1075 mol/L, the water to nitrobenzene volume ratio should be
between 1:1 and 33:1. The broadest range of the dye concentration that has
linear slope is 1072~107°% mol/L, at a volume ratio of 10:3. To simplify the
calculations and experimental setup, equal volumes of water and nitroben-
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Figure 5. Effect of the supporting electrolyte cation in the nitrobenzene phase on
the relationship between interfacial potential and dye iodide (DiOC(3)I)
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. If activation coefficients in both phases are also assumed
to be equal, eq 1 becomes

zici/{l + exp[-j;—;(A"é(p - A"é(p?)}} =0 (16)

where c; is the sum of the concentrations of the ion i in the two phases.

The plots of calculated interfacial potential as a function of DiOC (3)
concentration are shown in Figure 7 together with the experimental results
for DiOC/(3) and DiOC,(5). In the range of dye concentration from 1072 to
107® mol/L, the measured values agree with those predicted through
calculations.

The 55-mV/decade theoretical slope of the ideal linear potentiometric
response is different from the intuitively expected 59-mV slope. This differ-
ence is easy to understand qualitatively. A 10-fold increase in concentration in
one phase will be followed by a subsequent repartitioning of all the ions

)»

J
=1

i
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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)I 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 /L)
V,/Vg 1077 107% 10-% 10=* 1073 107%* 107!

10° 0 0 0 -2 -6 -70 -70
104 0 0 -05 -3 -99 —104 -72
103 0 0 -2 —96 -62 -106 -70
102 0 ) —26 -57 —62 —-106 -52
10 -39 —-96 —-58 —-58 —62 —-86 -20

1 —-94 —56 —60 —-58 —48 -38 -20
1071 -50 -56 —-50 -38 -32 -34 -929
1072 -59 —46 —36 —34 -32 —34 -30
1073 —40 -34 -32 -32 -38 —46 -36
1074 —26 -32 -32 -38 —50 —54 -36
1073 -12 -97 -38 -50 —-58 —54 -36

present. Because repartitioning aids the interfacial potential by maintaining
the interfacial equilibrium, less than the 59-mV change is needed. The slope
of the experimental curve is 52 + 1 mV/decade.

Interfering Ions. Experimental points in Figure 7 show that at lower
dye concentrations the potential attains a constant value whereas the calcula-
tion still predicts a change with the slope of 55 mV/decade. This disagree-
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Figure 7. Relationship between interfacial potential and the logarithm of the
initial DiOC(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 1(3), with the reference
interface potential subtracted. Curve B is the calculated potential of the reference
interface between 0.01 mol /L TBACI 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 DiOCy(5) (O) and
DiOC,(3) (O).

ment can be explained by the presence of an ionic impurity that poises the
interfacial potential at low dye concentration. Figure 8 is a three-dimensional
plot that illustrates the difference between the calculated interfacial potential
with and without added interfering ion at 107 mol/L. The standard
potential of transfer was chosen to be —100 mV for the cation and + 100 mV
for the anion of the interfering or impurity salt. The presence of this assumed
species takes effect at dye concentrations below 10~ mol/L at water to
nitrobenzene volume ratios between 0.1 and 1.00. The flat region corre-
sponds to composition in which the added salt (impurity) has no effect on the
observed potential.

Further simulations, which are not shown here, were performed in which
the impurity was assumed to be a lithium salt of an interfering anion present
in aqueous solution. The impurity caused an increase in the slope of the
potential-concentration relationship below 10~ mol/L of dye. Conversely, a
cationic impurity will cause the slope to decrease at dye concentrations below
105 mol/L when a chloride salt of the impurity is included in the calcula-
tions. The reason for the discrepancy between experimental and calculated
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Figure 8. Influence of an electroactive impurity on the interfacial potential—dye
concentration relationship. The x axis is the logarithm of the dye concentration,
the y axis is the logarithm of the ratio of water volume to nitrobenzene volume,
and the z axis is the difference between interfacial potential with and without
the impurity. Standard potentials of transport for the impurity cation AgeJ=
—100 mV and for the anion A§<p2= +100mV;c =1 X 10 ™% mol /L.

data in Figure 7 must be some contamination in the system. The source of
the contaminant is probably nitrobenzene itself, but it cannot be the typical
nitrobenzene contaminant aniline because analine is too hydrophilic; a higher,
more lipophilic analog is a likely contaminant. It is important to realize that
calculations show that protons (pH), at least at concentrations below 1073
mol/ L, have a negligible effect on the established interfacial potential.

Concluding Remarks on Potentiometry. Due to the unique charac-
teristics of the liquid-liquid interface system, factors in addition to the
concentration of analyte ion must be considered in potentiometric studies.
These factors include the nature and concentration of the supporting elec-
trolytes and the relative volume of the phases in contact. Numerical solutions
of the theoretical relationship derived by Hung (15) are useful to predict the
effect of such factors as volume of the phases and concentration of added
ions. Experimental results with an oxacyanine dye in a water—nitrobenzene
system show a linear response in the 1073-10-mol/ L concentration range,
which corresponds to a 120-mV dynamic range of these dyes for use as
potential sensors. This response agrees with measurements on biological
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membranes that show a linear range over 100 mV (23-25). Deviation from
linear behavior at low dye concentrations appears to be caused by a cationic
impurity in one of the phases. Similar limits on the linear range of
dye—potential studies observed in biological systems are most likely due to
the other ions present in the cellular fluid. Additional 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 of this approach.

Insensitivity to pH. Calculation and experiments show that pH will
not affect the potential measurement if the pH is between 3 and 7. This is an
important finding because any buffers in the liquid-liquid system complicate
the system by increasing the number of ionic components. Acidity will,
however, be important if the dissociation of the transported ion will be
affected by pH. In our calculations, complete dissociation of all ions was
assumed.

Protein Adsorption on the Water—Nitrobenzene Interface

Adsorption on the LL interface can be observed in voltammetric curves, but a
more sensitive indication of adsorption can be obtained from impedance
measurements. Voltammetric studies (26, 27) showed that the addition of
proteins to a so-called blocked (i.e., ideally polarizable) aqueous—nitroben-
zene interface resulted in narrowing of the potential window of the support-
ing electrolyte system. This observation implies that the difference in
hydrophilic-hydrophobic properties of the two solvents decreased. This
decrease can be explained by postulating the formation of a third phase
between the original two. The third phase would allow mediated, easier
transport of the supporting electrolyte ions.

Earlier studies of adsorption on LL interfaces involved phospholipids
(28-31). To investigate possibilities for study of a less defined material (32),
we chose a protein as the adsorbing material: bovine serum albumin (BSA)
with a molar mass of 69,000 (CRG-7, Armour Pharmaceutical Company). The
preparation is known to contain a certain amount of fatty acids. The same
starting material was used throughout the measurement. The aqueous protein
solutions were prepared fresh from a dry sample before each experiment.
The effects of BSA on the imaginary and real impedance and interfacial
capacitance of a water—nitrobenzene interface are discussed under varying
BSA concentration, temperature, and pH.

Impedance Measurements. These experiments were carried out
with a frequency analyzer (Solartron 1250) and a four electrode potentiostat
(Solartron 1286). The cell, similar to that in Figure 2, was equipped with a
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thermostated water jacket. In impedance studies it is desirable to keep the
interfacial capacitance small so that the time constant of the system is also
small and the pertinent impedance can be studied in the frequency range of
1-100 Hz. Larger capacitances shift the frequencies below 1 Hz, which poses
experimental difficulties. Therefore, an interface of only 2-mm diameter was
studied.

Figure 9 shows a complex impedance plane plot of the water—nitroben-
zene interface that contains 0.01-mol/L LiCl in the aqueous phase and
0.01-mol/L tetrabutylammonium teraphenylborate (TBATPB) in the ni-
trobenzene phase as the supporting electrolytes (filled circles). Upon addition
of 3-ppm BSA (open circles) dramatically changes the low-frequency values,
which implies that addition of the protein to the system causes a change in
the interfacial structure, especially in the capacitance of the interface.

The impedance response displays significant dependence on the applied
interfacial potential (Figure 10). It can be deduced from the data analysis
(32) that the protein adsorbs at the interface. At 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
-2y
kQ

300

200

100+

0 100 200 300 400
Zn / kQ

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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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 /L LiCl, BSA concentrations (ppm) 0.0 (curve 1, @); 0.5

(curve 2, ¥ ); 3.0 (curve 3, ©). Nitrobenzene: 0.01 mol /L TBATPB; f = 5 Hz,

t = 25.0 °C. (Reproduced with permission )from reference 32. Copyright 1990
Elsevier.

potential change and the curve maxima shift when BSA is added to the
system. This suggest that the BSA is adsorbed at the interface and causes the
distribution of the charging ions in the interface to be altered.

Calculation of Interfacial Capacitance. From the data it is
possible to obtain approximate value for the potential of zero charge (PZC). If
a simple Randles circuit is assumed (Figure 11), then the maximum of the
curve —Z; vs. E corresponds to the PZC of the system. Figure 12 shows how
the potential of zero charge changes in the presence of BSA. The gradual
increase with increasing concentration from 1 to 6 ppm is due to the gradual
formation of a monolayer of BSA on the interface. The decrease at higher
concentrations is explained by the formation of a thick layer that has the
character or a third interface. Figure 13 displays the curves of a real and
imaginary impedance as a function of BSA concentration at constant interfa-
cial potential, 0.35 V (vs. TBA* ion selective reference interface). The
dramatic change in the imaginary (out-of-phase) impedance as a function of
the protein concentration is important.
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Figure 11. Randles equivalent circuit used in the calculation of the interfacial
capacitance. C, interfacial capacitance, R,, bulk solution resistance; Zyy,

Warburg impedance.
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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 /L LiCl in water; 0.01 mol /L TBATPB in nitrobenzene.

The imaginary component of the impedance gives a qualitative picture of
the changing interfacial capacitance, but the value has to be interpreted from
a correctly devised equivalent circuit to obtain the capacitance value. Here
we used the simple Randles circuit (Figure 11). The procedure was similar to
that used by Wandlowski et al. (30, 3I). The total impedance Z of the
Randles circuit is

z =R, +1/{(1/jXo) + 1/[(Zw/V2) —j(Zw/V2)]}  (17)

Xc = —1/0C is the interfacial reactance, R, is the bulk (solution) resis-
tance, C is the capacitance of the interface, Zyy is the Warburg impedance, o
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Figure 13. Real and imaginary impedance as a function of the concentration of

BSA in aqueous phase at indicated frequencies. Water: 0.01 mol /L LiCl;

nitrobenzene: 0.01 mol /L TBATPB. Applied interfacial potential U = 0.35 V

vs. TBA™ ion selective electrode; t = 25 °C. (Reproduced with permission from
reference 32. Copyright 1990 Elsevier.)

is the circular frequency of the applied perturbing signal, and j is the
imaginary unit. After separating the real and imaginary components, the
following relationship for calculating the interfacial reactance is obtained:

Xe = (212 +(Zy - Rs)z)/(zl +Zy —R,) (18)

The real and imaginary impedances Zy and Z; are directly accessible from
the impedance measurement. R, the solution resistance, has to be obtained
from examination of the complex plane impedance plot (cf., Figure 9). In the
impedance plane plot, the imaginary value decreases with increasing fre-
quency until the curve approaches the real impedance axis. The real
impedance is equal at this point to the solution resistance R;. The value is
independent of applied interfacial potential, but it depends on the position of
the reference electrodes (different uncompensated resistance). Because the
calculated capacitance is very sensitive to the calculated R,, the placement of
the reference electrodes must be carefully controlled.

Once R, is determined, capacitance can be calculated from eq 18 using
only one set of impedances. However the recommended approach is to
calculate C from 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. Any drift with frequency other
than experimental noise indicates a possible problem. One cause for variation
may be the use of an incorrect equivalent circuit for the evaluation.

Evaluated interfacial capacitance is shown in Figure 14 as a three-dimen-
sional surface plot that charts the dependence of the capacitance on the BSA
concentration and on the applied interfacial potential. The capacitance de-
creases with increasing concentration of the protein, until a plateau is
reached.

Effect of pH on Adsorbed BSA. The capacitance measurement is
very useful in the study of protein adsorptive properties as a function of pH.
Figure 15 shows the capacitance change as the pH was varied using a
Robinson—Britton buffer. The capacitance is essentially invariant in the
absence of protein, but the addition of the protein has a pronounced effect.
The change of the charge of the adsorbed zwitterionic protein with changing
pH clearly shows the gradual ionization in both the cationic and anionic
states. As expected, at the isoelectric point, where all the lines intercept, only
a small change of capacitance with protein concentration is observed. This
behavior positively demonstrates the adsorption of ionized functional groups
of the protein.

C [whFem*x2 ]
75

7@

Figure 14. Three-dimensional surface plot of the interfacial capacitance as a

function of BSA concentration and applied interfacial potential. Water: 0.01

mol /L LiCl; nitrobenzene: 0.01 mol/L 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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Figure 15. The capacitance of the interface as a function of pH in the presence

of different concentrations of BSA, buffered with Robinson—Britton solution.

Water: 0.01 mol /L LiCl; BSA concentration (ppm): 0.0 (curve 1); 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.)

Application of the impedance methods in the described manner can be
useful to the understanding of films of biochemical materials adsorbed at
liquid-liquid interfaces and can provide some information for modeling ion
transport across a biological membrane.

Microinterface between Two Immiscible Solutions

The cell in Figure 2 is a typical apparatus used in LL studies. However,
recently small interfaces, called here microinterfaces, were shown to have
some experimental advantage. The purpose of this modification was to use
the same advantage that the ultramicroelectrodes have. Ultramicroelectrodes
help to overcome solution resistance difficulties that originate from a poten-
tial shift due to an uncompensated iR drop. As the interfacial area becomes
smaller, the diffusion geometry becomes a spherically symmetric process,
which means that the ratio of charge transport current versus solution
resistance increases and, ultimately, renders the iR drop minimal. In ITIES
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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Small LL interfaces have been used by Girault and co-workers (33-38)
and by Senda et al. (39, 40). We have used a small hole formed in a thin
glass wall (41-43). Figure 16 shows the voltammetric response of lauryl
sulfate anjon transport between water and nitrobenzene. Recent analytical
applications of these microinterfaces have resulted in construction of gel-
solidified probes. The advantage of such a modification is ease of handling
(44-47). The immobilization can be extended further to studies of frozen
interfaces, or even to solid electrolytes. Significantly, ITIES theory also
applies to interfaces that are encountered in ion-doped, conductive,
polymer-coated electrodes.

Fast scan voltammetry, in particular on microinterfaces, can be used for
determination of charge-transfer rate constants. Impedance analysis can be
used not only in analytical applications, but also to obtain a better under-
standing of surface phenomena (48) and adsorption (32). Microinterfaces,
with their high own resistance, are well suited for impedance analysis derived
from 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.

I (nA)

200 300 400 500
U (mv)

Figure 16. Voltammetric determination of lauryl sulfate (0.4 mmol /L) on a

liquid—liquid microinterface. Scan rates (mV /s): 10 (curve 1); 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 um. (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 a-helices is polarized along the helix axis. Because
membrane proteins often contain a-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.

TWO METHODS FOR OBTAINING STRUCTURAL INFORMATION on membrane
proteins and applications of these methods to the structural problems of two
channel-forming peptides are described in this chapter. Both methods use
uniformly aligned multilayers of membranes, and alamethicin and gramicidin
are the peptides that are investigated. We will show that two long-standing
problems are resolved by these methods: the location of the ion binding sites
in the gramicidin channel and the states of alamethicin associated with
membranes.

0065-2393 /94 /0235-0083$08.72 /00
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Uniformly 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-
tion of proteins can be measured with the methods to be described. We stress
that proteins in these samples are in the membrane active forms. With
time-resolved measurement, our methods can be extended to study the
structural dynamics of membrane proteins.

Orientational Information

Membrane proteins often contain a-helical sections. We have developed a
method called oriented circular dichroism (OCD; see reference 1), which can
be used to determine the orientation of a-helices with respect to the plane of
the membrane. This method is simple and easy to use compared with, for
example, the NMR method, which requires isotope labeled samples. Indeed,
it is the ease of this method that allowed us to examine alamethicin in many
different chemical conditions and that resolved a controversial question about
the nonconducting state of alamethicin and subsequently led to the discovery
of a new phenomenon of amphiphilic helical peptides (2).

One-Dimensional Structure

X-ray lamellar diffractions of bilayer membranes have been studied since the
late 1960s. The samples used in most X-ray measurements were either
powders (not aligned) or partially aligned multilayers. With uniformly aligned
multilayers, we can perform lamellar diffraction using the 6-20 scanning
geometry. In this way we have routinely obtained high-resolution diffraction
data. From these measurements, the z coordinate (normal to the plane of the
membrane) of a label atom can be obtained from difference electron density
profiles. For example, the ion distribution in an ion channel can be obtained
by subtracting the electron density profile of a sample that contains no ions
from the electron density profile of a sample that does contain ions. In this
way we directly measured the monovalent and divalent cation binding sites in
the gramicidin channel (3). More recently, we also performed X-ray scatter-
ing with the momentum transfer confined in the xy plane (4). Such scatter-
ing curves describe the lateral organizations of proteins and peptides in
membranes. The in-plane scattering will not be discussed here.

In the next section, uniformly aligned multilayers of membranes are
described. The third section illustrates the theoretical basis and applications
of the method of oriented circular dichroism (OCD). The OCD study of
alamethicin is discussed in the fourth section and the last section is devoted
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to lamellar diffraction of membrane multilayers and the resolution of the ion
binding sites in the gramicidin channel.

Uniformly Aligned Multilayer Samples

Hydrated peptide-lipid mixtures can be manually aligned between two
parallel, flat surfaces. The procedures are described in references 5 and 6.
For OCD and neutron diffraction experiments, we used two silica plates. For
X-ray diffraction experiments, we used a polished beryllium (Be) plate and a
silica plate. The sample thickness (1-80 pwm) was controlled by a spacer
between two plates. A circular hole was made in the spacer to provide a
cavity to hold the sample. The thicker the sample, the smaller the area of
monodomain region will be. The desirable radius of the cavity is about 8 mm
for thick (~ 80-um) samples. A sample was aligned between two plates by
hand using the procedure of shearing and compression—dilation first de-
scribed in reference 5.

The condition of a multilayer 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 condition
can also be determined qualitatively by visual inspection with a polarized
microscope. This inspection is possible because the defect structures of the
liquid crystalline L, or smectic A phase of lipids have been classified and
studied by polarization microscopy (5, 7-9). Indeed if a lipid sample is in the
L, phase, it is most conveniently ascertained by the appearance of smectic
defects. The defects that are most disruptive to multilayer alignment are oily
streaks. The most effective way to align a sample is to push (rather than
dissolve) the oily streaks to the periphery. If polygonal array defects appear,
either the heating and cooling process described in reference 4 can be used
or the sample can simply be left at the L, phase temperature for several
days, in which case the defects usually anneal away.

For X-ray diffraction samples, the alignment is examined from the silica
side by using a reflection polarizing microscope. X-ray diffraction was mea-
sured from the Be side. For electric field experiments, the silica plate is
coated with indium tin oxide (ITO) to form a thin transparent electrode on
the inside (10). For circular dichroism (CD) experiments, it is important to
remove any possible stress in the silica plates. Stress removal can be accom-
plished by temperature annealing at 1150 °C for 6 h, followed by slow cooling
at a rate of 10 °C/ h down to 900 °C and subsequent cooling at a rate of 100
°C/ h until room temperature is reached.

Thus far, we have aligned the following lipids: dilauroyl-, dimyristoyl-,
dipalmitoyl-, diphytanoyl-, and dioleoylphosphatidylcholine (DLPC, DMPC,
DPPC, DPhPC, and DOPC, respectively), dimyristoylphosphatidylglycerol
(DMPG), dipalmitoylphosphatidylethanolamine (DPPE), vL-a-phosphati-

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



Publication Date: May 5, 1994 | doi: 10.1021/ba-1994-0235.ch005

86 BIOMEMBRANE ELECTROCHEMISTRY

dylcholine from bovine brain (BBPC), and DMPC—cholesterol mixtures. The
peptides and proteins incorporated in multilayer samples include alamethicin,
melittin, gramicidin, magainins, and their synthetic analogues.

It has been shown (2, 3, 11, 12) that both the bilayer structure and the
state of a peptide in a multilayer preparation are the same as in a vesicle
sample prepared from the same materials.

Method of Oriented Circular Dichroism

Theory. Ultraviolet circular dichroism (CD) spectroscopy has been
used routinely in the analysis of the secondary structures of proteins. The
principle of this diagnostic method is based on the experimental fact that the
CD spectra (below 250 nm) of polypeptides and proteins are dominated by
the electronic transitions of the peptide units and are relatively independent
of side chains. The asymmetric and periodic arrangements of a polypeptide
give rise to characteristic CD spectra. In particular, the a-helix conformation
has a highly distinctive spectrum. According to the exciton theory of Moffitt
(13) (see review of the theory in reference 6), the peptide w—m* transition
in an a-helix is split into components with 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 a-helices. The use
of long polypeptides in an electric field led to conflicting results (see review
in reference 10), because the bending of long polypeptides was not taken into
account. The theory was finally demonstrated experimentally by the use of
membrane-spanning a-helices aligned in lipid multilayers. In particular, it
was shown that the CD band of helices at 205 nm is polarized along the axis
(6, 10). Thus we may summarize the ultraviolet CD spectra of a-helical
peptides as follows (2, 14): Between 185 and 240 nm the peptide spectra are
dominated by the m—7* and n—m* transitions. The n—m™* transition is
characterized by a magnetic dipole transition moment directed along the
carbonyl bond, which in a helix gives rise to a negative CD band near 224 nm
that is approximately Gaussian. The w—m* transition in a helix splits into
three. One transition has its electric transition dipole polarized parallel to the
helical axis and gives rise to a negative Gaussian band near 205 nm. The other
two transitions have their electric transition dipoles polarized perpendicular
to the helical axis, and their amplitudes strongly depend on the angle
between the direction of the probing light and the helical axis. When the
angle is 0°, these two transitions combine to have the shape of the derivative
of a Gaussian centered near 190 nm with the positive amplitude on the long
wavelength side, called the helix band (15). On the other hand, when the
angle is 90°, the two transitions are degenerate, both positive Gaussians, and
centered near 190 nm. Thus if the incident light is parallel to the helix axis,
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its CD, G, is given by two components (denoted by 6):
G,=0,_.+(gy,190nm, II) +60,_, .+(—g, 224 nm, |I) (1)
If the incident light is perpendicular to the helix axis, its CD, G, is given by

G =06,,,.+(+g,190nm, L) + 6 #(—g,205nm, 1)

Ui

+0,,.+(—g,224nm, 1) (2)
where, in the parentheses, the symbol g or gy indicates that the band is a
Gaussian or the helix form, respectively, and the sign in front of g stands for
positive or negative amplitude; the second entry is the wavelength; and the
third entry denotes whether the helix is parallel or perpendicular to the light.

The polarization of the 205-nm band (the Moffitt theory) can be used to
determine the orientation of a-helices in a membrane. This determination is
accomplished by the method of OCD; that is, the CD spectra of a multilayer
sample are measured with light incident at various angles with respect to the
normal of the membrane planes (I). Let the normal to the plane of the
membrane be n (the sign of n is immaterial, as we will see), the direction of
the probing light be k, and the angle between them be a. OCD is the CD
spectrum as a function of a, 8(a). The following equation is a general
property of CD spectra (16):

8(a) = 0(0°) cos® a + 6(90°) sin® (3)

Thus, 6(0°) and 6(90°) can be obtained by measuring 6(a) at two different a
angles. Suppose that helices are embedded in bilayers with their axes inclined
at an angle ¢ with respect to the normal n and uniformly or randomly
distributed in the azimuthal angles around n. Using the general property eq
3, we can show

8(0°) = G, cos®’$ + G, sin* (4)
8(90°) = 3G, sin®d + G, (1 — 3sin® $) (5)
Equations 3-5 are the basis of OCD analysis.
Applications. We will discuss two possible applications of OCD.

Nonhelical Molecules. If there are no theoretical restrictions on G
and G, , OCD can be used to distinguish a rotation of a molecule from a
conformational change. (In this case G, and G, are, respectively, the CD
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 inclination angle ¢ is changed from ¢, to ¢5. The 8(0°) and 6(90°)
for states A and B are given by

8,(0°) = G, cos® $, + G, sin®d, (6)
0,(90°) = 3G, sin®, + G, (1 — 3sin’d,) (7
85(0°) = G, cos® &y + G, sin® by (8)
05(90°) = G, sin® ¢ + G, (1 — 3sin? ) (9

These four equations are not independent (even if one makes use of two or
more CD bands at different wavelengths). The fourth equation is consistent
with the other three. This is, of course, only true if the states A and B are
related by a rotation. In other words, if states A and B represent two different
conformations (G, # G g, etc.), the fourth equation will not be consistent
with the other three. To test if states A and B are related by a rotation, one
may assume an arbitrary value for ¢, and use three equations to solve for
G, G, , and ¢y. Then the fourth equation is used to check for consistency.
A positive result can be used as a proof that states A and B differ only by a
rotation of the molecular axis. On the other hand, a negative result would
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 B represent two different
mixtures of the molecules in these two orientations. In this case, OCD will
satisfy eqs 6—9. OCD cannot distinguish a two-orientation problem from a
rotation problem ().

Helices. Because the 205-nm band is polarized along the helix axis,
OCD can be used to determine the orientation of helices. Assume that the
190- and 224-nm bands make negligible contributions to the CD amplitude at
205 nm. Then, from eqs 4 and 5, we obtain the approximate relation

0(00)205 nm/ 9(900)205 nm = Sin2 ¢/ (1 - % Sin2 ¢) (]‘0)

from which the value for the inclination angle ¢ can be estimated. For a
more exact analysis, decompose the spectra into the bands described in eqs 1
and 2. An example of such an analysis is given later for the channel-forming
peptide, alamethicin.

CD of alamethicin associated with phospholipids shows a typical a-heli-
cal form. For example, CD of alamethicin with dilauroylphosphatidylcholine
(DLPC) vesicles is shown in Figure 1 (1). If we assume that the mean residue
ellipticity of a-helices is independent of the length of the peptide and
compare the CD of alamethicin with that of a standard a-helix (e.g.,
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Figure 1. CD spectrum of alamethicin in DLPC vesicles. (Reproduced with
permission from reference 6. Copyright 1988 American Institute of Physics.)

poly-y-methyl-L-glutamate in hexafluoro-2-propanol; see reference 10), we
conclude that about 40% of the residues of alamethicin are helical. However,
the mean residue ellipticity depends on the length of the peptide when it is
short. For example, synthetic a-helical peptides of 21 amino acids show a
mean residue ellipticity of about —2 X 10* deg cm?/d at 224 nm (17),
which is only about 60% of the standard value for long o helices. Therefore,
in fact as much as 60-70% of alamethicin residues could be a helical. The
nonhelical part of alamethicin apparently contributes little to the total CD
(18). Thus the OCD of alamethicin in the membrane will reflect the
orientation of its a-helical section.

Figure 2 shows two sets of OCD (I and S) for a multilayer sample of
alamethicin in DPhPC with two different hydration conditions. (The tech-
nique of OCD measurement is described in reference 1.) Moffitt’s theory
predicts that the negative CD band near 205 nm consists of G, components
only; that is, G, = 0 for this band. Consequently, we expect the CD ampli-
tude near 205 nm to obey the a-dependence

8(a) = G, [sin®¢ + (1 - §sin®d) sin? | (11)

In particular, for helices parallel to the membrane normal (¢ = 0°), 6(a)
increases with sin® o, whereas for helices perpendicular to the membrane
normal (¢ = 90°), 8(a) decreases with sin® a.. Thus a visual inspection of the
OCD (Figure 2) is sufficient to conclude that the inclination angle ¢ must be
close to 0° for the spectra I and close to 90° for the spectra S.

A nonlinear least-squares program was written to fit the phenomenologi-
cal expressions eqs 1 and 2 to the spectra of normal incidence (o = 0°) in
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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 bilayers. The a dependence of spectra 1
indicates that the helical parts of alamethicin molecules are perpendicular to the
plane of the bilayer, whereas the a dependence of spectra S indicates that the
helices are parallel to the plane of the bilayer. 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. Each Gaussian band is assumed to have the form

g =Aep[ (A —r,)’/ 2] (12)

with three parameters: amplitude A, peak position A\, and bandwidth A.
The helix band has the form (12)

g = A[2(N = ) (Ao/A%) + L exp [- (A = 2o)*/ 2] (13)

also with three parameters. The 0° spectrum of the S state fits very well (see
Figure 3) with three Gaussian bands as prescribed by the theory (eq 2) for
helices perpendicular to the light. On the other band, the 0° spectrum of the
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I state would not fit well with a combination of Gaussian bands; instead it fits
a combination of a Gaussian and a helix band (see Figure 4), exactly as
predicted by the Moffitt theory (eq 1) for helices parallel to the light. The
band parameters obtained from our fit (Table I) are in good agreement with
the calculated values given by reference 19. Thus we showed that the
spectrum I, 0° and spectrum S, 0° are indeed G and G, , respectively.

We completed the experimental proof for G and G, by constructing
the right-hand side of eq 3 using eqs 4 and 5 with ¢ = 0°, & = 27° and 40°,
and comparing it with spectrum I, @ = 27° and 40° in Figure 2, respectively;
similarly with ¢ = 90°, @ = 27° and 40° was compared with spectrum S,
a = 27° and 40°, respectively. We see that they are all in good agreement.
Thus we have demonstrated the following two points:

1. The a-helical section is perpendicular to the plane of the
membrane in state I and parallel to the plane of the membrane
in state S.

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

Finally, we can also compare the OCD of a multilayer sample with the
CD of a vesicle sample. Because the orientations of helices are isotropically
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Figure 3. Spectrum S, a = 0° of Figure 2 is fitted with eq 2. The band
parameters are given in Table 1. (Reproduced with permission from reference 1.
Copyright 1990.)
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Figure 4. Spectrum I, a = 0° of Figure 2 is fitted with eq 1. The band
parameters are given in Table 1. (Reproduced with permission from reference 1.

Copyright 1990.)

Table 1. Band Parameters for CD of a Helix

Amplitude Amplitude

Band of Alamethicin  of a Helix®
Center Bandwidth A (107° deg A (107° de
CD Band® A(nm)  A(nm) cem? /dmol cm?/ dmo%
n - m* helix Lk(g) 2223 12.9 —20.37 -51
helix |k (g) 2249 11.9 —4.04 -10
m > @, helix Lk (gg) 204.8 74 -18.65 —46
m — 7%, helix Lk(g) 190.4 6.4 36.73 92
helix |l k (gy) 1885 10.1 —-0.95 -24

* The mean residue ellipticity poly-y-methyl-L-glutamate in hexafluoro-2-propanol solution
is used as the standard CD for isotropically distributed a-helices. The CD 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
golumn divided by 40%.

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

distributed in a vesicle sample, we can take, for example, ¢ = 0° in egs 4 and
5 (which give 8(0°) = G, and 6(90°) = G, ) and average eq 3 over the solid
angle 27 d(cos a) to obtain the CD for vesicles (8, ):

8, = 3G, + 3G, (14)
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The spectrum constructed from G and G, agrees well with 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?

Alamethicin is a natural peptide of 20 amino acids (produced by the fungus
Trichoderma viride). Since the late 1960s, the channels formed by ala-
methicin in lipid bilayers have been studied as a model for voltage-gated ion
channels (20; review in reference 21; see a fairly complete list of references
in reference 2). Recently the alamethicin channels have been shown to be
tension dependent (22). Although alamethicin is one of the best character-
ized channels, there is a long-standing controversy about which model best
describes the experimental data.

Since the early 1970s, most investigators agree that alamethicin monomers
form a water-filled conducting pore like the staves of a barrel, and this
assumption is consistent with most ion conduction data (23-25). However,
conduction experiments provided no clues for the nonconduction state, either
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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.

In the last 10 years, numerous spectroscopic and other methods have
been used to study the nonconducting state. Such methods include Raman
spectroscopy (26-28); 'H, 2H, and *'P nuclear magnetic resonance (NMR)
studies (27); infrared attenuated total reflection spectroscopy (29); ala-
methicin—phospholipid cross-linking studies (21); titration and stopped-flow
analyses using circular dichroism (CD) and fluorescence to monitor the
alamethicin—lipid interactions (30); capacitance studies (31); and studies of
synthetic analogues (31-33). These studies led to many different conclusions.
In particular, there are conflicting conclusions as to whether, in the absence
of a transmembrane electric field, alamethicin partitions into the apolar
region of a lipid bilayer or adsorbs to the lipid-water 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.

We investigated this problem by OCD (2). Alamethicin-DPhPC multi-
layer samples at various peptide-lipid molar ratios (1:10~1:140) were pre-
pared as previously described. The aligned multilayer samples were placed in
a series of humidity chambers to be equilibrated at chosen relative humidities
(RH) at room temperature. Samples obviously exchanged water with the
environment through the gap between the two silica plates. Dependent on
initial and final RH, the equilibration time for a sample varied from 4 to 20
days. The equilibrium states of the samples were examined by OCD. In most
cases the samples exhibited spectra either like spectra I or like 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. On the other hand,
spectra S will be called the surface (S) state because they represent helices
parallel to the plane of the membrane. Samples were either in the surface
state or in the inserted state as shown in the RH versus L:P (the lipid—peptide
molar ratio) phase diagram (Figure 6), unless a sample was near the phase
boundary. Near 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 humidity
chambers across the phase boundary. During the transition, the spectra were
linear superpositions of I and S, but once the samples reached equilibrium,
the initial spectra were reversed. When a sample changed its state (ie.,
underwent a phase transition), it took a longer time (up to 20 days) to reach
equilibrium, if the final point was closer to the phase boundary. An equilib-
rium spectrum remained unchanged in time as long as the sample was kept in
the same humidity chamber. The samples were examined under a polarized
microscope each time a CD measurement was made. All the data points on
the phase diagram are in the L, phase of the lipid. Except for L:P less than
10:1, the lipid changes to the gel phase for RH below 89%.
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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 L, 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-
methicin in a membrane. The phase diagram (Figure 6) is characterized by a
phase boundary that ends at a critical lipid:peptide molar ratio L:P* at 100%
RH. If the lipid—peptide ratio is greater than L:P* (that is, at a low peptide
concentration), alamethicin is always on the membrane surface in equilib-
rium. For L:P smaller than L:P*, alamethicin is always inserted in the
membrane in equilibrium at 100% RH, but if RH is below the phase
boundary, alamethicin is again on the membrane surface. Starting from the
critical L:P*, the phase boundary decreases to lower RH for lower L:P.
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This surprising property of alamethicin is not unique to the lipid DPhPC.
Alamethicin behaves similarly in dioleoylphosphatidylcholine (DOPC) (Fig-
ure 7). Alamethicin in L-a-phosphatidylcholine from bovine brain (BBPC) at
L:P ~ 50:1 also shows an I « S transition as RH varies. Thus, these features
appear to be the general characteristics of alamethicin in lipid membranes. In
fact, our preliminary investigation indicates that amphipathic helical peptides
may all have this property. Different combinations of peptide and lipid
apparently have different values of critical L:P*.

Based on these observations, the conflicting reports about the state of
alamethicin are understandable in terms of different investigators using
different lipids, different lipid-peptide ratios, and different preparation
procedures. (It is quite possible that some measurements were made before
the samples reached equilibrium.)

In a typical conduction experiment, alamethicin molecules are parti-
tioned between the aqueous phase and the lipid phase. In the lipid phase, the
peptide—lipid ratio is usually several orders of magnitude smaller than the
observed P:L*, so the majority of the membrane-associated alamethicin
molecules are on the membrane surface, with perhaps a small fraction of
them inserted in the bilayer. When a transmembrane potential is applied, the
inserted molecules (and presumably the number of channels) increase be-
cause the free energy of the inserted state is decreased by the coupling of the
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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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peptide dipole with the electric field (2). This mechanism of voltage gating
was in fact proposed a long time ago by Bauman, Mueller, and Boheim (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 performed
with an oscillating camera. In another method, the membrane multilayers are
aligned on a curved surface to produce powder patterns. The 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, in the second method, it is
difficult to make corrections for the sample absorption (this correction is
necessary for the first two Bragg orders). We believe that an alternative
method of single crystal diffraction (i.e., 6-26 scan) that uses well-aligned
samples is advantageous for two reasons: (1) the above-mentioned difficulties
are avoided and (2) high-resolution data are always produced. We used this
single crystal diffraction method to solve a long-standing problem of the
gramicidin channel (3), namely, where are its ion binding sites?

Gramicidin, a linear pentadecapeptide, is by far the most extensively
studied membrane-active peptide that forms a transmembrane ion channel.
The gramicidin channel is a cylindrical pore formed by two monomers, each a
single-stranded B® helix, that are hydrogen-bonded head-to-head at their N
termini (36, 37). The 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 on the channel
conductivities of a great number of variables including amino acid variation,
membrane variation, ion valence variation, and cation variation (38—40). The
relatively simple structure and the wealth of experimental data on its ion
conductions make gramicidin an ideal model system to study the principles
governing ion transport across lipid membranes. Many molecular dynamics
computations and simulations have been performed in 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 ion 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-aligned gramicidin-containing membrane multilayers
might resolve the location of the ion binding sites in the channel (3).

That the channel has two monovalent cation binding sites is consistent
with known experimental data (36, 38). Indeed, the binding constants for the
first and second bindings of alkali metal cations have been estimated by
TI*-205 chemical shift studies (44) and NMR relaxation methods (36). The
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bindings of divalent cations were first inferred from the ability of the cations
to reduce the fluxes of monovalent ions (38); further evidence was obtained
from 3C and **Ca NMR relaxation studies (36, 45). However, the locations
of all these binding sites were unknown. An earlier study on ion-induced
chemical shifts of carbonyl carbon NMR resonances by Urry and his collabo-
rators concluded that two symmetric binding sites for monovalent cations are
each localized between the Trp-11 and Trp-13 carbonyls of one monomer
(36). However, this same evidence was also used to conclude that the
gramicidin helix is left-handed—a conclusion contradicted by more recent
NMR studies (37, 46).

The direct measurement of ion locations was performed by difference
X-ray diffraction of gramicidin samples with various ions. Unlike the CD
experiment, where the multilayer samples can be as thin as 1 pm or less,
X-ray diffraction samples must be at least 10 pm. To align thick multilayers, it
is essential to use two substrates. We know of no example of a thick (>10
pm) and large (>10 mm®) single-domain multilayer preparation on one flat
substrate without the help of a second surface. Furthermore, if multilayers
are formed by evaporation or centrifugation of a vesicle solution (either
method requires only one substrate surface), it would be difficult to control
the ion concentration in the multilayers. On the other hand, finding a
substrate suitable for alignment of multilayers as well as for X-ray transmis-
sion is not trivial either. The problem is accentuated by the fact that the first
Bragg peak of membrane diffraction is about 1°, which means that the X-ray
path length through the substrate will be 60 times the thickness. This
problem shows why it is necessary to use a polished beryllium plate.

DLPC membranes were chosen for convenience because they are in the
L, phase at room temperature. Gramicidin—DLPC multilayer samples aligned
between a polished Be plate and a silica plate produced high quality
diffraction patterns. Typically eight Bragg orders were recorded (Figure 8),
which is a very high resolution for DLPC membranes in the L, liquid—crys-
talline phase. By the same method, 13 Bragg orders were recorded for
dimyristoylphosphatidylcholine (DMPC)-cholesterol multilayers in the L,
phase (47), which represents the highest resolution ever recorded for such
systems (11). Data reduction included (1) background subtraction; (2) correc-
tions for polarization, the Lorentz factor, scattering volume, Be and specimen
absorption, the second harmonic (which becomes significant due to the
absorption by the Be plate) and the atomic scattering factors; and (3) the
detector vertical slit correction for beam divergence and sample mosaic
(0.3-0.5°) (48).

The phases of Bragg reflections were determined by the swelling method.
The reciprocal space is sampled by changing the lamellar spacing (or repeat
distance) of the multilayers through the hydration variation. If the bilayer
structure is unchanging or slowly changing with water content, the scattering
amplitudes (whose phases are either 0 or 7 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.

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

99



Publication Date: May 5, 1994 | doi: 10.1021/ba-1994-0235.ch005

100 BIOMEMBRANE ELECTROCHEMISTRY

bilayer structures) will fall on a single smooth curve. Examples are given in
Figure 9. Once the phases are determined, the structure factors are Fourier
transformed to obtain the scattering density profiles. The scattering density
profile can be normalized to the true electron density, p, if we know the
composition of the sample and the molecular areas (along the plane of the
membrane) of lipid and gramicidin (see the details in reference 3). Figure 10
shows the normalized electron density profiles of gramicidin-DLPC bilayers
with T1*(peptide-lipid—ion molar ratios 1:10:1), K* (1:10:1.5), and without
salt (1:10:0).

A difference electron density profile is obtained from two p profiles that
have the same lamellar spacing D. The top two curves in Figure 11 are two
examples of the difference profile p(T1*sample) — p(salt-free sample) ob-
tained from the data of 42.4- and 43.4-A lamellar spacings. Each profile
represents a measurement of the electron density distribution of TI*. The
distributions indicate that the majority of TI* ions are bound inside the
channels; each (dimeric) channel binds two TI* ions according to the
ion—gramicidin ratio. The peak positions indicate the locations of the TI*
binding sites; the width of the peak represents the resolution of diffraction,
~5 A. We also calculated p(T1* sample) — p(K* sample) which is shown as
the bottom two curves in Figure 11. Because K* has a relatively small
binding constant (44), excessive amounts of K* in the sample are considered
necessary to ensure that the majority of the binding 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 TI* obtained from p(TI* sample) —
p(K* sample) are shifted slightly toward the center. Due to its unfavorable
signal-to-noise ratio, the K* distribution profile was not analyzed further. The
location of TI* binding sites was determined solely from the difference
profiles, p(T1* sample) — p(salt-free sample).

The locations of the two binding sites are symmetric with respect to the
center. This is proven by the fact that, although both binding sites are
occupied, there is only one sharp peak on each side of the center. (Because of
the manner of sample preparation, if two sites were asymmetric, two peaks
would appear on each side.) We measured the peak positions of the differ-
ence profiles p(T1* sample) — p(salt-free sample) obtained from using four
different TI* samples and three different salt-free samples, evaluated at
various lamellar spacings. From the average, TI* binding sites are deter-
mined to be at 9.6 + 0.3 & from the midpoint of the channel.

Figure 12 shows the profiles of the gramicidin—-DLPC bilayers with Ba®*
(peptide~lipid—ion molar ratios 1:10:1) and Mg2* (1:10:1) at 42.8-A lamellar
spacing. The central regions of the two profiles are essentially the same, but
they are substantially different from the central regions of the monovalent
cation samples and the salt-free sample, which are essentially the same in the
central region (Figure 10). For this reason, we subtract the Mg>* profile, but
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Figure 9. Structure factors obtained from H,O swelling experiments for four

different TI* 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 TI™ (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 1991.%
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Figure 11. ?(’ﬂ‘erence 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 43.4-4
lamellar spacing; dotted lines are obtained from 42.4-A" lamellar spacing.
(Reproduced with permission from reference 3. Copyright 1991.)
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Figure 12. Normalized electron densitg profiles of gramicidin—DLPC bilayers

with Ba®* (dotted line) and with Mg? ¥ (solid line), obtained from the structure

factors of 42.8-A lamellar spacing. éeproduced with permission from reference
3. Copyright 1991.)

not the salt-free profile, from the Ba®>* profile. However, unlike the case of
p(T1* sample) — p(K* sample), where there are excessive K™ ions, we have
equal numbers of Ba>* and Mg>* ions in the respective samples.

Figure 13 shows two examples of the difference profile p(Ba®* sample)
— p(Mg?* sample) obtained from the data of 42.8- and 44.4-A lamellar
spacings. The sharp peaks indicate that Ba®* ions are well localized. We
measured the peak positions of the difference profiles p(Ba®* sample) —
p(Mg>* sample) obtained from using four different Ba®>* samples and three
different Mg®* samples evaluated at various lamellar spacings. From the
average, two symmetric Ba>* binding sites are determined to be at 13.0 + 0.2
& from the channel midpoint.

Based on the B®® helical structure of the gramicidin channel, it is quite
natural to suggest that the ion binding site is on the first turn of the helix
from the mouth (38). At the mouth of the channel, the last six carbonyls are
hydrogen-bonded only to one neighbor. Three unbonded carbonyl oxygens
are pointing toward the outside of the channel, as is the hydroxyl group of the
ethanol amine tail. This cluster of negative charges seems to provide a
binding site for cations. The surprising finding of our experiment is that the
TI* binding site, at 9.6 + 0.3 A from the channel midpoint, is either near the
bottom of or below the first turn of the helix (49).

On the other hand, Ba?* ions, at 13.0 + 0.2 A from the channel
midpoint, apparently bind to the channel near the ends. This location is

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



Publication Date: May 5, 1994 | doi: 10.1021/ba-1994-0235.ch005

104 BIOMEMBRANE ELECTROCHEMISTRY

0.015

o
o
-
o
|

Ap (electrons/&?)
o
&
T

o
=]
=]
=)

I

—0.005L R I I I B |
-20 -10 0 10 20

distance (&)

Figure 13. Difference electron density profiles p(barium sample) — p(magnesium
sample) at 42.8- and 44.4-A lamellar spacing. (Reproduced with permission
from reference 3. Copyright 1991.)

consistent with the experimental observation that divalent cations do not
permeate but block the channel (50). Thus we suggest that the separation
between two opposite Ba?* binding sites (i.e., 26.0 + 0.4 A) is a good
measure for the length of the gramicidin channel. The molecular basis for the
selectivity against divalent cations is probably straightforward. The gramicidin
channel is a pore of 4 A in diameter separated from the hydrophobic
dielectric medium only by a single layer of 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.

Our diffraction experiment revealed some other interesting properties of
membrane—gramicidin interactions. It is well-known that a pure lipid bilayer
changes its thickness with hydration (47). However, if the bilayers 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). For this reason, cholesterol is called a membrane thickness
buffer. Gramicidin is another membrane thickness buffer. In all our samples
the phosphate peak-to-peak distances across the DLPC—gramicidin bilayers
are virtually identical at 32.1 A, irrespective of the degree of hydration. The
assumption that the local hydrocarbon thickness of a lipid bilayer tends to
match that of an embedded gramicidin channel was the basis of a previous
study on the effect of membrane thickness on the gramicidin channel lifetime
(38, 52, 53).
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Conformation and Mobility

of Membrane Proteins in Electric
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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 B 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 1 (PSI) along the membrane of hypotonically
swollen thylakoid vesicles induced by low electric fields (40-80 V/em)
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 cm? /(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
© 1994 American Chemical Society

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



Publication Date: May 5, 1994 | doi: 10.1021/ba-1994-0235.ch006

108 BIOMEMBRANE ELECTROCHEMISTRY

was only 5% 1077 cm?/s. The lateral diffusion coefficient was
~5 X 10~° ¢m?/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 with respect to the plane of the membrane. The fields
perpendicular to the membrane plane, which are related to the membrane
potentials, influence directly the biological activity of the membrane proteins
including ion channel gating (1, 2) proton translocation (3), and enzymatic
activity (4-6). The effect of membrane potential on the biological activity is
assumed to be through its effect on the conformation of the membrane
proteins. In spite of the plausibility of this assumption, only preliminary
attempts have been made to demonstrate directly that the membrane poten-
tial does indeed affect the conformation of the membrane proteins (7, 8). In
the case of voltage gating, the change in conformation is assumed to be
minute; it consists of charge shifts within the channel formed by the protein
(1, 2). Such a small conformational change hardly could be detected by
spectral changes that involve the whole molecule. Despite these prevailing
ideas, one has to be mindful that the very high fields of ~330 kV/cm or a
membrane potential of 100 mV may affect membrane proteins with their
large dipole moments. Transient conformational changes of charged (9) and
noncharged polypeptides in solutions were induced by electric field pulses
(10). The observed change was in the direction of the conformation with the
higher effective dipole moment. The electric potential gradient across the
membranes may affect the membrane protein either directly or by transfer-
ring sections of the membrane protein from the hydrophobic phase into the
hydrophilic phase or vice versa.

The sporadic tangential electric fields that may originate along the
surface of the membrane from surface reactions and result in local changes in
charge are considerably weaker than the cross membrane fields; they may,
however, suffice to mobilize other charged membrane components and serve
as a means for lateral communication or signal transduction. In this respect,
the protein complexes of the photosynthetic membrane are of special inter-
est. The majority of thylakoid membrane proteins are organized in five
integral membrane spanning complexes: photosystems I and II (PSI and
PSID), light harvesting complex II, cytochrome b6-f complex, and adenosine
triphosphate (ATP) synthetase complex (11). These proteins are responsible
for coupled light harvesting, proton and electron transport, and ATP synthe-
sis. Spatial segregation of PSI and PSII exists between the oppressed and the
nonoppressed regions and, at the same time, PSI and PSII are functionally

linked through the lateral mobility of plastoquinone and of plastocyanin.
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However, under short-term environmental stresses (e.g., sudden increase in
light intensity) there is a lateral redistribution of some of the complexes (12).
The efficient conversion of light energy into electrochemical driving force by
the multicomponent protein-complex system relies on the lateral interactions
of the complexes. Thus, the understanding of the diffusional and the elec-
trophoretic mobility of these components in the plane of the photosynthetic
membrane is essential for the elucidation of the dynamic process and the
mechanism of the photosynthetic process.

The lateral mobility of proteins and lipids in natural and artificial lipid
bilayer membranes was determined by different methods. For long-range
mobility, fluorescence recovery after photobleaching (13-15) and elec-
trophoresis of membrane components (16) were employed. We employed
the electrophoresis method for determination of the eletrophoretic and
diffusional mobilities of PSI in the plane of hypotonically inflated, spherical
thylakoid vesicles. To monitor the redistribution of PSI particles, we made
use of the spatial characteristics of the contribution of PSI particles to
electrophotoluminescence (EPL) (17, 18). The contribution of PSII to EPL
was eliminated by heat treatment of the chloroplasts (19). The EPL origi-
nates from the PSI particles at the hemisphere of the vesicles at which the
induced electrical field destabilizes the photoinduced charge separation (18).
The electrophoretic and diffusional mobilities were measured in vesicular
suspensions to avoid immobilization for microscopic visualization (20). The
photosynthetic membranes are devoid of cytoskeletal elements that might
interfere with the lateral mobility.

Experimental Details

Reconstitution of Bacteriorhodopsin in Lipid Vesicles and Application of
Diffusional Membrane Potential. Purple membrane fragments were obtained
from Halobacterium halobium bacteria that were cultured according to Becher 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 cm™! M~! 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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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 pm) 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 CD 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,HPO, and Na, HPO,) buffers
with a 0.3-M K,SO, (which will be called K buffer) or 0.3-M Na,SO, (which will be
called Na buffer). Some vesicles were prepared with K buffer (having inside 0.3-M
K,S0,) and some with Na buffer (having inside 0.3-M Na,SO,). From each kind of
vesicle, half were dialyzed against K buffer for 24 h at 4 °C and half against Na buffer
under the same conditions. Finally, we obtained vesicle suspensions with high K*
inside and Na* concentration outside, high Na* inside and high K* outside, and
control suspensions having equal concentrations (either high Na* or high K*) inside
and outside. The diffusion potential was obtained by adding valinomycin (107" M) to
both the samples. In the controls without ion gradient the CD was measured in the
presence of 10-7-M valinomycin.

Incorporation of Alamethicin into Lipid Vesicle Membranes and Generation of
Donnan Potential Gradient across the Membrane. Alamethicin from Tricho-
derma viride 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 10~°-M NaCl 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 mL of vesicle-con-
taining solution. The final lipid concentration was 1 mg/mL and the final polypeptide
concentration was 150 pg/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 CD spectrum did not change, different amounts of 0.1 N (normality equals
molarity in monomeric units) of degree of polymerization ~100,000, sodium poly-
acrylate (PA™) solution were added. Free alamethicin in the presence of salt tends to
interact with PA™ to form gels. Lack of gelation with added PA~ indicates that the
alamethicin is incorporated into the membranes. The final polyacrylate concentrations
were between 0 and 0.1 N. The concentrations of Na* 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 PC 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, CA) 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 CaCl, 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.

CaCl, 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 Ca®* added. After the ion-exchange resin treatment, the vesicles were dialyzed
for 12 h against solutions containing 2 X 1075 NaCl and 10~ *-M glucose or 0.03-M
NaCl, and 0.04-M glucose. The alamethicin was added 10 min before any measure-
ment. After the jon-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.

An alternative method to obtain a negative inside Donnan potential across the
vesicular membrane involves preparation of the vesicles as in the first case (ie., in
glucose solution) and the addition of polyethylene imide (PEI*) 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, Ay, 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

in (1)

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

When we add different quantities of 0.1 N/Na,PA"~ (where v is the number of
charges on the polyion) to the vesicular suspension prepared in salt concentration C
(here C = 2 X 10™° M) and 0.1-M glucose to maintain equal inside—outside osmotic
pressure, the requirements of equilibration [Na*] ,[C1"],,, = [Na*],[CI"],, at elec-
troneutrality demand a flux of neutral NaCl into the vesicles. The increase in osmotic
pressure due to the increase in NaCl concentration in the vesicles is negligible and the
vesicular volume remains constant. The Donnan potential at equilibrium then be-
comes

RT fI[PA]+C—-AC RT C + (v,/v) AC

= —p— = 2
F N CT o o)AC _ F T C-AC @

where f= 0.2, the PA™ 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 [PA7] is the polymer concentration in monomeric units. AC 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. v,/ v; is the
outer to inner volume ratio (200) as determined from the measured internal volume
and the lipid concentration. A¥ was similarly calculated for PEI* outside the
vesicles.

In the case when PA™ was inside the vesicles and the salt concentration was in
the oult)er phase, C, was obtained by equilibrium dialysis and the Donnan potential is
given by

RT fI[PAl+AC RT. C
= ——|p —m—mm——— = — N — 3
A o In C F In AC 3)

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
(Pisum 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; pH 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 pH 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'-Diethylthiodicarboxycyanine. The 3,3'-diethylthiodicarboxycyanine
(DisC,) 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 1078 M. The fluorescence of the dye in the presence of lipids
was about half that observed in the absence of lipids. The cationic 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 PEI™ (polyethylene imine). The rate of
E)rogress toward Donnan equilibrium and establishment of the membrane potential
increase in F,/F) increases with increasing concentration of added alamethicin

(Figure 1).

CD Measurement. The CD 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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T T T T
AL :pg/ml
Fo/F

1.4+ 0 '//— 7] Figure 1. Time dependence of fluores-
N _ cence quenching of the potential-sensitive
" /,g ‘‘‘‘‘‘‘‘‘ 7 dye DisC, in the presence of 0.1-mg /mL
LT e CD vesicles in 2 X 10~ °>-M NaCl upon
-1/ ot 7 addition of 0.1-M PEI" and different
[/ e L | amounts of alamethicin to the outer phase.
4 The excitation wavelength was 620 nm
1 I T N T and emission wavelength was 670 nm.

(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 CD spectra of protein
(32).

Electrophotoluminescence Measurements. Electrophotoluminescence (EPL)
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 RG 665), was monitored on a fast
oscilloscope (Tektonix 2403A) interfaced to a compatible computer (IBM PC). In all
cases the amplitude of a particular EPL 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 EPL 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 EPL 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 EPL amplitude was measured. The amplitude
of the EPL 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 EPL from the two hemispheres at different times after
prepolarization by 6-8-s prepulse trains. All 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, MO) 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 Bacteriorhodopsin. Figure 3
shows the effect of valinomycin on the far UV CD spectra of the bacteri-
orhodopsin in lipid vesicles. In the presence of a potential gradient, irrespec-

A Polarization by low electric field prepulses

4
/ ;
/ /
] %
+ f .
] %
g J
; /
/ ¢
; g
7 Y
B Charge separation upon illumination and
induced luminescence by high electric
field pulse (EPL)
+(=) +) —

A SN AN NS S O NNNN

Figure 2. Scheme of the experimental procedure. A, Electrophoretic 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

60us-~ 1000V/cm
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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 Na* outside or with high Na™*
inside and high K* outside), the CD signal at ~210 nm is smaller in the
presence of valinomycin than in its absence. The contribution of valinomycin
at 10”7 M on the CD spectra is small and is taken into account by deducting
the change in the CD spectra of the controls with equal ionic composition on
both sides of the membrane, upon addition of 10~7-M valinomycin.

Preparation and dialysis of the vesicles in buffers that contained 20-mM
K,HPO, and NaH, PO, instead of 2 mM, which produced smaller concen-
tration ratios of K* across the membrane yielded results that were similar,
but the effects were smaller. Figure 4 shows the effect of the electrical
potential on the CD intensity of bacteriorhodopsin reconstituted vesicles. The
potentials on the abscissa are calculated assuming unity for K* transport
number; the sign refers to the polarity of the interior of the vesicles.

The potentials inferred from fluorescence potential-induced quenching
of 3,3'-diethylthiodicarbocyanine iodide are smaller than the potentials com-
puted assuming the Nernst potential.

In Figure 3 the CD spectra in the presence and in the absence of
valinomycin as well as the difference spectra are presented. The corrected
difference spectra obtained by subtraction of the difference spectrum in the
absence of an ion gradient (Figure 3b and d, curves A8) from the difference
spectrum in the presence of an ion gradient (Figure 3a and c, curves A9) are
also presented [Figure 3a and c, curves A(A8)]. Taking into account the
accumulated error, the values of A(A6) are reliable within 10-15% through
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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
K" ions and 2-mM Na” ions. d, 0.6-M Na* ions outside and inside. Solid lines
denote without valinomycin; dotted lines denote with valinomycin. Curve A0
shows differences between valinomycin and valinomycin-free spectra. Curve
A(A6) shows differences between the difference spectra in a and b (respectively,
in ¢ and d) that show the total field effect. The combined error was < 500 (deg
cm?®) /dmol at 210 nm. (Reproduced with permission from reference 7. Copyright
1988 Biophysical Society.)
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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 ~"-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. The decrease of the negative ellipticity between 205 and
235 mm indicates that the applied membrane potential, irrespective of its
direction, decreases the helicity of the protein. For this evaluation, we used
fitting methods that employ the basis spectra for the a helix, random coils,
and B forms presented either by Chen et al. (33) or by Chang et al. (34).
The CD spectra of the bacteriorhodopsin reconstituted in vesicles without
any diffusion potential nearly agreed with the published spectra of the
protein reconstituted in dimyristoyl phosphatidylcholine (DMPC) (17). The
spectra of bacteriorhodopsin embedded in lipid vesicles differ to some extent
from those in purple membrane fragments because of the difference in the
scattering and the consequent optical flattening (7). Using a nonlinear least
squares technique with basis spectra from Chen et al. (33), we got 74% «
helix and 17% random coil without any field and only 67% o helix and 26%
random coil when the field, regardless of polarity, is applied. Using the basis
spectra from Chang et al. (34), we obtained 68% a helix, 23% B sheets and
B turns, and 9% random coil without applied electrical field. Analysis of the
modified spectra with applied Nernst potential of 146 mV and irrespective of
the field direction yielded 61% a helix, 24% random coil, and 15% B and B
structure.
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Electric Field Effect on CD Spectra of Alamethicin Added to
PC Vesicles. The ellipticity of alamethicin at 208 nm in methanol is
approximately twice that in aqueous solution (5). When lipid vesicle are
added to the aqueous solution, a greater than twofold increase in ellipticity is
observed at ~223 nm from 7 X 10° to about 17 X 10* (deg cm®)/ dmol.
The ratio of the ellipticities at 222 and at 208 nm depends on the local
alamethicin concentration or on the alamethicin to lipid ratio (35, 36).
Sodium polyacrylate has a small effect on the CD spectrum in an aqueous
solution but no effect at all in the presence of vesicles if there is no
membrane potential (8).

Figure 5a shows the CD spectra of alamethicin for different electric
potentials either positive inside the vesicles (polyacrylate added to vesicles
with low salt content and with alamethicin embedded in the membrane) or
positive outside (PA™ in the vesicles). When the polyacrylate concentration
outside increases, we may notice the decrease in the absolute value of the CD
signal at 220 nm and the appearance of a shoulder at shorter wavelengths.
When the potential is positive outside of the vesicle, the effect is reversed;
that is, the CD band at around 220 nm is increased. The 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 ug /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-ug /mL alamethicin
embedded in PC vesicles prepared in 2 X 10 ~°-M NaCl (lipid concentration 1
ug/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.)
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depend on the way the field is created, namely, by PA™ in the vesicles or
polyethylene imide (PEI*) in the outer phase, as shown in Figure 5b.

Figure 5b shows the PEI* effect on the CD spectra: increasing helicity
at 222 nm with increasing concentration. Cascio and Wallace (35) showed
that the CD spectra depend on the lipid to alamethicin ratio. The effect of
potential on the CD spectrum remained practically the same when the lipid
to alamethicin molar ratio was changed within an order of magnitude. The
similarity of the results in Figure 5a and b indicates that the conformation of
alamethicin is a function of membrane potential and its direction only,
irrespective of the experimental condition under which the potential has been
generated.

In Figure 6, the change in ellipticity, A, is presented under different
experimental conditions as a function of the calculated transmembrane
potential. The experimental points obtained under the different conditions
are a continuous curve. Table I shows the secondary structure calculated
from the ellipticity at different potential differences across the membrane.
The evaluation of the alamethicin conformation was performed similarly to
that of bacteriorhodopsin under the influence of electric field, namely, by
fitting the basis spectra for a helix, random coil, and B forms presented either
by Chen et al. (33) or by Chang et al. (34). There is a trend toward B
structure as the positive inside potential increases and toward helicity at
opposite polarity.

The quantitative estimates presented in Table I are to be taken with
caution because the ellipticity—conformation relation derived for globular
proteins is probably not fully applicable to alamethicin that contains 8
a-aminoisobutyric acids (aibs) out of 20 amino acids. The aib residues,

20 -

18- -

16

14 ~
1 1 i 1 1 1 1

200 160 120 80 40 0 40 80 100
Ay (mV)

[6] (x10% deg cm?/dMol)

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 (@), by preparing the vesicles with 0.1-M PA~ and then

dialyzing against NaCl ( Og, or by adding PEI* outside the vesicles (). See

text for details about generating the electric field. (Reproduced with permission
from reference 8. Copyright 1990 Elsevier.)
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Table 1. Alamethicin Conformation at Different Membrane Potentials

0 Unordered
AY (deg cm?®)/dmol ~ a helix B structure B 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
-89 18,100 79 10 6 5
—-173 18,400 81 8 5 6

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

particularly near the C terminal (35, 37) tend to form a less dichroic 310
helix rather than a a-helix, and thus the helicity derived from the measured
ellipticity may be underestimated. Moreover, depending on direction, the
transmembrane electric field may help to insert the polypeptide into the lipid
bilayer with concomitant aggregation and pore formation (38) or to extract it.
Thus, it may modulate the environmental effect on polypeptide conforma-
tion. Enhanced insertion of alamethicin into the membrane is equivalent to
an effective increase in the polypeptide to lipid ratio that brings about an
increase in ellipticity around 223 nm.

Mobility of PSI in the Plane of the Vesicular Thylakoid
Membrane. Figure 7 shows the relative change in EPL and their depen-
dence on prepulse amplitude, duration, and polarity. The relative change in
EPL is defined as the difference between the EPL in the presence of the
prepulse (EPL) and in its absence (EPL,), divided by EPL,. For parallel
polarization, (i.e., the same polarities of the prepulse and the luminescence
stimulating pulse) we observe a decrease in the EPL, whereas the EPL
increases with the prepulse when polarization is in the antiparallel direction.
These effects increase with the prepulse duration until saturation is ap-
proached. The saturation time decreases as the field strength increases and
varies from integrated polarization time of ~0.5 s at 60 V/cm to ~0.8 s at
40 V/cm. Taking into account that PSI has to move a distance of the order of
107% cm during this time (average particle diameter of 1072 cm), we obtain
values of the order of 3 X 107% cm?/(V s) for the electrophoretic mobility.

The EPL signal increases with the amplitude of the prepulse up to 60
V/cm. At ~80 V/cm a maximal effect is observed, after which increasing the
prepulse amplitude causes decrease in the relative change of the EPL. 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
phenomienon seems to start at approximately 80 V/cm. Figure 8 shows that a
fivefold increase in the aqueous viscosity does not affect the electrophoretic
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Figure 7. Accumulation of PSI on one pole (the relative change in EPL,
[EPL — EPL,]/EPL,, obtains positive values when the EPL-stimulating pulse
is in the opposite direction to prepulse) and its depletion on the other pole
([EPL — EPL,]/EPL, 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. EPL, 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 (@), 60 (O), and 80 (O) V fem.
Prepulse train characteristics: pulse length, 1 ms; pulse spacing, 4 ms (200 Hz).
(Reproduced with permission from referer)we 20. Copyright 1989 Biophysical
Society.
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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

(®). (Reproduced with permission from reference 20. Copyright 1989
Biophysical Society.)
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mobility of the photosystem. The time dependence of EPL enhancement on
one pole and its lowering on the other pole is the same in the presence and in
the absence of dextran. Thus, one may conclude that the electrophoretic
mobility is only a function of the hydrodynamic resistance of the membrane.

Figure 9 illustrates the relaxation of EPL after turning off the electrical
field at 40 and 80 V/cm. The field free diffusional relaxation at 80 V/cm is
also shown in the presence of dextran. The time dependence of the EPL 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 uniform electric field E in a
conducting fluid is distorted near the cell, and the tangential field at the cell
surface, E,, that produces the electrophoretic driving force is

Ey =fEsin 0 (4)

where f is a numerical factor that represents the field distortion (1.5 for a
nonconducting sphere) and 6 is the polar angle. This electrophoretic driving
force propels the negatively charged PSI complex along the membrane
surface until opposing forces (e.g., diffusional, electrostatic, or elastic) stop
the process. The native PSI complex corresponds to the 10-12-nm-diameter

og T T T T T T

07,
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(EPLmazEPL)/(EPL o7 EPL,)

01
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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 (O), 60 (@), and 80 (0) V fem in the absence of
dextran and 80 (W) V/em in the presence of 4% dextran. (Reproduced with
permission from reference 20. Copyright 1989 Biophysical Society.)
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particles observed on freeze-fracture micrographs of thylakoid membranes
(39); it consists of a PSI complex of ~8nm diameter surrounded by
associated light-harvesting pigment proteins. For the case where only back
diffusion counteracts the electrophoretic mobility, the flux of these charged
membrane components across a unit length of a circle at angle 6 is (40)

= i _——_— 5
o mIy fE sin 6 (5)

dN D dT,
( )9 r de

where T, is the surface concentration of the components at angle 8, and m
and D are the electrophoretic mobility and the diffusion coefficient of the
moving components, respectively. At equilibrium, dN/d¢t = 0 and

D
mfE, sin 6 d = Td In T, (6)

After integration, a simple expression for the ratio of the equilibrium concen-
trations at the two poles is obtained:

(—H - e 2] )

However, EPL is not measured from the poles only, but from a large fraction
of the two hemispheres. The ratio of the total number of PSI complexes in
the enriched I, to that in the depleted hemisphere I is

T _ J7 »Tor? sin 6 d6

T, J&~2T,rsin0d6

Because from eq 5, Ty =T, exp — (a cos 8), where a = rmfE/D, the
ratio is
exp(a) — 1

A pp—y )

'1I| el

Taking D =5 X 10~° cm?/s results in the electrophoretic mobility equal to
4 X 1077 em?/(V s) assuming that the measured EPL is from the poles only
and is equal to ~8 X 1077 cm?/(V s) if the EPL is from the entire
hemispheres. The real value should be between these two extreme values. In
either case, the value is nearly 2 orders of magnitude smaller than estimated
from the time required to yield saturation: ~3 X 1075 cm?/(V s). Equation
6 may be grossly incorrect if strong repulsive electrostatic forces become
involved at saturating prepulse.
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The initial concentration distribution obtained from reference 11 for the
different values of o can be obtained from eq 7 for different values of E.
The equation for the diffusional relaxation is given by

ar(e,1t) D 9 [ 6F(9,t)}

©)

ot - r2sin 6 90 200

Solving eq 9 according to Poo (16, 37) yields

=]

I'(e,¢) =
(6.9) _ZO exp2a — 1

20 exp a(1 — cos 6) DI(l + 1)t

(10)

K, P;(cos 8)exp — [

where Pj(cos 8) is Legendre polynomial of order ! and K;s are constant
coefficients. Solution of eq 9 with approximations similar to those adapted by
Poo renders an exponential dependence of (Iy_, — I';_,) on time that is
depicted for different values of D in Figure 10. The 1-min lag period
obtained experimentally is not reproduced by calculations carried out for
different values of D and a. The curve that represents the experimental
points is shifted by 1.2 min along the time coordinate as shown in Figure 10.

The lag period before back diffusion starts is just like the whole diffusion
time course; it is practically identical for all the prepulse amplitudes. The lag
period is also independent of the viscosity of the aqueous solution. It is
possible that the photosystems aggregate when compressed under the influ-
ence of the electrical field, in which case the lag time could be identified with
disaggregation time. Because contact between particles is a necessary condi-
tion for aggregation, elastic as well as electrostatic forces are probably
invoked to stop electrophoretic motion.

Discussion

The experimental data presented in 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 in carrying out specific functions. Local potential transients generated
by electrochemical and photoelectrochemical processes may induce move-
ment of membrane components to facilitate formation or cancellation of
active centers. A charge generated in the membrane at a distance of 200 nm
from a protein complex of an electrophoretic mobility of 107% cm®/(V s) will
instantaneously accelerate the complex to a velocity on the order of ~5 X
1073 cm/s. If the generated interaction is attractive, the collision between
the complex and the charged site will occur within 2 ms. It may be proposed
that the transient generation of charges serves as a means of communication
between membrane components within the plane of the membrane.
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Figure 10. Diffusional relaxation calculated by eq 10 taking EPL, proportional
to I _ ., (at the depleted poles of the vesicles) for the following values of D
and a: D =3x10"°, a=0.375 dashed line; D=5X10"°% a=058,
dotted line; D = 5 X 10~ °, a = 0.375, solid line; D = 6 X 10~°, 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 EPL, _,, = EPL, (without prepulse). (Reproduced with permission from
reference 20. Copyright 1989 Biophysical Society.)

There is much more awareness of the possible effect of the electric fields
normal to the plane of the membrane on the structure and on the function of
membrane proteins. However, no such relation was experimentally docu-
mented. There is an appreciable amount of information on the potential
dependence of channel conductance, which is assumed to be caused by shifts
of charged groups within the channel (41). These shifts correspond to small
changes in conformation that could not be detected by methods sensitive to
the secondary structure of the proteins. In the present and in some previous
reports (7, 8), we have shown that membrane potentials of comparable
magnitude to the physiological membrane potentials are sufficient to modu-
late the secondary structure of membrane proteins. The 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, 10). The fields in biological membranes are long lasting
and equilibrium 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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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.

THE STRUCTURE, MECHANISM OF OPERATION, AND LIPID INTERACTIONS of
integral membrane proteins have not been thoroughly described. Even
though membrane proteins represent a large fraction of all proteins, it is
surprising that, with only a very few exceptions, little detailed information is
available. This lack of information is not due to a lack of interest in
membrane proteins; rather, it is a direct consequence of the experimental
difficulties of manipulating large amphiphilic molecules, which 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. The detailed structures of many
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water-soluble proteins are known because these proteins are relatively easy to
crystallize and can, therefore, be subjected to X-ray crystallographic analysis.
By contrast, membrane proteins are very difficult to crystallize. Only 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. The acquisition of detailed information about the
structure and physical properties of the lipid bilayer matrix, which comprises
roughly half the mass of a typical biomembrane, is limited due to the lack of
either fully liquid or fully crystalline order and the difficulty of chemical
manipulation of 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 valid
because the lipid bilayer introduces an environmental anisotropy external to
the proteins that has no simple analog in aqueous proteins. Another conse-
quence of the lack of information is the simplistic view that the lipid bilayer
consists simply of two sheets of head groups that sandwich a fluid, oily matrix.
This view ignores the importance of the liquid crystalline nature of the bilayer
that endows the bilayer with elastic properties that do not occur in a true
liquid. The possible coupling of these elastic stresses to protein function has
been largely ignored, again because of the lack of an analogous situation with
the better known aqueous proteins.

The purpose of this chapter is to summarize some recent developments
in the physics of lipid bilayers that demonstrate the existence of curvature-
elastic stresses in 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 from themes
operative in aqueous proteins. Moreover, because these forces are directed
generally parallel to the membrane surface, the actual conformational mo-
tions to which the forces couple may ultimately be simpler to understand
than the complex conformations of aqueous proteins.

At first it might seem contradictory that the addition of another macro-
molecular component, namely, the lipid bilayer, could simplify understanding
of the protein mechanism. Indeed, many membrane proteins have substantial
mass that protrudes into the aqueous space and that is likely to be as complex
in operation as soluble proteins. However, many integral membrane proteins
share a common structural theme, namely, a core of almost parallel, bilayer-
spanning helices or sheets. The structural order of these helices is a direct
consequence of the amphiphilic environment introduced by the lipid bilayer.
The discussion that follows will focus on mechanistic forces as they apply to
this common core, and not to large aqueous protrusions. By contrast, aque-
ously soluble proteins are structurally more diverse and, in the absence of a
common structural theme, cannot be approached in the same manner.
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Another distinction between aqueous and membrane proteins is that the
lipid bilayer introduces an anisotropy into the protein environment that
results in a specific distribution of line tensions directed parallel to the
membrane-water interface (4). These tensions may act against or with
certain conformational motions of the protein core and, thereby, result in an
exchange of free energy with the bilayer matrix during the protein conforma-
tional cycle (1, 5). The lipid bilayer matrix is, then, effectively an extension of
the elastic cage provided by the bulk of the protein. The line tensions vary
with depth through the bilayer in a manner that is controlled primarily by the
lipid composition. By reconstituting the membrane protein in 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 in this
way because, in contrast to bilayer lipid 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 with the embedding lipid bilayer requires knowledge of
the physical forces present within the bilayer matrix. A distinction must be
made here between lipid effects that are chemically specific and localized to
binding sites on the protein and distributed forces that are mediated by the
extended physical properties of the lipid matrix. Many membrane proteins
have chemically specific lipid requirements; indeed, this is the main concern
of the bulk of the biochemical literature on lipid—protein interactions. Lipid
interactions associated with a binding site will not be discussed here. Instead,
a fundamentally physical approach will be taken whereby the lipid matrix will
be described phenomenologically as an elastic continuum that is capable of
distributed energy storage. It will be shown that lipid bilayers that are near
lamellar—nonlamellar mesomorphic transitions on the phase diagrams are in a
state of geometrically frustrated elastic stress and the mesomorphic transi-
tions may be used to probe this stress. The magnitude of the stress may be
sufficiently large to significantly alter the energetics of conformational changes
of proteins imbedded in the bilayers.

Biomembrane Lipid Diversity

The biological importance of concepts derived from studies of lipid mesomor-
phism follows not from the relatively rare biological occurrence of nonlamel-
lar phases, but from the prevalence of mesomorphically prone molecules in
biomembrane bilayers. Scientists have long been puzzled by the large num-
ber of structurally similar but chemically distinct lipids—usually hundreds—in
biomembranes. A typical biomembrane lipid consists of one of roughly a
dozen polar head groups attached to two hydrocarbon chains. Each hydrocar-
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bon chain is anywhere from a few to 24 or so carbons long. In addition to
length, the hydrocarbon chains may vary in the degree of short side branches,
in the extent and type of carbon—carbon double bonds, and in the chemical
linkages whereby the chains are attached to the polar head groups. Alto-
gether, different combinations of head groups, chains, and linkages encom-
pass thousands of chemically distinct lipid species, many of which exhibit
dramatically different mesomorphic behavior.

Although the lipid compositions of biomembranes are generally complex,
they are hardly random. Membranes from a given organelle in a given type of
cell have a characteristic lipid composition under a given set of environmental
conditions (6). For example, all else being equal, the lipid compositions of
the visual pigment disks of the retinal rod outer segment cells in the eyes of
two people would be relatively similar. Likewise, the lipid compositions of the
mitochondrial bilayers in those same cells will be similar for the two individu-
als. However, these characteristic membrane lipid compositions are organelle
specific. For example, the lipid compositions of the disk and mitochondrial
membranes are very different, even within the same cell.

The constraints of similarity are not absolute in that the lipid species
present vary somewhat with factors such as diet, environmental conditions,
and age. Experiments with bacteria (for which the range of available lipid
precursors can be extensively altered) have shown that whole groups of lipids
can be removed which results in characteristic readjustments of the ratios of
the remaining lipids (7). A comparison of the range of biomembrane lipid
variation with the very limited range of environmentally induced variability of
protein or nucleic acid primary sequences encountered within a given indi-
vidual is useful. In the cases of protein or nucleic acid, fundamental informa-
tion is encoded in the primary sequences, which are preserved against
environmental changes. By contrast, biomembrane lipid compositions con-
form to organelle-specific rules that are dominated by the adjustment of
collective properties of the lipid mixture, as well as the specific lipid require-
ments of different membranes. It is the collective properties that are of
interest here. The cellular mechanisms that control biomembrane lipid
composition appear to operate to optimize poorly understood parameters of
the lipid mixture within a substantial range of substitutional plasticity. The
overlap of allowed ranges of physical parameters and of specific lipid require-
ments sets the limits of compositional variation that can be tolerated by a
given membrane.

What physical parameters are adjusted by the organism? Experiments
with bacteria suggest that the amount of charged lipid species, bilayer
thickness, and degree of “fluidity” (i.e., the state of gel versus liquid crys-
tallinity) of the lipid chains are controlled. However, this set is not likely to be
exhaustive because there are many compositions within the resource range of
the bacteria that are not observed but that would yield fluid membranes of a
suitable charge and thickness.
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Within the last decade, scientists have recognized that roughly 25-50%
of the lipids in a typical biomembrane do not form stable bilayer phases when
they are purified and hydrated under normal cellular conditions (8). The
prevalence of “nonlamellar-prone” lipids in biomembranes has stimulated
research on the phase behavior of lipids and has led to suggestions that
nonlamellar-prone lipids participate in 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 in the bilayers (7, 9, 10).

Several explanations have been proposed for the prevalence of nonlamel-
lar-prone lipid species in biomembranes. One possibility is that overt non-
lamellar phases have functional importance. Although nonlamellar lipid phases
have been observed in cells, their occurrence is sufficiently rare that it is
unlikely that this is an explanation for the general prevalence of nonlamellar-
prone lipid. Another suggestion is that nonlamellar-prone lipid promotes the
transient, local destabilization of bilayers during cellular events, such as
endocytosis and membrane fusion, where the topology of the bilayer neces-
sarily changes. Although there is evidence that nonlamellar phases enhance
fusion in pure lipid systems (11), biological fusion, which occurs under
carefully controlled conditions, involves several proteins and proceeds via a
poorly understood mechanism. It will be difficult to evaluate the role of
nonlamellar-prone lipid until more is known about the biological process.

Another possibility is that nonlamellar-prone lipids modify the physical
properties of bilayers in such a manner as to modulate the activities of
important membrane proteins (1, 5, 12). Investigation of lamellar-nonlamel-
lar phase transitions led to the conclusion that the addition of nonlamellar-
prone lipid to stable bilayers creates a frustrated curvature stress within the
bilayer leaflets. If sufficient nonlamellar-prone lipid is added, the curvature
stress overwhelms competing positive free energy contributions present in
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. If this is,
indeed, the case, then regulation of this stress would be important to optimal
functioning of the organism and would provide a rationale for both the
prevalence and regulation of the nonlamellar-prone lipid components. The
experiments that led us to this conclusion are summarized in the next section.

Lipid Curvature Elasticity

The theory of mesomorphic phase transitions, developed at Princeton, has
been extensively described in the literature (I, 3) and will only be briefly
summarized here. (Charvolin and colleagues independently developed similar
ideas at about the same time. See reference 13 for a summary.) The basic
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idea is that lipid monolayers, which are the fundamental construction units
for all liquid crystalline lipid mesomorphs (Figure 1), have a spontaneous
tendency to bend to a well-defined curvature, C,. The use of interfacial
curvature to classify lipid mesomorphs is an old idea (14), and the notion of
an elastic curvature energy is inherent in several treatments of lipid meso-
morphism (e.g., see reference 15). What was missing was an explanation for
the sudden change in interfacial curvature that results when a system
undergoes a lamellar-nonlamellar phase transition, such as the L,~Hy
transition (Figure 1). One possibility, of course, was to assume that in each
phase the interfacial curvature is close to the spontaneous curvature (i.e., the
monolayers are always elastically relaxed with 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 in the
spontaneous curvature. The difficulty with this approach is that consideration
of the molecular interactions responsible for the spontaneous curvature does
not reveal any obvious reason why C, should discontinuously change from a
flat value to a highly curved value at the L,~Hj; transition temperature.

Some background phenomenology of the L,~H}; phase transition would
be useful here. The most common biomembrane lipids that undergo the
L,—H;; phase transition are unsaturated phosphatidylethanolamines (PEs)
and monoglycosyldiacylglycerols (MGDGs). Each of these lipids has a struc-
turally similar analog that is quite stable in bilayer form over a wide range of
conditions. For example, MGDGs, which are probably the most common
lipids found in plant cells, are usually found mixed with enough diglycosyldia-
cylglycerols (DGDGs) to form bilayers under growth conditions of the plant.
A similar situation occurs in animal cells, where PEs and the structurally
similar phosphatidylcholines (PCs) form the majority lipid constituents of
most cell membranes. For this reason, we chose to study the phase behavior
of PEs and PCs.

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
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a well-defined potential energy minimum at small (< 20-4) separations (16).
The separations are renormalized to slightly larger lengths by undulation
forces (17, 18), but this shift is small because lipid bilayers have a large
rigidity compared to surfactant bilayers. An important consequence of the
energy minimum with respect to bilayer separation is that multiple-bilayer
assemblies of PEs and PCs will swell to a limited degree upon the addition of
water; thereafter, additional water pools as a coexisting bulk water phase.

Whenever L,—H;; transitions are observed thermotropically, the L,
phase is always the lower temperature phase. The fact that the Hy; phase,
which has two-dimensional symmetry, occurs at higher temperatures than the
one-dimensional L, phase indicates that the lattice entropy is not the
dominant entropy contribution within the system. Instead, the dominant
entropy sources are the large number of configurations available to the lipid
hydrocarbon chains and (probably to a lesser extent) to the water. The shape
of the mean molecular volume available to the lipid hydrocarbon chains
changes dramatically at the transition, which suggests that the hydrocarbon
entropy increases at the transition. This hypothesis is supported by recent
deuterium NMR studies of the chain order parameter profile that indicate
that the Hy; chains are more disordered than the L, chains (19, 20).

Changes in lattice dimensions provide important keys for understanding
the L,—Hy; transition. As an L, phase is heated, the mean molecular area at
the lipid-water interface increases. This increase is due to the thermal
thinning of the lipid hydrocarbon chain layer. Luzzati and co-workers demon-
strated long ago (see reference 21) that long-chain liquid crystalline lyotropes
have a negative coefficient of thermal expansion along a direction normal to
the head-group surface. Excitation of a gauche rotamer about a carbon—carbon
bond in the chains requires only about 0.02 eV, which is a bit less than
thermal energy (kT) at room temperature. Increasing temperature excites
gauche rotamers, which allows the chains to access a larger number of
configurations (22) and results in a decrease in the mean length of the chains,
very much as observed with normal polymers. The geometric constraints of
the lamellar phase are that the molecular area times the layer thickness yields
the molecular volume. Because thermal thinning occurs as a near-constant
volume process, a progressive increase in the interfacial area with tempera-
ture results. This increase presumably is associated with an increased expo-
sure of hydrophobic area to water and a concomitant free energy cost.

As the L,—H; transition proceeds, the mean interfacial molecular area
drops and the mean area at the chain end 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, (4, 17), to a specific radius of curvature, R, = 1/C,, at which point the
net torque is almost zero. All Hy; phases swell only to a limited degree. In a
transition in coexistence with excess water, there is generally a change in the
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water concentration in the lipid phase. The change was formerly thought to
be such that the Hj phase was less hydrated than the L, 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 of the water is simply drawn
in to fill an aqueous cavity of a specific radius. This notion is especially
reasonable if we consider that the cavity may be 25 & or more in radius. A
head-group hydration interaction that could reach that far into a water
volume and still be strong is difficult to envision. The energetics of removing
this water will be discussed in succeeding text.

The hexagonal lattice basis length decreases rapidly with temperature
(Figure 2). This decrease may be understood predominantly as a simple
consequence of the geometry and the continued thermal thinning of the lipid
monolayers with increasing temperatures (24). The L, lattice is a one-di-
mensional phase, whereas the Hy; lattice is two-dimensional. A consequence
of the additional degree of 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 with temperature, this means that the geometry
acts as an amplifier that translates small changes in the hydrocarbon thickness

:l:lllllllll
0

Temperature (°C)

Figure 2. Temperature dependence of the basis vector length, d (see Figure 5),

of the fully hydrated H,; 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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into large changes in the lattice dimension. This is illustrated by the simpli-
fied numerical example shown in Figure 3: Assume a molecular volume of
V = 1250 &° and a lipid thickness of L = 20.0 A. Let L increase by 1% to
20.2 &, perhaps by lowering the temperature. This change of AL = 20.0 & is
difficult to measure by the limited resolution X-ray diffraction obtainable
from lipid liquid crystals. Now consider the same change in a cylindrical

(a)

]

V=250 A3
A _oza{uzo.oo&» A=625
L=0. L=202A = A=6l9A°

(b)

«o’ v = 1250 &°

o o
o 8 [L=2004 =R=4004
AL=02 Al -202R = rR=-425 A

Figure 3. The cylindrical geometry of the H 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, AL = 0.2 A, 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, AR, of
2.5 A and a change in the lattice repeat of d = 5 A . These large changes are
very easily measured by X-ray diffraction.
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geometry, as shown in Figure 3b. Here, the interfacial area, A, and volume
are uncoupled, so we may change L without changing either V or A. Given
A,V and L of the molecular volume tiling the cylindrical wall, it is trivial to
show that the change in inner radius is of magnitude AR = |40.0 A — 42.5
Al =25 A. The lattice basis change is about 5 A, which is 20 times the
change in L and is easily measured by X-ray diffraction. Figure 2 shows the
fit of a slightly more sophisticated version of this approach to the actual
change in lattice basis for an excess water phase of an unsaturated phos-
phatidylethanolamine (PE) (24) under the assumption that the lipid layer
thickness decreases linearly with a measured coefficient of 0.0139 &/ °C. This
example illustrates that most of the water simply fills the cylindrical core
volume and varies in response to a very small, nearly linear thermal thinning
of the lipid wall.

The preceding example also illustrates that most of the water is probably
not involved in chemical hydration of the lipid head groups; indeed, most of
the water molecules are many water diameters removed from contact with a
head group. Therefore, osmotic withdrawal of much of the water can be
performed without chemically dehydrating the head groups. In this case, the
energetic cost of water removal is primarily in bending the cylinder to a
smaller radius; that is, a monolayer bending energy. If an Hy; phase is put
into osmotic equilibrium with a hydrophilic polymer solution, the lattice basis
length falls as the osmotic pressure of the polymer solution increases. Here,
chemical work is performed to extract water from the Hy; cores. By measur-
ing the change in core water volume per lipid 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, AE, is given by (25)

AE = (Ko/2)(1/R — 1/R,)’ (1

Here, K, is a rigidity of the monolayer, R is the radius of the cylinder, and
R, is the spontaneous monolayer radius of curvature. If eq 1 describes the
osmotic work of water extraction, then (23)

PR® = (2K,/A)(1/R, — 1/R) ®)

where P is the osmotic pressure required to achieve radius R and molecular
area A. Now, if eq 1 is consistent with the bending energy, a graph of PR®
versus the measured values of 1/R should be a straight line. This experiment
was performed for Hy; phases of dioleoylphosphatidylethanolamine (DOPE)
and DOPE-dioleoylphosphatidylcholine (DOPC) mixtures (the prefix DO
stands for dioleoyl chains, which are 18 carbon chains with a cis double bond
in the middle); the results are shown in Figure 4 (23, 26). R was chosen near
the middle of the chains where the molecular area changes little with changes
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Figure 4. A test of the fit of eq 2 (lines) to data from osmotically dehydrated H
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, = 30.9 A and X, = 1.7 X 10~*? erg for DOPE and R, = 37.5 A
and K, =12 X101 erg for the DOPE-DOPC—tetradecane mixture.
(Reproduced from reference 23. Copyright 1990 American Chemical Society.)

in the water content. With reference to eq 2, the intercept yielded R, and
the slope yielded 2K,/A, which is just the bending modulus, K, of a bilayer
with a freely sliding glide plane between the monolayers.

Several important conclusions may be drawn from this experiment. First,
as seen in Figure 4, the data are consistent with an energy dependence such
as given by eq 1. Higher osmotic pressures that correspond to removal of all
but 80% or more of the water are not shown on Figure 4 because the points
deviate significantly from the straight line fit. This deviation may represent
the point at which true chemical dehydration of the head groups or steric
factors comes into play. With reference to eq 2, the slope of the line yields
2Ky/A, which is just the rigidity of a bilayer. The derived values of bilayer
rigidities were in the range of 1-2 X 107'* erg, which compares favorably to
values derived by other means on PC bilayers (27), especially given that
ambiguity in the exact placement of R leads to rather large error bars on the
rigidity. Equation 2 indicates that the osmotic pressure goes to zero at 1/R,,
so the consistency of fit of Figure 4 suggests that the fully hydrated Hy
phase is nearly elastically relaxed.

Equation 2 may now be extrapolated to fully flat (1/R = 0) to estimate
the bending energy locked into the monolayers of a lamellar bilayer. Of
course, this is just a crude estimate because there is no expectation that eq 2
is valid over such a large range of extrapolation. The result is an energy of
about kT per lipid at room temperature. This value suggests that a protein
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interacting with many lipid molecules at its periphery may have a potential
energy store of several times kT to draw upon.

One important part of this experiment which I have not yet mentioned is
that the DOPE-DOPC mixture contains a small amount of tetradecane,
without which the system normally does not form H; phases at room
temperature. Kirk et al. (28) modeled the L,—Hy; transition as a set of
geometrically frustrated free energies. Specifically, for electrically neutral
systems, a phase-invariant spontaneous curvature was assumed to compete
primarily with free energies associated with the optimal packing of the lipid
chains. The hydrocarbon chain environment in a lamellar phase is invariant
with respect to translation parallel to the lipid-water interface and is assumed
to represent a low free-energy state. In the Hy; phase, however, there is a
six-fold periodic variation of environment (Figure 5) as one rotates axially
about the lipid tubes. In particular, the strongest anisotropy, and a corre-
spondingly large free-energy cost is assumed to associate with the existence of
the stipled, triangular-like region between three adjacent lipid tubes (Figure
5). The ratio of volumes of this interstitial region to the total lipid hydrocar-
bon volume may be taken as a rough measure of the free-energy cost of
packing the chains in the anisotropic environment.

The frustration that drives the L, —H, phase transition now becomes
clear: In the L, phase, just below the L ~Hy; transition temperature, the
monolayers have a high free energy because they are strongly bent away from
the desired value of curvature representative of the Hy phase, but the free
energy of the chains of the lipid hydrocarbon is low. If the lipid were in an
Hy; phase of radius R = R,, the curvature energy would be low, but the
hydrocarbon chain energy, due to the chain anisotropy, would be high. As
temperature increases, R, decreases, which increases the curvature cost of
remaining flat as well as decreases the relative volume of the interstitial
triangle; that is, the energetic cost of packing chains in the Hj; geometry. At
some sufficiently high temperature, the sum of the curvature and packing
free energies in the lamellar geometry will exceed that in the Hy geometry
and the phase transition will occur.

Several predictions follow from this transition energetics scenario. If the
hydrocarbon packing energy could somehow be eliminated, the Hy; phase
would be expected to extend to low temperatures without appreciable discon-
tinuities in the Hy; tube radius. One way to remove most of the hydrocarbon
packing energy would be to add an oil, such as dodecane or tetradecane. The
oil, which is hydrophobic, would not be anchored to the lipid-water inter-
face, and would be free to preferentially partition among the lipid chains so
as to reduce chain stress; that is, in the interstitial triangle region. Kirk and
Gruner (29) demonstrated that the addition of just 5-wt% dodecane reduced
the L,—Hy; transition temperature of a 3:1 DOPE-DOPC mixture by about
55 °C. Moreover, comparison of the lattice sizes of the system with and
without dodecane above the normal transition temperature, T}, shows that
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Figure 5. A cross section through a Hy,
phase that illustrates that the interstitial
areas (stipled) break the axial symmetry
(()f the H,; 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 A& in 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 in the presence of dodecane versus tempera-
ture has no apparent discontinuities at Ty, which indicates that Ty, has no
special significance for the smoothness of the underlying spontaneous curva-
ture of the system.

The ability of alkanes and other hydrophobic chains to reduce the
L,—Hy, transition temperature has now been tested in many ways, which
include the prediction that the addition of a few percent of extra-long chain
lipids to a mixture that is otherwise chain homogeneous, would 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 from chemically similar lamellar-prone
lipids, namely, the relative magnitudes of the spontaneous curvatures. So, for
example, whereas DOPE forms an Hj; phase with tightly curled tubes at
relatively low temperatures, DOPC forms lamellar phases, except at very high
temperatures. The reason is that the H;; tubes that result at lower tempera-
tures involve intolerably large chain packing energies. However, the underly-
ing spontaneous curvatures becomes apparent when alkane is added, in which
case DOPC will form an Hj; phase at lower temperatures. The transition
temperature in the absence of alkane correlates with both the size of the Hy
tubes obtained with alkane and the amount of alkane required to include the
H}; phase (the required amount of alkane is given roughly by the volume of
the interstitial region). Even saturated chain PCs will form Hj; phases with
sufficient alkane (31, 32). These Hy; phases may have radii of hundreds of
angstroms (M. W. Tate and S. M. Gruner, unpublished results). For different
lipids that have about the same chain length and that are well mixed within a
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monolayer, the resultant spontaneous curvature, which arises from colligative
interactions of the layer, is expected to vary systematically with the stoichiom-
etry. For example, if DOPC and DOPE are mixed, the transition temperature
and the size of the resultant Hy; tubes at a given temperature both increase
systematically with DOPC fraction. In fact, the curvature of the lipid-water
interface varies linearly with the stochiometry (M. W. Tate and S. M.
Gruner, unpublished results).

In summary, the energetics of bending the monolayers of an Hy, phase
are well described as work done against a spontaneous curvature. The value
of this curvature is a well-behaved, colligative property that is very sensitive
to the stochiometry of the components. The energy per lipid of a system near
the L,—Hy transition at room temperature (i.e., with a water core in the
vicinity of 20-A radius) that is naively extrapolated to a flat geometry is
comparable to the thermal (kT) energy. This comparison suggests that the
frustrated curvature energy in bilayer leaflets just below the transition is quite
significant. A description of the L,~H|; transition as primarily a competition
between frustrated curvature and chain packing has been used successfully to
qualitatively predict the effects of alkanes and long-chain lipids. The same
description also has provided, incidentally, a coherent basis for understanding
lipid cubic phases (1, 33). Finally, recent X-ray and neutron scattering results
have directly demonstrated that the alkane in the Hj; phase preferentially
partitions into the interstitial region and that the magnitude of the difference
of the interstitial chain density from the average density rises dramatically as
the transition temperature is approached from 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 of the spontaneous curvature. The spontaneous curva-
ture is a result of the distribution of lateral tensions, s(z), as a function of
depth, z, through the monolayer. For a monolayer to remain flat, as in the
case of a bilayer leaflet, one must have (17)

K.Cy = — [25(z) da (3)

where K, is a monolayer bending modulus. Thus, the product K,C,, is given
by the first integral moment of the lateral tension profile. Physically, the
lateral tension profile (i.e., the stress-depth distribution) is expected to couple
to protein conformations. We have chosen to speak in terms of the expressed
curvature of the Hy 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 curl to
this ultimate curvature. However, it is clear from eq 3 that specification of a
given value of C,, does not uniquely specify s(z); there are, in fact, an infinite
number of profiles for any given value of C,. Obviously, we 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).

The change in curvature that occurs during the L,—H; transition is large
and typically results in radii of curvature comparable to the thickness of the
monolayer. It is unlikely 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
well contribute to the work required to change the size of the Hy; tubes.
Hence, we cannot confidently extrapolate to a quantitative value of the
frustrated energy locked into the monolayer leaflets of a general bilayer just
below the L,—H phase transition temperature. The use of spontaneous
curvature, especially in concert with measurements of the rigidity, is justified,
but only as a qualitative indicator of trends. This problem 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

For many decades, biochemists have sought to understand the interactions
between intrinsic membrane proteins and the imbedding lipid bilayer. The
most commonly considered interaction, for which there is strong evidence, is
the site-specific binding of particular lipids. Another kind of interaction,
which is still under debate, is a relatively nonspecific coupling between the
protein and the “boundary lipid”; that is, the lipid molecules that are in
immediate proximity to the protein. A third possibility relevant to the case
considered here is interaction with the elastic stress field of the lipid matrix.
This interaction differs from the other two types of interactions in that the
stress field originates with the large-scale collective interactions of many
lipids. Although the field is certainly communicated to the protein by nearest
neighbor lipids, the field involves many lipids that are many nearest neighbor
distances removed from the protein. An appropriate analogy would be to
consider the forces exerted on an object imbedded in a copper sheet as the
sheet is cooled. The compressive forces are communicated to the imbedded
object by the immediately adjacent copper, but much of the force originates
with contractions in the sheet as a whole.

It is straightforward to imagine protein conformational changes that
couple to the stress of a frustrated monolayer elastic curvature. The experi-
ments described in the preceding sections demonstrate that there is an
energetically significant elastic stress locked into the leaflets of a lamellar
bilayer near to a lamellar—nonlamellar phase transition. Experimentally,
“bilayers near to a lamellar-nonlamellar transition” means that relatively
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small shifts in temperature or composition in the lipid phase diagram would
lead to a crossover to an inverted nonlamellar phase in which the curvature
stress is relaxed.

Now, the ultimate source of the monolayer curvature stress is a mismatch
between the lipid polar and nonpolar cross-sectional molecular areas. This
mismatch leads to a tendency for the head groups to pull together and reduce
their cross-sectional area and for the nonpolar regions to spread apart with
larger cross-sectional areas. Any 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 in their relative cross-sectional area in the polar and nonpolar parts of
the monolayer. The conformation that involves an increase of the protein area
in the polar region relative to the nonpolar region is acted upon by the
curvature stress in that the net relative area left for the lipid head groups has
decreased whereas the relative area of the nonpolar region has increased. In
other words, the lipid matrix has done work on the protein. By contrast, the
return to the other conformational state involves a net increase of the
available lipid polar area relative to the nonpolar area, which means that the
protein must do work on the lipid matrix.

There are many conformational geometries that may perform the re-
quired changes. For the sake of illustration, a suitable geometry is an axial
rotation of an a-helical bundle that comprises, say, a channel or membrane
pore. To visualize this concept, grab a bundle of pencils (which represent
bilayer-spanning a-helices) in your left hand such that half the length of the
pencils protrudes from the top of your hand and only an inch or so protrudes
from the bottom of your hand. Now, wrap your right hand around the shorter
protrusion and twist the bundle. The upper end of the bundle will splay
apart. The net bundle area at the very top (i.e., in the upper monolayer polar
region) has an increased area relative to the middle of the bundle in the
nonpolar region. If the upper monolayer is curvature stressed so that it tends
toward an Hy; phase, then splaying the bundle amounts to moving with the
force field applied to the protein. The reverse twist acts against the force
field.

Convincing experimental tests of such a conformational mechanism have
yet to be performed. Ideally, we would like to show that a suitable probe
molecule, with two known conformational states with differing polar versus
nonpolar areas, has an activation energy between the states that depends on
the magnitude of the frustrated curvature stress. Although we are unaware of
a suitable probe molecule, the required characteristics of the molecule are
clear. A demonstration of a shift in activation energies of such a molecule
would be a convincing plausibility argument for a similar mechanism in
proteins.

Of course, a direct demonstration of the effects of lipid 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 with the composition of the lipid bilayer. In particular, many re-
searchers have noted that behavior is different in protein reconstituted in PC
relative to native lipid extracts (see, for example, reference 37), which tend to
be rich in nonlamellar-prone lipids. The difficulty here, is performance of a
clean experiment that isolates lipid curvature effects from other lipid-depen-
dent effects, such as specific lipid binding, charge dependence, and require-
ments on the bilayer thickness. Typically, the focus of reconstitution studies is
on a specific protein, in which case the concern of the investigators is to
obtain a lipid mixture that promotes activity and not to study the systematics
of lipid variation. In cases where lipid systematics have been studied, a
specific lipid binding site is usually assumed and the relative efficacy of
different head groups or lipid chains is investigated. Only a few studies have
systematically examined the possibility of physical effects related to the
mesomorphic behavior of the lipids.

Because of the difficulties involved in performing membrane protein
reconstitutions, few studies that have investigated the physical effects of lipid
composition have been subjected to critical, repeated evaluation by other
groups. Little impetus exists to repeat difficult measurements simply to see if
they are right or wrong, which is unfortunate because assays of the function
of reconstituted membrane proteins are subject to many systematic errors of
interpretation. For example, assays of channels or pumps typically involve
measurement of leakage out of vesicles. This leakage may well correlate with
the lipid composition. Another pitfall is that the membrane composition must
be measured carefully, because, for mixed lipid systems, the actual lipid
stoichiometry of the reconstituted vesicles frequently differs from the stoi-
chiometry of the starting material: Vesicles of different sizes may also have
different lipid 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. The lack of critical reevaluation of reconstitution experiments
must be borne in mind during consideration of the literature on the subject.

What studies have been performed? One of the more interesting of the
few studies that exist was the examination of the activity of the Ca®*
adenosinetriphosphatase (ATPase) of sarcoplasmic reticulum membranes that
were reconstituted into bilayer vesicles of different, defined lipid composi-
tions (38). This survey found that the activity, which may be defined as the
number of Ca®>* pumped across the bilayer per adenosine 5'-triphosphate
(ATP) hydrolyzed, correlated strongly with the Hy; tendencies of the imbed-
ding lipid bilayer. For example, activities were high in compositions rich in
either DOPE or MGDG, both of which readily form low-temperature H
phases. By contrast, activities were low in DOPC or DGDG, as well as in
other lipids that do not readily form Hj; phases. Decreasing the amount of
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H y;-tending lipid species in vesicles of mixed lipid composition decreased the
activity in all cases.

The striking result of the foregoing study (38) was that the activity of the
protein correlated with the phase tendency of the lipid and not with the
chemical similarity of the lipid molecules. This result suggests that the effect
was not due to specific binding interactions. For example, DOPE and DOPC
are both dipolar phospholipids that differ only in that three head-group
hydrogens in DOPE are replaced by methyl groups, yet these molecules had
very different effects on the protein activity. These molecules are both very
different from the chemically similar lipids MGDG and DGDG, both of
which have head groups that consist of hexose sugars. However, only MGDG,
the Hj-prone lipid of this pair, promoted high 