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ABSTRACT

Interactions between membrane bound proteins are examined using
freeze-fracture etch electron microscopy.

The pair distribution functions

(PDF's) of protein particles in natural and synthetic membrane systems are
examined, and compared with PDF's that are calculated from potential
energy functions.

In particular, PDF's calculated from the hard-disc only

interaction between particles serve as a useful reference for determining
whether particle interactions are attractive or repulsive.

Of particular

interest is the possibility that the lipid bilayer membrane mediates protein
interactions.

A model is presented for a lipid-mediated interaction that

predicts that if protein molecules perturb the bilayer membrane away from
its equilibrium (protein free) configuration and that if the perturbation is
propagated laterally through the membrane over a sufficient distance, then
an attractive interaction is the result.
The model is tested on recombinants of cytochrome c oxidase with
dimyristoyl phosphatidyl choline and glycerol and with cardiolipin.

Each

recombinant is frozen from above the phase transition temperature of the
lipid, so the membranes are expected to be fluid. Aggregation of protein into
patches is seen, but all PDF's are indicative of a long-ranged repulsion. The
model must be modified to account for the repulsion, a modification that
would explain the observations in the inclusion of a vector membrane order
parameter, namely lipid tilt, into the model.

Tilt perturbation can be

described by using the formalism already developed for describing nematic
and smectic liquid crystals.

A repulsive interaction between protein

xiv

· particles that is analogous to that seen between Schlieren textures in liquid
crystals can be shown to occur if protein molecules induce tilt deformations
in the bilayer around their boundaries.

CHAPTER 1

Introduction: Protein-Lipid Interactions
and Membrane Organization

-2-

The classical view of biological membrane structure is due to Singer
and Nicholson.!
paper.

Figure 1 shows a representation of a membrane from their

The dominant lipid structure is a bilayer, into which are inserted

protein molecules at various depths.
that bound a hydrophobic interior.

The bilayer has hydrophilic surfaces
An effect known as the "hydrophobic

effect"2 dictates that a protein molecule should be amphiphiphilic in order to
insert . into the membrane thereby matching its hydrophobic and hydrophilic
regions with the corresponding regions of the bilayer.
Protein molecules are known to affect the motion and conformation of
lipid molecules in bilayers into which they they inserted, and the study of
protein-lipid interactions has been a field of intense interest in recent years
(see, for example:

vol. 37:1-401 of the Biophysical Journal, 1982 for a

comprehensive set of papers on protein-lipid interactions).

Spectroscopic

measurements, sometimes in conjunction with assays of physiological activity
or with electron microscopic studies, have been the dominant sources of data
in such studies.
Some

general

patterns

from

studies

of

lipids

in

protein-lipid

recombinants can be discerned. For example, most protein molecules appear
to immobilize a fraction of spin labeled lipids in protein/lipid/spin labeled
lipid recombinants as judged by electron paramagentic resonance (EPR)
spectroscopy.3

Studies using 2H nuclear magnetic resonance (NMR) of

deuterated lipids indicate, however, that immobilization is not necessarily
occurring on the NMR time scale. 4,5
The interpretation of spectroscopic data is aided by considering simple
models of how protein molecules may affect neighboring lipids, even if there

-3-

Figure l.

The Singer Nicholson model of a biological membrane.
molecules float at various depths in a "sea" of fluid lipid.

Protein

-4-

-5-

is no strong bonding of lipid to protein.

The fact that lipid and protein

hydrophilic and hydrophobic surfaces must match means that if there is an
intrinsic mismatch between these membrane components -- caused, for
example, by differences in width or shape, then either protein or lipid must
distort.

Distortion of lipid seems the more likely event,9 although in some

cases protein conformation is known to be influenced by lipid state.l 0 The
hydrophobic surface that a lipid membrane in its undistorted state presents to
a protein is essentially planar, with the plane parallel to the bilayer normal.
If a protein molecule has a hydrophobic surface which is (say) conical, then

tilt will be induced in lipid molecules adjacent to the protein molecule.
Similarly, if a protein hydrophobic surface is parallel to that of the lipids, but
of different thickness, then a conformational change will be induced in lipid
molecules, a change which is caused by the membrane being required to alter
its thickness.
In figure 2 we show diagrammatically a mismatch between protein and
the surrounding membrane.

There will be an energy of solubilization

associated with insertion of the protein into the bilayer, and we have divided
this energy into two terms.

=

Ed.1rect

+

( 1)

Edirect is the direct interaction energy between protein and lipid. Edef is a
deformation energy that arises because the bilayer has to be deformed away
fro·m its equilibrium (protein-free) configuration in order to fit the protein.
In figure 3 are shown ways in which the bilayer may have to deform to fit a

-6-

Figure 2.

Deformation of a bilayer membrane by an intercalated protein
molecule. In this case the bilayer is shown as being thinner than
the protein. The solubilization energy of the system consists of
one term due to direct lipid protein interaction and one term due
to deformation of the bilayer.

-7-

/

E deformation

(ENERGY OF IE FORMING
BILAYER TO FIT PRO'TEIN)

E10lubilization

E

E
(DIRECT ~TERACTIONS AT
direct PROTEIN/LIP(), INTERFACE)

Edeformation

+

Edirect
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Figure 3.

Some ways in which a bilayer might be postulated to deform to fit
a protein molecule.
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HYDROPHOBIC REGION REQUIRED TO THIN
--c::-INCREASE IN NlMBER OF GAL.Ct£ CONFORMERS
OR TILTlNG OF LIAD OiAINS

HYDROPHOOIC REGION REOORED TO THICKEN
--c=-INCREASE IN NlMBER OF TRANS CONFORM;RS

TILTING OF LIPID MOLECULES REQUREO
FOR BILAYER TO FIT PROTEIN BOJNOARV

Edef

+o

Edef 'f 0
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protein molecule.

Two major types of change in the bilayer may be

envisaged. One type of change involves intramolecular conformational changes
in the lipid. For example, thickening of the bilayer at some point requires
an increase in the number of trans conformers in the lipid hydrocarbon chains
that make up the hydrophobic region of the membrane. Another change may
take place in which entire lipid molecules may change orientation.

For

example, a membrane may thin by tilting of the lipid hydrocarbon chains.
These effects will be discussed later in this thesis in connection with some
experimental results.
A number of theoretical studies have been published that model Edef
and show that, if protein perturbs lipid, then an inter-protein potential energy
is the result.6-8

This lipid mediated inter-protein interaction may be

repulsive or attractive depending on the nature of the perturbation of the
protein to the lipid. 8 An inter-protein interaction will be manifested as a
charge in the distribution of the protein in the membrane.

In particular, if

protein molecules are confined to the plane of a membrane, then the lateral
organization of a protein is a measure of two-dimensional forces between
protein molecules.

In principle, there is therefore a means other than

spectroscopy of lipids to evaluate protein lipid interactions if quantitative
access to protein lateral distributions is available.
One experimental technique that provides access to protein lateral
distribution is freeze-fracture electron microscopy (FFEM).

Using FFEM,

membrane bound positions can be visualized directly and measurements made
of their lateral positions

in a membrane. With judicious choice of experi-

mental conditions and a method for extracting inter particle interactions

-11-

from measurements of particle positions, information should be obtainable
from freeze-fracture micrographs about protein-protein and protein-lipid
interactions.
The object of this thesis is to develop means of quantitating protein
interactions by FFEM and to develop models for the lateral organization of
proteins using FFEM data as an input.
discussion of the freeze-fracture process.

We therefore commence with a
In subsequent chapters will be

shown how measurement of the pair distribution function of protein particles
from electron micrographs can be related to the radial correlation function
and hence the potential energy function between protein particles. Experiments on protein-lipid recombinants then indicate the conditions necessary
for lipid mediated interaction to be manifested in protein lateral distribution.

-12-
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CHAPTER 2

The Freeze-Fracture Process

-14-

Introduction

Freeze fracturing is a technique for the preparation of samples prior
to observation in transmission electron microscope.!

As the name suggests,

the technique entails freezing a sample, then mechanically fracturing it,
thereby exposing two complementary fracture faces (fig. 1). These faces are
then given a coating of platinum from an angle to the surface of the face.
The coating is sufficiently thick to be seen in the electron microscope and
sufficiently thin that structural features of the surface are shadowed · by the
platinum and thereby appear highlighted against the even platinum background in the microscope.
If the sample contains lipid, then the lipid phases give a clear pattern

which is characteristic t>f the phase in which the lipid exists. For example,
consider a pure lipid bilayer in a frozen water matrix undergoing the freezefracture process (fig. 1).

The sample will fracture along planes of least

resistance. In the case of a bilayer this is the center of the bilayer leaflet,
where there is no formal chemical bond between the two leaflets.

For

example, figure 2a shows a micrograph of a sample containing dioleylphosphatidyl choline (DOPC) multilayers frozen from above Tc of the lipid.
Figure 2b shows a single-walled vesicle which has fractured through the
middle of the bilayer leaflet.
If there is protein inserted into the bilayer (fig. 3a), the fracture

pattern now shows particles in the lipid which represent places where the
fracture plane encounters a protein molecule or cluster of m9lecules (fig.
3b)-. Freeze-fracture electron microscopy can therefore be used to examine
the lateral organization of membrane proteins if the freezing process is

-15-

Figure 1.

Freeze fracturing and etching of a lipid bilayer membrane. The
bilayer, held in a frozen water matrix, fractures along the plane at
its center. The exposed surfaces, which represent the hydrophobic
interior of the bilayer, are replicated by platinum.
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Figure 2.

a) Freeze -fracture micrograph of an aqueous suspension of
dioleylphosphatidyl choline frozen from above the phase transition
temperature of the lipid. Magnification c. lOOOOOx. b) Freeze
fracture micrograph of a single-walled vesicle.
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(a)

-19-

(b)
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Figure 3.

a) Diagrammatic representation of a fracture plane of a protein +
lipid bilayer recombinant. b) Freez-fracture micrograph of a
bacteriorhodopsin/phosphatidyl choline recombinant. Magnification c. 1OOOOOx,

-21-
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sufficiently fast that the structure of the membrane is not disrupted during
freezing. We therefore need to examine in more detail the freezing process.
In the following sections the freezing and replication process will be
described.

The Freezing Process
In using freeze-fracture micrographs for analysis of protein distribution, we assume that the micrograph provides an accurate representation
of the protein particle positions in membranes. This can only be the case if
the sample, which consists of membrane plus aqueous phase, is frozen
sufficiently quickly to prevent significant motion of membrane components
relative to each other during freezing. In practice this requires that i) the
water in the sample vitrify, as growing ice crystals will alter the membrane
morphology, and that ii) lipids are frozen into their gel state with no
significant lateral motion of the membrane bound protein. This latter point
is particularly significant because protein molecules tend to be aggregated
below the phase transition temperature of lipid.
Conventionally, condition i) above is assured by adding 5% glycerol to
the sample to inhibit ice formation and ii) is assured by "fixing" the protein
positions relative to each other using glyceraldehyde.

In the studies

described here, we wish to examine inter-protein interactions in the absence
of additives.

Micrographs that were taken from the literature for analysis

are, unless otherwise stated, obtained from samples without additives. For
freeze-fracture work carried out by this author, three fast freezing methods
were attempted. The first, due to Bachmann and Schmidt2 entailed spraying
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sample through a paint spray gun onto a copper block that was partially
immersed in liquid nitrogen. It was found to be impossible to use this method
on the fracturing configuration used on the Balzers machine at Caltech.

A

similar problem was reported by B. Lewis at Yale (private communication).
Alternative methods entailed holding approximately 1.5 1JL of sample
between two

copper discs

each

25 llm thick (see fig. 4a) and rapidly

freezing the resulting sandwich in either liquid freon 22 or spraying a jet of
liquid propane at the sandwich (fig.

4b).

The frozen sandwich was then

mounted in a Balzers 360M instrument and fractured.

The Pt/C replicas

obtained were removed from the discs by gently dissolving the discs in
approximately 3 M nitric acid. The method using freon 22 was found to be
simplest, safest and to give consistently good results both in terms of replica
stability and quality of micrograph.

Despite the empirical success of the

method, it is worthwhile to examine briefly the physics of the freezing
process in more detail and establish some idea of why it works.
For the purposes of examining particle positions, the worst possible
case occurs if, during the period t ongoing from quenching temperature T to
Tc' the protein particles have a lateral diffusion constant equivalent to that
which they have at temperature T. Denote the diffusion constant by D. The
average distance moved by each particle is then:
(X)

=

2n

f

r (4nDt)-l exp

rdr

0

=

8j1T

(Dt) 1 / 2

( 1)
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Figure 4.

a) Configuration of copper discs used for holding an aqueous
sample ready for freezing. b) Comparison of two methods of
freezing -- propane jet and freon.
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For reconstituted membrane bond proteins, D is of the order of 1o-1 0 em 2
sec-1.

This places a value of <r > at 1500 tY2 nm. If T is 298 K and Tc is

(say) 10 k lower, a freezing rate of 106 K sec-1 is required to keep
<r > < 10 nm.

As will be seen from data presented later in this thesis,

freezing rates obtained using the processes described above are adequate to
prevent partial aggregation's being detected in particle patterns even as
judged using quantitative methods for evaluating such patterns.
The rate of formation of ice crystals and their size distribution and
also the rate of heat transfer of heat from a sample through copper discs to a
cooling

medium

have been analyzed mathematically by Kopstad and

Elgsaeter .3,4 Their results may be summarized as follows. Ice crystals grow
from nucleation points in a specimen well below the freezing point of the
specimen. Solidification of water without significant ice crystal growth will
take place only below about 230 K, which we denote as Tv' the vitrification
temperature. Actual specimen solidification by ice crystal formation takes
place within, at most, 3 K of Tv' and cooling rate must be 1o5 K sec-1 in
order that ice crystal average size be less than around 102 nm (thereby
allowing for a significant number of smaller crystals and vitrified water).
This constraint on rate of cooling is considerably relaxed in the presence of
solute in the aqueous phase.
Theoretical analysis of heat transfer rates through copper discs
indicates that using a substantially cooler medium than liquid freon (e.g.,
liquid propane) does not result in a substantially improved specimen cooling
rate.

Within 20 1-1m of the copper surface, a vitrification rate of up to 107 K

sec-1 can be obtained, which is adequate for rapid freezing of membrane
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suspensions. That this is the case is confirmed by studies presented in this
thesis.

Pt/C replicas were produced which showed neither distortion of

membranes by ice crystals nor the kind of aggregation of proteins that is seen
in micrographs of lipid-protein recombinants frozen from below the lipid T c·

Replication and Observation
In this section we briefly summarize the procedures used for replieating the surface that is exposed after fracturing.
A Balzers 360M freeze etch device was used in studies carried out by
this author for fracturing and replication. A platinum (Pt) layer of the order
of 1 nm thick is required and the platinum beam was obtained from a gun
which utilizes an electron beam to vaporize a Pt bead that is held in a carbon
(C) rod (fig. 5). The quantity of Pt falling on the sample was monitored using
a quartz crystal monitor which was held near the replicated surface.
monitor shut off the Pt gun when enough Pt had been detected.

The

Samples

were shadowed from 300 to the horizontal phase.
Carbon coatings were applied to the replicas to give them strength for
being handled.

0

The coating is of the order of 200 A thick.

The gun

configuration is shown in figure 5.
Replicas were examined in a Philips 20 1C transmission electron
microscope in the laboratory of Dr. Jean Paul Revel. Operating voltage was
80 kV and photographic images were taken on 35 mm film from which 8" x
10" prints were made.

Magnification ranged from 150,000-200,000 on the

final print depending on the magnification setting of the microscope.
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Figure 5.

a) Configuration of the filament and platinum/carbon rod in a
platinum gun of the kind commonly used in freeze etch devices.
The filament is heated for 7-12 seconds at 2000 V, and 50-80 rnA.
b) Construction of the platinum/carbon tip. c) The platinum
carbon beam is directed onto the exposed surface that is to be
replicated.
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Figure 6.

Cross section of the carbon gun. 12-20 V is applied at 20-50 A
across the junction between two carbon rods. The point of one
rod is held against the surface of another by springs. Carbon is
sprayed normal to the surface after the surface has been
replicated with the platinum/carbon arrangement shown in figure

5.
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CHAPTER 3

Measurement and Interpretation of Pair Distribution
Functions from Freeze-Fracture Micrographs
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Introduction
The aggregation state of proteins in biological membranes is an
important aspect of membrane organization.

It has been shown that the

lateral organization of membrane bound proteins can change during events
of physiological significance.l-4 The most direct method for determining the
aggregation state of membrane proteins is
microscopy, which
inspection.

freeze-fracture electron

yields qualitative information upon simple visual

Recently

methods

have been

devised to quantitate the

distribution of particles in micrographs, either by digitization of particle
coordinates or by using less elaborate counting techniques.5,6
In the present chapter we employ the pair distribution function? -9 to
obtain a quantitative measure of the aggregation state of two trans
membrane proteins, bacteriorhodopsin (BR) and rhodopsin (RH) in vesicles
made with phosphatidyl cholines (PCs) of several acyl chain lengths. From
the measured functions one can deduce the strength of protein-protein
interactions, even if these interactions are too weak to produce aggregation
which is visually obvious.

Of particular interest is the possibility of lipid-

mediated interactions,lO,ll a subject on which there are few data at the
moment.
Spectroscopic experiments indicate that protein molecules perturb
lipid order, and these data have been interpreted in terms of a perturbed
boundary around the protein.

Although it is possible that the boundary is a

single layer of molecules, there is mounting data to suggest that it extends
further .12

In the latter case, there will be characteristic length associated

with decay of the lipid state to its bulk configuration, and the perturbation
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around the protein-lipid boundary would be expected to decay smoothly into
the bulk lipid.
One way in which proteins could affect neighboring lipids is by altering
the local membrane thickness. There are two ways that this thickness can be
modified. The intramolecular conformational state of the hydrocarbon chains
or the head groups can be affected, or tilting of entire lipid molecules may
occur.

For example, if the thickness of the hydrocarbon region of a

membrane is less than that of the hydrophobic region of a protein, in order
for the membrane to accommodate the protein, the lipid hydrocarbon chains
would need to be in a more extended conformation with a higher proportion of
trans isomers per hydrocarbon chain than in the bulk lipid. The situation is
somewhat more complex if the membrane hydrophobic region has to
contract to accommodate the protein.

In this case accommodation could

take place either by an increase in the average tilt of the lipid chains with
respect to the bilayer axis, or by further disordering of the chains via an
increase in the fraction of gauche isomers along the hydrocarbon chain. It is
apparent that for there to be a match between bilayer and protein, there will
be a boundary region interfacing the protein surface with the bulk lipid.
If the proteins perturb the lipid to any significant extent, over a few

nanometers laterally in the membrane, this lipid protein interaction should
have observable effects on the protein pair distribution function.13 The pair
distribution function, w(r ,~r) is defined by the ratio of the mean density of
particles located in an annulus between r and r +

~rfromthecenterofan

average particle, to the mean overall density. A more fundamental quantity
is the radial correlation function, g(r), which is related to the pair
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distribution function by

2
=

r + ~r
g(r)rdr

f
r

( 1)

r ( r + 2 fir )

Although the pair distribution function, w(r, &),

g(r)

approaches

as

& approaches zero, for the relatively small ( <1000) number of particles

generally seen in freeze-fracture micrographs, only the pair distribution
function can be determined reliably (using a finite annulus size in order to
minimize relative errors in the determination of the number of particles in
the annulus). Despite this shortcoming, the radial correlation function for a
set of particles remains useful in that it can be readily calculated from a
given

inter

particle

potential

energy

function

between

the

protein

particles.14
We illustrate this by considering here a number of special situations.
If the protein particles were randomly diffusing points of infinitesimal size, it

can be shown that g(r), and hence w(r, !:r) would be identically 1.0. If the
particles were instead hard discs of radius r 0 , then g(r) would assume more of
a structure, 14 which at sufficiently high overall particle density would
consist of a peak at r = 2r 0 corresponding to a first coordination shell,
followed by a region of lower density at r ..r 4r 0 •

This pair distribution

function can be calculated from the potential energy function

V(r)

=

V ( r)

=

0

r

> 2r

r

< 2r

0

(2)
00

0
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The usefulness of this hard-disc model is that deviations of actually observed
g(r) or

w(r,~r)

from this result could be used to indicate additional attractive

or repulsive inter particle interactions.
It should be emphasized that implicit in the above relationships is the

assumption that the radial correlation function, and hence the inter particle
potential energy function, is radially symmetric.

If there is an additional

angular correlation between particle positions, equation 1 for w(r ,~r) must
be written in terms of a more general function including angular and radial
correlations.

We neglect angular correlations in the present treatment but

note at this juncture that the magnitude and shape of the pair distribution
function w(r ,~r) yields information about radial correlations which can be
related directly to the form of inter particle interactions.

Materials and Methods
BR-Lipid Recombinant.

Micrographs of BR-lipid recombinants were

kindly supplied by B. A. Lewis. The preparation of BR-lipid recombinants is
described in detail by B. A. Lewis and D. M. Engelman 15 and is summarized
below.
BR was separated from its native lipid by the method of Huang et
a1.l6 All operations were performed in the dark at 0-4oc.
PC's were from Calbiochem and were lyophilized and dissolved in 2%
Na cholate buffer (0.0 1 M tris HCl, 0.15 M NaCl, pH 8) with brief sonication.
To prepare BR-lipid recombinants, the lipid and BR solutions were
mixed under dim red light and subsequently dialyzed against 0.01 M tris HCl,
0.15 M NaCl, pH 8 in a foil-covered flask at 4oc. After at least three days
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of dialysis, the vesicles were centrifuged at 104,000 x g through continuous
sucrose gradients, 10-4596 (w/w). All preparations yielded a single band. The
vesicle bands were washed two or three times in buffer, 0.01 M Na acetate,
pH 5.
For electron microscopy the BR-llpid recombinants were spray-frozen
by the method of Bachmann and Schmidt6,17 using a Balzers spray-freeze
apparatus (Balzers Union, Sagamore, New Hampshire) with a thermally
controlled spray gun. Fracturing and replication were performed in a Balzers
freeze etch unit, BAF 301, at temperatures of -115 to -1350C and pressures
of 1 to 8 x 1o-7 torr. Deposition of Pt and C from electron beam electrodes
0

was controlled by a quartz crystal monitor to a thickness of 25 and 100 A,
respectively. Replicas were examined in a Philips EM 201 at 80 kV and at
magnifications of 20,000 to 40,000x. Photographs from the microscope were
enlarged to 150,000 to 200,000x for measurement of pair distribution
function.
RH-Lipid Recombinants.

EM pictures of dark-adapted and bleached

RH were taken from Chen and HubbeH.l8 The pictures used were of samples
which had been frozen from above the phase transition temperature of the
lipid. For dark-adapted RH the pictures chosen were of those recombinants
in di 10:0 PC frozen from 20oc, and di 18:1 trans PC frozen from 37oc and
20oc and for bleached RH-recombinants in di 12:0 PC and di 18:1 trans PC
frozen from 2ooc.
Protein Distribution FlBlctions.

Protein pair distribution functions

were determined by measuring particle coordinates from the EM pictures,
calculating the inter particle distances and counting the number of
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inter
N.

particle

distances

that

He

within

the

annulus

r

to

r +

Particle coordinates were taken on the Tektronix graphics tablet in Dr.

Jean Paul Revel's laboratory at Caltech and processed on the Chemistry
Department VAX 11/780 computer.
Measured distribution functions were compensated for picture-edge
effects by simulating random distributions in a square of the same area as
that of the membrane analyzed. Up to ten simulations were analyzed and the
average pair distribution function taken as a baseline for the membrane
measurements.

Changing the shape of the test area from a square to a

rectangle

negligible

y

= 10

had

effect

on

the

nm was used in calculating w(r,y).

baseline.

A

value

of

This choice produced a

reasonably noise-free distribution function while retaining the major details
of the first peak in the function. The number of particles (N) in the picture
was required to be greater than about 500 to minimize artifacts due to noise.
Theoretical "hard-disc" pair distribution functions were obtained using
the potential energy function of equation 2.
The correlation function g(r), was calculated using the Percus-Yevick and
Ornstein-Zernike equations. The Ornstein-Zernike equation 3 permits us to
relate the indirect correlation function h(r) of a system of particles to the
direct correlation function c(r ).

h(r)

= g(r)

- 1

= c(r)

+

pfc( 1r - s

p

2
h(s)d s

( 3)

At the densities used in this study the direct correlation function is well
approximated by the Percus-Yevick relation (eq. 4):
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c(r)

= g(r)

{1 - exp (V(r)/kT)}

( 4)

We solved equations 3 and 4 iteratively using the numerical algorithm of
Lado.14

Results

Figure 1 shows micrographs of BR reconstituted into di 12:0 PC, di
14:0 PC and di 16:0 PC. Areas of membrane which showed even shadowing
were chosen in order to minimize artifacts due to membrane curvature.
There appeared to be no gross protein aggregation due to the freezing process
in any of the pictures we examined. Rearrangement of the protein particles,
in particular, a tendency to aggregate, should be reflected in the pair
distribution function as an apparent attractive interaction between particles.
The most significant characteristics of the measured functions for the
purposes of comparison with the calculated functions are the magnitude of
the function at the peak and its rate of decay toward the asymptotic value as
r

+ oo.

Inter particle interaction should be reflected in these features of the

pair distribution function.

In particular, an attractive interaction between

particles would result in the peak's being larger and decaying more slowly
than the hard-disc model.

For each of the measured functions presented

here, we show for comparison (dashed line on the same figure) the corresponding function calculated for the hard-disc model for the corresponding
density and particle radius. The error bar shown on each measured function
represents "!:..1/ In, where n is the number of inter particle distances that were

-41-

Figure 1.

Representative micrographs of BR-PC recombinants. a) di 12:0
PC. b) di 14:0 PC. c) di 16:0 PC. The bars represent 150 nm.
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Figure 2.

a) Measured function for BR in di 12:0 PC. Number of particles
(N). N = 1022, P =0.0054 nm-2. Frozen from 22oc. b) Measured
function
for
BR
in
di
14:0
PC
(DML).
N=
1678, P = 0.004 nm-2. Frozen from 34oc. c) Measured functions
for BR in di
16:0 PC.
N
= 1099 and
524,
P = 0.003 and 0.0035 nm-2, respectively. Frozen from 5ooc.
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used to calculate the value of that function at r

= 2r 0 •

We now consider the

results obtained for each protein in turn.

Bacteriorhodopsin. The measured functions are shown in figure 2a-c.
Comparison with the calculated function indicates that in all three lipids, the
protein is well modeled by the hard-disc interaction.

In the di 12:0 and di

14:0 samples the tail of the first peak decays less rapidly than the model
function in the region between r = 8.0 to 14.0 nm, though even in these cases
the magnitude of the peak is consistent with the randomly diffusing hard-disc
model. These data support previous conclusions, that the distribution of this
protein in the plane of the membrane is random when incorporated into
0

bilayers of hydrophobic region thickness up to 10 A less than the protein. The
observed random distributions also support the assumption that no significant
aggregation of protein particles has occurred during the freezing process.

Bleached Rhodopsin. The measured functions are shown in figure 3a
and b. The functions are more difficult to interpret, particularly as they do
not seem to decay to 1.0 as r increases beyond the first peak, as in the case
of the BR-PC recombinants.

This suggests that equation 1 may not be

holding exactly for these systems, possibly because the radial correlation
function is no longer radially symmetric.

This lack of radial symmetry is

seen clearly in certain of the rhodopsin pictures where there appear to be
patches of lipid ringed by particles. Despite this complication, the difference
in

magnitude

between the

first

peak

and

the

asymptotic

value

w(r ,~r) should still be representative of inter particle interactions.

of
In

particular, the magnitude of the first peak can still be compared to that of
the hard-disc model in order to ascertain whether there are additional
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Figure 3.

a) Measured function for bleached rhodopsin in di 12:0 PC from
figure 1 of Chen and HubbeH (1973). Frozen from 2ooc. N =
1106, p = 0.0021 nm-2.
b) Measured function for bleached
rhodopsin in di 18:1 trans PC, figure 5 of Chen and HubbeJl. N =
668, p = 0.0017 nm-2.
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interactions.
In both di 12:0 PC and di 18:1 trans PC, the size of the first peak in
the bleached RH pair distribution functions is less than that of the calculated
function using the hard-disc model.

In general a value of g(r ), and hence

w(r ,~r), less than that calculated for a system of hard discs suggests that
there is a repulsive inter particle interaction that extends beyond particle
boundaries tending to keep particles apart.

Dark-Adapted Rhodopsin.

The EM picture of dark-adapted rhodopsin

in di 18:1 trans PC frozen from 2ooc (fig. 4a of Chen and Hubbell) shows the
protein to be obviously highly aggregated although the aggregates are
dispersed throughout the lipid phase. We chose to examine the picture of the
di 18:1 trans-RH sample frozen from 37°C in order to ascertain whether the
correlation persists at the higher temperature.

Figures 5a and b show the

measured pair distribution functions deduced from the data of Chen and
Hubbell for dark-adapted rhodopsin -- di 10:0 PC and di 18:1 trans PC
recombinants frozen from 2ooc and 37oc, respectively.
The magnitude of the peak in the pair distribution function obtained
from the 10:0 RH recombinant is consistent with the functions measured
from the bleached RH pictures. In the di 18:1 trans PC-RH sam pie frozen
from 37oc, however, the peak is significantly larger and the rate of decay of
the function from its peak is slower than the random hard-disc mode. These
features of the pair distribution function suggest that in dark-adapted RH-di
18:1 recombinants there is an attractive interaction between
particles.

protein

Since this interaction does not exist in the thinner bilayer, it is

therefore probably lipid-mediated. These observations lend credence to ideas
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Figure 4.

a) Measured function for dark-adapted rhodopsin in di 10:0 PC.
From figure 1 of Chen and Hubbell. Frozen from 20°C. N = 819,
P = 0.0021 nm. b) Measured function for dark-adapted rhodopsin in
di 18:1 trans PC. From figure 4 of Chen and Hubbell. Frozen
from 37oc. N = 955, P = 0.0014 nm-2. c) Measured function for
dark-adapted RH in di 18:1 t. From figure 4 of Chen and Hubbell.
Frozen from 2ooc. N = 669, P = 0.0045 nm-2.
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of lipid-mediated interactions proposed previously .11 '13
In figure 5c we show for comparison the pair distribution function
deduced from the EM picture of dark-adapted RH in di 18:1 frozen from 20°C
reported by Chen and Hubbell.

Here the protein is visibly aggregated.

Aggregation is manifested as a relatively large value at the peak in
w(r ,~r). In addition, the peak occurs at a lower value of r than in the other
measured functions for RH-PC systems. This appears to be a general effect
which we have noted in all measurements taken from pictures of partially
aggregated systems.

Discussion
We have examined in this study the pair distribution functions of BR,
bleached RH and dark-adapted RH in PC bilayers.
There appears to be negligible difference between the measured
functions for the BR-PC systems and those calculated from a model in which
the only interaction is a hard repulsive core. The value of 2r 0 measured from
the positions of the peaks in the PDF's is ..r8 nm, which is in accordance
with the diameter of the particles seen in the freeze-fracture micrographs.
Although this figure is approximately twice that deduced by Peters and
Cherry 19 from measurements of the lateral diffusion coefficient of the
protein in di 14:0 PC, it is consistent with the size of the BR trimer ,20 the
state of aggregation often implicated for this protein. It is also likely that a
freeze-fracture particle of BR represents a protein molecule with one or two
boundary layers of lipid relatively tightly bound.
The bleached RH di 12:0 PC and di 18:1 trans PC and dark-adapted RH
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of di 10:0 PC systems show deviations from the hard-disc model which may
be due to longer range inter particle repulsions. For dark-adapted rhodopsin-di
18:1 trans PC recombinants, however, the results are strikingly different.
The freeze-fracture micrograph from Chen and Hubbeu18 of a sample frozen
from 2ooc shows visible aggregation.

We have shown that even at 37oc,

where the aggregation is not readily apparent from the EM picture, the
protein distribution is not equivalent to that in which there is only a hard
repulsive core interaction between molecules, but that there appears to be
an additional attractive component in the interaction.
These results can be understood in terms of the probable behavior of
the lipids at the protein-lipid boundary and their effect or lack of effect on
subsequent lipid solvation layers.

When a protein is reconstituted into a

bilayer for which the equilibrium thickness of the hydrophobic region does not
match that of the protein, there are two possible consequences.

The

molecules may remain undeformed, thereby exposing the protein hydrophobic
region to the aqueous phase in the case where the protein is thicker than the
bilayer, or exposing the hydrophilic region of the protein to the hydrocarbon
region of the bilayer if the protein is thinner. Alternatively, the bilayers or
the proteins may deform at some energetic cost21 to match their respective
hydrophobic regions. Estimates of the energy cost of exposure of the protein
hydrophobic surface to water suggest that if insufficient deformation occurs
to match the hydrophobic regions, aggregation of the protein molecules will
take place.

Such aggregation has been observed in BR di 10:0 PC

recombinants.l5

In this case the acyl chains, even if fully extended are

probably too short to match the hydrophobic surface of the protein.
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Deformation of the bilayer or protein is the more likely event when its
energy cost is lower than the corresponding cost due to loss of entropy upon
aggregation.

The results of Parsegian et a1.21 suggest that deformation of

the bilayer is energetically inexpensive, less than 1 kT for a 20% change in
membrane surface area.

The presence of a single phase in all the

recombinant systems studied here shows that either the proteins are changing
conformation to accommodate the bilayer, or the bilayer deforms to fit the
protein. The latter possibility seems more likely in view

of the relatively

large conformational changes that would have to take place for a protein to
accommodate a wide range of bilayer thicknesses.
If there is a deformation to the bilayer and it is propagated over a

significant characteristic length in the

membrane,

an

intermolecular

potential energy will result, 13 which would be seen in the measured pair
distribution functions. This is not seen in any of the systems studied here in
which the membrane is thinner than the protein.

An interaction is seen,

however, in dark-adapted RH-di 18:1 trans PC recombinants, in which the
membranes are significantly thicker than those of other lipids used although
not, it should be noted, particularly thick relative to most natural bilayer
membranes.
In order to postulate an explanation for this effect we consider the
cases of thick and thin membranes in turn. Consider ·first the case where the
bilayer is thinner than the protein. If the bilayer deforms to fit the protein,
stretching of the hydrocarbon region of the bilayer must occur at the proteinlipid boundary.

Or results suggest, that in the system we study here, the

intermolecular conformational change that leads to this stretching is not

-55-

propagated to any extent laterally through the membrane.
The observation of an interaction in dark-adapted RH-di 18:1 tans PC
recombinants suggests that the nature of the effect that this protein has on
di 18:1 trans PC bilayers is fundamentally different from that in the other
systems examined. If the hydrophobic region of the bilayer formed by di 18:1
PC were thicker than that of the dark-adapted RH molecule, then the lipid
molecules could tilt at the protein-lipid boundary, or there could be a
conformational change in the lipid head group or hydrocarbon chain region.
In any case, the change in the bilayer structure must be propagated over a
significant distance in the membrane for an inter-protein interaction to
result.

This change could involve tilting of the lipid molecules which may

possibly be propagated through the bilayer by low-frequency cooperative
motions of the hydrocarbon chains, or propagation of the direct lipid-protein
interaction may be via the hydrophilic or interface regions of the lipid, or
merely increased disorder of the lipid-hydrocarbon chains.

Further studies

are needed to characterize the altered bilayer conformation.
The different behavior noted here between bleached and dark-adapted
RH in di 18:1 trans PC deserves comment. It is possible that the hydrophobic
surface of rhodopsin thickens on bleaching so that the bleached molecule is
no longer thinner than the di 18:1 :trans bilayer.

Such a conformational

change cold reduce the perturbation of the bilayer by the protein and thus
reduce the lipid-mediated inter-protein attraction.

This suggests the

possibility of a role for lipid-protein interactions in the physiological function
of RH which should be investigated further .22 However, other explanations
for the dramatic difference in aggregation of the two states of RH cannot be
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ruled out without further data. For instance, bleaching of RH might increase
the net molecular charge, leading to an intermolecular repulsive interaction
which could counteract lipid-mediated or other attraction.
bleached

RH

remains

unaggregated

below

the

The fact that

lipid-phase

transition

temperature in all lipids examined, under conditions in which dark-adapted
RH aggregates, is more consistent with the latter explanation. Again, more
experiments are required to establish the nature of the difference between
dark-adapted and bleached RH in di 18:1 trans bilayers.
There are other factors that may affect the observed protein
distribution of the RH-llpid recombinants which are difficult to exclude
completely at this time. First, pictures of the RH-PC recombinants were of
multilamellar dispersions.
affect

lateral

recombinant,

It is possible that interbilayer interactions may

proteins.
the

Similarly,

orientation

of

the

in

a

multilamellar

protein

protein-lipid

incorporated

into

the

recombinant membranes may influence the lateral distribution of membranebound proteins. Unfortunately, we have not data at this point which allow us
to assess the importance of this question in the present situation.

Finally,

the different distribution seen in various RH-di 18:1 trans recombinants
might

originate

from

protein

denaturation

in

the

dark-adapted

RH

recombinants. This seems rather unlikely, as the aggregation seems to be
lipid-specific, with the extent of aggregation seemingly only a function of
temperature from which the sample was frozen.
clarify some of these points.

We await future work to
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CHAPTER 4

A Model for lipid Mediated Inter Protein
Interaction in Bilayer Membranes
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Introduction
Many studies have shown that membrane proteins affect the behavior
of neighboring lipids.l-6

A related issue is the arrangement of protein

particles among their neighbors, especially their tendency to cluster, even in
the absence of cytoskeletal interactions.? -10 It has been proposed that the
interaction between proteins is caused by their influence on lipids.ll-13
Evidence for a protein-protein interaction which is dependent on the lipid
environment is seen in freeze-fracture studies of Chen and Hubbel114 and
Lewis and Engelman, 15 in which both bacteriorhodopsin and dark-adapted
rhodopsin are seen to cluster when reconstituted into relatively thick
phophatidyl choline membranes.
In this chapter we present a model for the interaction of protein
molecules in a lipid bilayer. We assume that a protein molecule is able to fit
into the bilayer and thereby match its hydrophobic and hydrophilic regions
with those of the surrounding lipids, but that this fitting causes some
distortion of the protein-free equilibrium configuration of the bilayer and
hence raises its energy relative to that equilibrium state.
expression

for

the

intermolecular

We derive an

potential energy arising from

the

perturbation of the lipid bilayer by the protein molecule.
A convenient test of the model is provided by measurement of the
protein-protein pair distribution function from freeze-fracture micrographs
of membrane systems which contain particles in a state of partial aggregation),l6-18

The pair distribution

function,

w(r,~r), is given by the

ratio of the density of particles in an annulus between r and (r +
~r)

nm from an average particle in the micrograph, to the overall
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mean particle density.

As aggregation standards, we have measured the

particle pair distribution functions from pictures of Acholeplasma laidlawii
membranes previously reported by James and Branton (1973).

In Chapter 3

we showed that pair distribution functions derived from particles seen in
freeze-fracture micrographs can be modeled using the relationship between
the pair distribution function and the radial correlation function, g(r ), of a
system of particles, namely:

r +

f

2
w(r,~r)

=

~r

g(r) r dr

r
~r ( 2 r

+

( 1)

~r )

The radial correlation function can be calculated from the inter particle
potential energy using published algorithms.l8

The expression derived here

for a lipid-mediated potential energy between particles can thus be used to
model these measured functions. Our results suggest that aggregation state
of particles in a membrane may be described by two parameters which are
properties of the lipid phase and protein-lipid interaction, respectively.

Theory
Thermodynamics of Lipid Ordering.

The most fundamental approach

to protein-lipid interactions is via statistical mechanics. Although necessary
to completely understand their interactions, it is inconvenient when analyzing
their macroscopic behavior.
Here we resort to a thermodynamic model of the lipids. This approach
allows

us

to

study

protein

statistical

mechanics

via

an
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approximation of the lipid-mediated force by its mean value. We assume that
the

lipids

have

a

degree

of

freedom,

an

order

parameter,

cp(r), which is a scalar function of position r on the membrane surface and
characterizes

the

lipid

state

at

that

point.

The

deviation

of

cp(r) from cp 0 , its value at unconstrained equilibrium, measures the extent of
perturbation. We then express f(r ), the two-dimensional free energy density,
as a function of cp(r) and Vcp(r ):

where

€

= 0 when cp(r) = <t>o everywhere.

We expand

€

as

a Taylor

series around <t>O·

( 3)

Linear terms would merely shift the equilibrium state, while higher-order
terms preclude analytic solutions. The first term in equation 3 produces the
cooperativity,
cp.

an

energetic

cost

for

spatial

variation

of

The second term represents the restoring force tending to keep

<t> at its equilibrium value, <Po·

Models based on the same idea have been

developed by Marcelja, 3 3 Schroder, 11 Owicki et al.l3 and Owicki and
McConneH.l2

Equation 3 has also been used to describe protein effects on

spin label partitioning.20

We shall refer further to these works in the

discussion.
Minimizing the total free energy yields the field equation:
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¢(r)

where n2 = k2/k 1·

+ ¢

0

( 4)

= 0

n-1 is a correlation length which always appears in

combination with a spatial variable.

Equation 4 can be solved for

¢(r) using the appropriate boundary conditions corresponding to a given

particle configuration.

Substitution of ¢(r) into equation 3 then yields an

expression for the energy density €(¢, V¢)which can be integrated over the
membrane area to obtain the energy of the particle configuration for which
equation 4 was originally solved. Implicit in our approach is the assumption
that n-1 for the lipids is a slowly varying function of the protein concentration.

This should be a good approximation for the concentrations of

proteins seen in the natural membranes studied here.

However, it will be

seen later that, in general, ¢ 0 , the equilibrium order parameter, needs to be
replaced by a bulk order parameter averaged over the membrane and
<¢>is a function of lateral protein density.
We proceed to study the order parameter when there are one and two
particles in the membrane. In both cases, the procedure is to solve equation
4, substitute ¢(r) into equation 3, and integrate over the membrane to find
the total energy. Its dependence on the arrangement of the particles reveals
their interaction.
Single Particle Membrane Energy.

Let ¢

be

constrained to

be

¢ at the edge of a protein pcw-tic1e, which we assume to be circular with
radius r 0 • The solution of equation 4 satisfying this and the requirement that
¢(r)

=

¢o at r

=

oo

is:
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q,(r)

=

( 5)

<t> 0 + c 1 K0 (nr)

where c 1 = ( ~ -

<f> 0

)/K 0 ( nr 0 ), Kn is a nth order modified Bessel function

of the second kind21 and r is the distance of r to the particle center.
The self-energy E 1 is the difference in order parameter (OP) energy
between a membrane with one particle and one with none. The OP energy is
zero

in

the

absence

of

protein,

so

E1

is

found

by

substituting

<t>(r) into equation 3 and integrating over the membrane:

2

= c1

E1

=

2n
k1

co

J J

o

r

( 6)

0

2n(~ - q, 0 >2 k 1 a 0 K1 (a 0 )/K 0 (a 0 )

(7)

where a = nr, a0 = nr 0 , and V now refers to a rather than r.
E 1 appears repeatedly in our results.

Its most obvious role follows

from its definition. The change in OP energy when a particle moves from one
lipid phase to another is the difference in E 1 between them. This is related
to the standard free energy of transfer when the OP-independent interactions
are the same in both phases. E 1 can thus control protein distribution between
coexisting lipid phases.

It

has

been

Figure

assumed

1 shows the dependence of E 1 on

that

the

OP

equals

some

constant
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Figure 1.

The dependence of the particle self-energy E 1 (expressed in units
on
the
reduced
particle
size
of k 1 ( ~ - ¢ 0 )2)
ao (=:nro>·
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~adjacent

to the protein and that the direct constraining interactions do not

extend away from the protein surface.

In addition, the protein has been

assumed to exert its influence along the perimeter of a circle. Although the
latter assumption cannot be exact, we are concerned with mean behavior in
regions larger than lipid molecules.

Any shape irregularity would thus be

smeared out. The model makes no assumption about the depth of the protein
in the membrane since only two-dimensional structure is important.

Interaction Between Two Particles.

The interaction between two

protein particles in a membrane can be found by solving equation 4 when
¢(r) is constrained to

¢

at the boundaries of two particles.

particle centered at the origin and one at r = r'.

Consider a

Outside the particles

¢(r) is roughly:

(8)
where
c

2

=

C¢ - ¢ 0 ) I (K 0

(a')

+ K (a ) ) .
0

(9)

0

This is inexact since ¢(r) is not constant on the protein boundaries. Figure 2
shows

the

variation

of

( ¢(r 0 )

-

¢) /( ¢ 0

coordinate of r 0 on a protein perimeter.

-

¢)

with

e,

the angular

The distortion from circular

symmetry is small so we neglect it here.
The two-particle OP energy, E2, is found by combining equations 3, 8
an_d 9:

-68-

Figure 2.

In solving equation 4 for the two-particle problem, we invoke the
circular boundary condition ¢> = ¢at both particles. The solution
given by equations 8 and 9 is therefore inexact. We illustrate
here the departure from circular symmetry by comparing
(f) with the exact ¢>(r 0 ). The dependence of
¢>(r

0

) - ¢>

0

against 8 is shown , where r 0 is some point on the boundary of one
particle, and e is defined as in the diagram. The reduced particle
size, a 0 is taken to be 1.0, and cr•, the inter particle separation, is 2.0 and 3.0. The circular boundary condition corresponds
to

¢>(r ) - ¢>
0

(f) - ¢>

0

0

= 1 . 0.
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E

2

=

c~k 1
VK 0

JJ

2

(VK (cr))

+

0

<Ia-

a'

I)+

K 0 (cr)

2K ( cr) K ( I a - a '
0

(VK

0

0

(

Ia- a'

1))

2

+ 2VKbcr)•

+ K 0 <Ia- a'1> 2 +

2

I ) ) crd cr

( 1 0)

de

which may be condensed into the less formidable result

( 11)

using the definition:
2TI

oo

=J J

M(cr')

o

cr

2TI

<J

0

0

J f0

Acrdcrde-

0

( 12)

A cr dade

and

=VI< (cr)•VK

A

0

0

<Ia-

a'

I)+

K (cr) K
0

0

<Ia-

a'

I).

(13)

The second term in M corrects for integrating the first over the interior of
the particle at cr'. Equation 12 can be simplified with the following addition
theorem (Gray, 1966):

K

0

(I a

- a'
I

o

I)

=

(cr) K (cr') + 2

o

I

P= 1

I
p

(cr) K (cr') cos py
p

(14)
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valid when o <
o and 0'.

The region o >

0'.

is

0'

handled

by

interchanging

lp is an order p modified Bessel function of the first type, and

Y is the angle between o and o'.

The summation drops out because the

.cosine integrates to zero. Carrying out the integration we find

M(

o' ) = 21T !< (0')(2o I (O) K ( O ) - 1).
0

0

0

1

0

0

( 15)

When calculating M(O), we make the approximation, justified later, of
ignoring the second integral in equation 12 for

M( 0)

=

21TO

0

0'

= 0 and obtain

K (o) K (o)
0
0
1 0

( 16)

The lipid-mediated potential between the two particles is then:

= 2E

1 + M(O')/M(O)
--~---=
2
1 [
( 1 + K ( o' ) /K ( o ) )
0

0

( 17 )

0

Figure 3 shows a plot of V( 0')/E 1 versus 0', for

various particle radii

Finally, the integration leading to equation 16 includes the inside of
the particle not centered on the coordinate origin. To estimate the error we
evaluate the integral (see fig. 4):
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Figure 3.

Calculated two-particle potential energies (expressed in units of
E 1> for various particle sizes (nr 0 = 0.2, 0.5, 0.8 and 1.1).
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Figure 4.

The segment representing the region of integration used in
equation 18.
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a'+a

(l

f

f

I* =

-(l

2a 0

=

0'

2

(K~(a)

0

+ K (a))
1

a'-a 0

( 18 )

a da dy

[<a'

- a ) K (a'

- a ) K (a'
0
1

- a )

( a'

+ a ) K (a'

+ a )·K (a'
0
1

+ cro)

0

0

0

0

-

0

J.

( 19)

Table 1 shows values of a' below which I* exceeds 5% of M(O) for values of

ao

=

0.2-2.0.

a' > 2 a0 •

Since

the

particles

do

not

interpenetrate,

It wiH be seen that a0 is typically about 1. The correction

to M(O) can thus be neglected.
Many particle Effects on the Order Parameter. The presence of other

particles in the vicinity of a pair of interacting particles will have an effect
on

the

of

particles

¢ from

magnitude of their interaction.
in

the

membrane

will

This is
alter

because
the

the presence

bulk

value

of

¢0 and will change the measure of the lipid-protein interaction. We

quantify this effect by invoking the super-position approximation, i.e.,

(20)

When the particles are a11 identical, the boundary condition at particle j is
rol:Jghly:
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Table 1.

Values of n r' below which I* exceeds 5% of M(O).

nro

n r'

0.2

0.52

0.5

1. 36

0.8

2.00

1• 1

2.64

1. 4

3.26

1. 7

3.70

2.0

4.60
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4> -

4>

= cj K (nr

N

o

o

o

cNi K ( n I r . - r .

) +

J

0

1

I)

( 21)

To find c, we assume that the membrane is homogeneous, so the neighbors of
each particle are similarly arranged.

The c's are thus all about the same,

and we assume them to be equal.

Spatial variation of concentration is

thereby ignored. Setting the c's equal to CN in equation 21, we solve for CN:

q; K ( nr
0

0

) +

4>

0

(22)

K (nlr. 0
J

We now replace K 0 (n Iq - rj

r.l)
1

I) by its mean value
00

<K (nlr.- r.l)
0

J

1

> -21T
N-1

J
0

g(r) K (nr)rdr,
o

which may be readily integrated if we made the approximation g(r)

= 1.0.

The outcome of this coarse graining is:
qi -

=

K ( a ) + 4n(
0

0

4>

0

PI n2 ) a0

(23)

K ( 2 ao )
1

where P denotes the particle density.
Substituting this result into equation 20 yields, for the average value
of 4>:
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=

<t>

0

+ eN N < K

0

(

Ia

- a.1

I)

(24)

> ,

where a is any point not inside any particle.

At sufficiently low particle

densities < <t> >can be written as
00

=

<t>

0

+ eN 2 1T(

PI

r? )

f

K ( a)

a

0

a da

0

(25)

Thus, in the many-particle problem, the interaction between any pair of
particles is screened by their simultaneous interaction with all the others: (i)
the effective bulk order parameter in the domain is increased from

<Po to < <t> >, and (ii) the effect of the lipid-protein interaction on the order
parameter at the boundary of any protein molecule is reduced from
~

-

<t>0

to (~ <Po ) (1 - Y), where

(26)

Since, in the two-particle problem (cf. equation 2) E 1 varies quadratically
with ~ -

<t>0 ),

it follows that the intermolecular potential energy between any

pair of protein molecules in the present case needs merely to be rescaled by a
factor ( 1 - Y)2 provided Pis sufficiently low. Physical plausibility demands
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that Y < 1.

Previous Work on Lipid-Mediated Interactions.

We now compare our

model of lipid-mediated protein-protein interactions with previous works.
Earlier investigators predict, as we do, that proteins which perturb lipids tend
to aggregate.
Marcelja33 and Schroder 11 employ a mean field model to describe the
behavior of a lipid order parameter, n.

Marcelja assumes a hexagonal

lattice for the lipids, wherein each site

is characterized by an order

parameter nj· Schroder assumes a lipid continuum and derives a differential
equation for the change in order parameter
value,

no, in the absence of the proteins.

on(r)

away from the average

Both Marcelja and Schroder include

the influence of proteins on the surrounding lipid by including a lipid-protein
interaction term in

an expression for the energy of the system.

In both cases

n is taken to be the average of the· second-order Legendre polynomial:

n = <P 2 (

v) >

(27)

where v is an angle describing either . lipid hydrocarbon chain or segment
orientation. Schroder fixes the value of the order parameter at the proteinlipid boundary and solves for

on(r) in the two-particle case, thereby deriving

an expression for the inter-protein interaction energy.

Marcelja solves for

the order parameter self-consistently, and hence the inter-protein interaction
energy, numerically. Neither author takes into account the saturation effect
on the order parameter of protein particles in the vicinity of the two
particles whose interaction is being considered.
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Since we shall not attempt to give a molecular interpretation of the
order parameter, introduced in the present work, further comparison with the
work of Marcelja and Schroder must await further data on the nature and
range of the order parameter mediating inter-protein interactions.

Pair Distribution FWlctions
Access to the two-particle inter particle potential of a system of
particles, such as seen in a freeze-fracture micrograph, is provided in
principle by measurement of the pair distribution function of the set of
particles embedded in the membrane. For example, in Chapter 3 we showed
that the PDF of a random distribution of protein could be simulated by
assuming the proteins to be discs with no inter-protein interaction other than
the hard repulsive core. The protein particles were modeled as if they were a
two-dimensional fluid, and the PDF's were calculated using the OrnsteinZernike equation:

g(r) = 1 + c(r) + P

J

2
c( l r - sl) (g(s)- 1)d s.

(28)

C(r) is the direct correlation function which as the particle densities studied
here may be related to g(r) by the Percus-Yevick relation:

c(r) = g(r)

{1 - exp(V(r)/kT)} .

(29)

This approach is quite general, and we wish now to test the attractive lipidmediated potential derived here using these relations.
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An attractive inter particle potential energy would be seen in a
freeze-fracture micrograph as partial aggregation of the particles.

A

convenient set of micrographs of partially aggregated systems is that
published in figure 1 of James and Branton.22

These authors selected five

systems ranging from random to completely aggregated as aggregation
standards in a study of the effect of lipid composition on particle distribution
in Acholeplasma laidlawii membranes. We present particle patterns obtained
from their figure 1 in figure 5. However, in order for the measured PDF to
represent an intermolecular potential energy function in the context in which
we present it here, it is assumed that the membrane, although partially
aggregated, is still homogeneous. There must be no phase separation, either
of one lipid phase from another, or of the protein from the lipid phase.
Accordingly, from the work of James and Branton, we limit ourselves to a
consideration of figures 1a, 1b and 1c, in which protein particles appear
throughout the membrane. Figure 1e seems to show complete separation of
either a lipid phase or the protein phase from the lipid. We discuss later in
this chapter the problems that may be associated with using a natural
membrane systems for these measurements.
The PDF for each micrograph was determined by placing the
micrograph on a Tektronix graphic tablet and recording the coordinates of
each
(~r

particle

in

the

plane

in equation 1) was 10 nm.

of

the

picture.

The

annulus

size

These measured PDF's were then simulated

using the lipid-mediated potential energy, equation 17, as the inter particle
potential energy in equation 29. The many-particle correction, equation 26
was included. Equations 28 and 29 were solved for g(r) using the algorithm of
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Figure 5.

Computer-generated representation of the particle distributions
in the EM pictures taken from figure 1 of James and Branton
(1973).
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Lado,19
equation
n-1,

the

and

the

w(r,~r),

The procedure used

1.

correlation

PDF from

its

and

adjusting

then

PDF,

peak

length,

for simulation entailed adjusting

until the

was similar
the

was calculated from g(r) using

to

rate of decay of the calculated

that

protein-lipid

of

the measured function,

interaction

energy,

k 1-

( 4o - ~2, until a fit was obtained as judged visually. An empirical observation which aided the fitting was that n-1

for

a

measured

PDF was

approximately the distance required for the PDF to decay by one-half from
its peak value.
In figure 6(a-c) we show PDF's of the systems of James and Branton
( 1973) under consideration here.

Table 2 summarizes the parameters that

give the best fits. The correlation lengths appear to be between 5 and 10 nm
for the partially aggregated membranes. Figure la of James and Branton is
consistent with a PDF (our figure .6a) with the freeze-fracture particles being
randomly diffusing hard discs. The increasing aggregation state upon going
from figure 1a to 1c can be modeled by increasing lipid correlation length and
protein-lipid interaction energy.

Discussion
Lewis and Engelman 15 have studied the effect of lipid hydrocarbon
chain length on the state of aggregation of bacteriorhodopsin reconstituted
into phosphatidyl choline of various hydrocarbon chain lengths. If bacteriorhodopsin is reconstituted into thin phosphatidyl choline bilayers such that
the boundary layer of lipids is capable of stretching to accommodate the
protein, then the protein adopts a random arrangement in the plane of the
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Figure 6.

Measured (+) and simulated (-) PDF's for the particle distributions
in
figures
la-c
of
James
and
Branton
(1973).
~r = 10 nm. a) p = 0.0032 nm-2, r 0 = 5.0; b) P = 0.0025 nm, r 0 =
4.0 nm; c) p = 0.0025 nm-2, r 0 = 4.0 nm.
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Table 2. Parameters used in simulating particle distribution functions.

EM Picture

n-1

k1D2

E1

James and Branton (197 3

(kT)

(kT)

Figure 1a

0.0

Figure lb

0.65

4.5

6

4.0

Figure 1c

1. 30

6.4

10

4.0

(nm)

ro
(nm)

5.0
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membrane (Chapter 3). In a situation where lipids and proteins in a bilayer
are unable to match their hydrophilic and hydrophobic surfaces, separation of
the protein phase from the lipid phase occurs. Thus separation is manifested
in freeze-fracture micrographs as aggregation of the protein particles.
In cases where the lipid hydrophobic surface is thicker than that of the
protein, both random and aggregated protein states are seen.

Perturbation

of the lipid by the protein can be short ranged or extend further into the
bilayer.

If the lipid adjusts its length by changing the number of gauche

bonds per hydrocarbon chain, then the perturbation would be expected to be
short-ranged.l7

An alternative mechanism by which a thick bilayer may

accommodate the protein is lipid tilt. Tilt distortions would be expected to
be longer ranged, by analogy with similar distortions seen in liquid crystals.23
Tilting of the lipid molecules may therefore produce an interaction between
protein molecules.24

Partial or total aggregation of the protein molecules

would then be a consequence of propagation laterally through the bilayer of
the tilt distortion at the protein-lipid boundary.
The protein-protein PDF therefore contains information about the
extent of the protein-lipid interaction and its propagation through the
bilayer.

In the present work, we present a theory which allows us to gain

some insights into these issues from PDF's measured from freeze-fracture
electron micrographs.

Or results show, for example, that it is possible to

simulate very closely the PDF's from partially aggregated A. laidlawii
membranes using a model with essentially two adjustable parameters: (i) the
correlation length, n-1, which is a property of the lipid phase and describes
the distance over which the order parameter affecting protein distribution is
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propagated in that phase;
k 1(~ -

<P0 )2,

and (ii) the protein-lipid interaction energy,

which provides a measure of the protein-lipid interaction at the

protein-lipid boundary.

Other parameters in the inter- protein potential,

namely r 0 and p, can be deduced directly from a measured PDF and the
freeze-fracture micrograph, respectively.
Given the assumptions that we have made so far, and despite the
crudity of our model, the observed PDF's of A. laidlawii membranes are well
simulated by the potential energy function of equation 17, taking into
account the correction to equation 17 described by equation 26.

Such a

simulation is obviously not unique, and there may be other potential energy
functions which provide equally close fits to the measured functions.
However, it is difficult to see what other mechanisms would provide such a
long-range attraction, in particular since the attraction has to be a function
of lipid composition.
The principal assumption that we make in calculating the pair
distribution function from the particle coordinates taken from a freezefracture picture is that the protein-lipid system is a single phase.

This

assumption implies that the protein does not separate from the lipid phase and
that one lipid phase does not separate from another.

This is a hard

assumption to justify on the basis of a freeze-fracture picture since the
freeze-fracture process is taking, as it were, a "still" picture of a dynamic
system.

Further work is necessary to ascertain unambiguously whether

partially aggregated systems such as those used in the study by James and
Branton and referenced here do, in fact, consist of a single homogeneous
phase.

-91-

The possibility of artifacts due of the A. laidlawii membranes being a
mixture of different lipid and protein species must be considered. The fact
that a natural membrane consists of a mixture of lipids does not necessarily
invalidate or approach. We have used a mean-field theory to model protein
membrane interactions. We assume a single correlation length is an average
property of the lipid phase irrespective of whether the membrane lipids are
one pure chemical species or a mixture.

This assumption seems to be

justified by the large magnitude of the correlation lengths obtained relative to
the molecular size of the lipids in the plane of the membrane.
The possibility that the particles are not all of the one protein species
is a more serious objection to the use of a natural membrane system in the
context of measurement of PDF's. Such inhomogeneity may be manifested as
variations among the particles in r 0 and

(cp -

¢ 0 ).

Inhomogeneity in r 0

would cause broadening in the PDF. Comparison of the calculated PDF using
a random hard-disc model and that measured from figure la of James and
Branton shows that, in fact, there is little broadening in the PDF except for
some flattening of the top of the peak.

The values of r 0 = 5.0 nm and

P= 0.0032 nm-2 are entirely consistent with a model in which all the protein

particles in that picture are randomly diffusing hard discs.
Particle inhomogeneity would not cause the increase in peak size on
going from figure la to lc.

This, we propose, must be a lipid-mediated

effect. If this is the case, the peak size is largely governed by the magnitude
of the protein-lipid interaction and in the case of a natural membrane will be
simply an average of that interaction over all the protein particles.
In cases where there is a hard-disc repulsion between particles and no
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other type of repulsive interaction the position of the peak in the radial
correlation function, and hence the pair distribution function, is a measure of
2r 0 • The measured values of r 0 consistent with peak position for particles in
the A. laidlawii membranes of James and Branton are 4.0 nm in the partially
aggregated membranes and 5.0 nm for particles in the random distribution of
figure 1a.

The reduction of r 0 on going from figure 1a to 1b and c is

consistent with the appearance of the particles in the photographs. Particles
appear to be somewhat smaller in figure 1b than in 1a. It is not possible to
tell at this point whether this represents a genuine conformational change in
the membrane proteins or is an artifact in the freeze-fracture process caused
by the change in lipid composition.

However, in all the pictures we have

analyzed so far, the position of the peak in the PDF is consistent with the
radius of particles estimated from the pictures.
One parameter of particular importance is the self energy, E 1, of the
protein. E 1 is defined by equation 6 and represents the energy cost of placing
a protein particle into the bilayer. We have so far assumed the lipids to be
uniform. When they separate into two phases, preferential incorporation of
protein into one of the phases would resemble precipitation.

For instance,

Cherry, et a1.36 have shown that bacteriorhodopsin in lecithin precipitates
when cholesterol is added. The phase behavior of lecithin and cholesterol is
only beginning to be understood.

However, they form a two-phase system

under many conditions.35 In terms of our model, a large difference of E 1
between the two phases would appear as precipitation.

Alternatively,

cholesterol could raise E 1 or the lipid correlation length, thus causing protein
precipitation.

This

latter

mechanism

could

also

account

for

the
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bacteriorhodopsin aggregation in ordered lipid phases34 and in nature.37 ,38
The value of E 1 depends on (¢ - cp 0 )2.

Adjusting (~ ¢ 0 ) may therefore

be a mechanism for controlling the state of aggregation of membranebound

(cp -

proteins

and

hence

¢ 0 ) is via the protein.

their interaction.

One way of changing

This could account for aggregation induced by

proteolysis39,40 ligand binding41,42 or rhodopsin dark adaptation.l4 Another
way to change (¢ - ¢ 0 ) is via the lipids. Examples of this may be provided by
drugs, such as primaricin, nystatin, and amphotericin B, which bind to the
lipids and also cause protein aggregation.25 Phospholipases26,27 and lipid
phase transitions34 can also make the proteins aggregate.

Cross-linking

agents, such as antibodies and 1ecithins28-32 can also precipitate proteins by
producing additional attractions between them. The dependence of protein
aggregation on the membrane state is further evidence that it is not just an
artifact of freezing.
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CHAPTER 5

A Study of the Organization of Cytochrome c Oxidase
in Lipid Bilayers
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Introduction
In order for a protein molecule to intercalate successfully into a lipid
bilayer, the bilayer must match its hydrophilic and hydrophobic regions with
the corresponding region on the protein molecules.! The bilayer may alter its
equilibrium (protein-free) state to accommodate protein by a number of
mechanisms that may involve changes in the conformation or configuration of
head group or hydrocarbon regions.

For example, thickening of the bilayer

may be a result of an increase in the number of trans conformers per
hydrocarbon chain. Other alterations in bilayer structure may be a result of
lipid tilt.2-4
In the past few years, there have been a number of studies published
that model theoretically the effect of protein molecules which are embedded
in lipid bilayer membranes on both the membrane and, in some cases, the
protein distribution.3,5-ll

AU of these studies have in common that a

parameter which is a property of the membrane is chosen, and the effect of
the protein on the free energy of the membrane through the effect of the
protein on the selected parameter is modeled.

The work of Marcelja,5

Schroder, 6 Markin, 10 and Pearson et al. 3 indicates that an inter-protein
force, most likely manifested as aggregation of protein molecules, is a result
of perturbation of membrane by protein and is an indicator of protein-lipid
interaction.
The kind of intramolecular conformation change that is required for
example in thickening of the bilayer to fit a protein does not appear to induce
a long-ranged interaction between protein molecules.2 This result confirms
the theoretical predictions in this regard by Marcelja.5 However, as pointed
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out by Gruler and Sackm·a nn,l1

lipid tilt

may

induce

longer-ranged

interactions.
We have previously modeled the long-ranged interaction that induces
partial aggregation in membrane by assuming that the energy density on a
membrane surface is a simple harmonic function of the gradient of some
order parameter and the deviation of the order parameter about some
equilibrium configuration,3 namely:

s ( r ) = k 1 ( V¢ ) 2 + k 2 (

<P (

r) -

<P

( 1)

o ) 2 + ••••

This level of approximation always produces an attractive potential
between protein particles if it is assumed that the order parameter is
assigned a fixed value at the protein-lipid boundary.

For relatively small

perturbation of the bilayer by the protein, such an approximation may be
expected to hold.

A more complete treatment, however, requires the

introduction

terms

of

to

third

( ¢(r) - ¢ 0 ), as pointed out by Owicki et al.7
perturbation

of the

the value of

k2

lipid by the
in

and

fourth

order

For example, a more severe

protein may be expected to

equation

1,

in

making

it

a

change

function

of

¢ (equivalent to including higher-order terms) and thereby inducing what may

be termed a protein-mediated lipid-mediated inter-protein interaction. Such
an interaction may ultimately be repulsive and bring about a dispersion of
protein particles.

The possibility of such an effect was hinted at by

Markin,10 who pointed out that a difference in curvature between protein and
membrane may result in aggregation of protein in patches, but if the patch is
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stiffer than the surrounding membrane, there will be a repulsion between
particles within the patch.
It should be possible, in order to test the validity of the concepts of
membrane structure expressed above, to examine the aggregation behavior of
a protein that has been reconstituted into a lipid bilayer. In particular, it is
appropriate to use a protein which is known to present an asymmetric surface
to surrounding lipid and therefore would be expected to induce structural
changes in the bilayer.
In the present work we have chosen to use cytochrome c oxidase in
bilayers of dimyristoyl phosphatidyl choline (DMPC), dimyristoyl phosphatidyl
glycerol (DMPG) and cardiolipin (CL). Cytochrome c oxidase appears to be
asymmetrically (noncylindrica11y) shaped 17 and has been shown to incorporate
preferentiaUy into vesicles of diameter 22-40 nm.l2 DMPC, DMPG and CL
do not have spontaneous curvatures this large, and it may therefore be
expected that there is a mismatch between protein and lipid that may induce
lipid-mediated interactions between protein molecules.
In order to study lipid-induced protein interactions, we utilize an
approach developed previous1y2,3 of measuring pair distribution functions
(PDF's) of protein clusters seen by freeze-fracture electron microscopy
(FFEM) and quantitating the inter-protein

potential energy from

the

measured PDF. We find that the forces between protein molecules are more
complex

than

the

simple

lipid-mediated

attractive

force

previously

postu1ated3,5,6 and that there appears to be, in addition, a lipid-mediated
long-range repulsion between particles.
Very similar results to ours appear to have been obtained very recently

-101-

by Braun, et a1.13 with mouse liver gap-junction protein.

In the discussion

section, we shaH elucidate further on a proposed mechanism to explain our
results.

Materials and Methods
Preparation of Protein-Lipid Recombinants. Beef heart cytochrome c
oxidase was isolated by the procedures of HartzeH and Reinert 14 and stored
in

1%

cholate

buffer

(1 0 m M tris,

For reconstitution, 100 11L

of

pH

7 .4) at

oxidase/cholate

-850C

stock

untiJ used.

solution

at

rv2.5 mg/mL protein concentration was added to 10 mg lipid (DMPC, CL or
DMPG) that had been taken up in 1 mL of 1% cholate, 10 mM tris, pH 7.4.
The

detergent/protein

lipid

!L of buffer (10 mM tris, with

XAD-2 resin.

mixture

was

dialyzed

against

1

i M NaCl being optional) plus 20 g Amberlite

Dialysis was carried out for at least 54 h with at least six

changes of buffer plus resin.l5

The resulting recombinant was either

fractured fresh or stored at -850C before fracturing. Storage had no effect
on the micrographs that were obtained.
from Calbiochem, CL from Sigma.

DMPC and DMPG were purchased

Lipids were used as received without

further purification.

Freeze-Fracturing.

A sample of 1.5 11L was loaded between 25

m thick copper discs and frozen from 300 K in Freon 22 with
fixative or cryoprotectant.

with no

Fracturing took place at -1 oooc in Balzers BA

360 M at 1o-6 torr, and fractured samples were etched for 20 sec with a
knife at -180°C. The fractured and etched specimens were shadowed using a
quartz crystal to monitor Pt thickness, then coated with carbon.
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Replicas

were

removed

from

the

copper

discs

using

rv 4 M nitric acid and rinsed in bleach for an hour and then overnight in

distilled water.

The washed replicas were picked up onto formvar-coated

grids (Pelco) and observed in a Phillips EM 201c electron microscope at 80
kV.

Pair Distribution Fl.DlCtions. The PDF, denoted w(r, &
the

ratio of

a

represents

the density of freeze-fracture particles in an annulus from

r to r + !::.r nm
in

),

region

from an average particle, to the mean density of particles
of

membrane.

If

w(r ,!::.r) < 1:0, depletion in particle

density, and hence a repulsive interaction between particles, is indicated.
The nature of inter particle forces, whether repulsive or attractive, for a
range of inter particle distances can be determined using the PDF. Regions
of membrane that contained particles were photographed, and if the particle
number (N) in a region were greater than about 300, then particle positions
were digitized on a graphics tablet (Tekronix, Inc.) and the PDF calculated as
described previously.2,3

Results

In figure la-d we show representative micrographs of cytochrome
oxidase in DMPC at low salt and 1 M NaCl, in cardiolipin and in DMPG,
respectively. In the oxidase/DMPC, low-salt recombinant regions were seen
which had the appearance of particles but no membrane.
consistent with

These are

previously published micrographs of oxidase in water

suspension.l6 We show an example of such a region in figure 2.
In cases where there was clearly bilayer membrane with protein
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Figure 1.

Freeze-fracture micrographs of cytochrome c oxidase particles in
lipid bilayer membranes. Buffer in each case except b) was 0.01
tris, pH 7.4. a) In DMPC. b) in DMPC, plus 1 M sodium chloride.
c) In cardiolipin. d) In · DMPG. The bar on each photograph
represents 100 nm.
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(a)

-105-

(b)

-106-

(c)

-107-

(d)
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Figure 2.

Micrograph of a structure seen commonly in the oxidase/DMPC
low-salt sample. Particles are not intercalated into a bilayer and
may represent protein in aqueous suspension or protein-lipid
complexes into high protein:lipid mole ratio.
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Figure 3.

PDF's of cytochrome c oxidase in lipid bilayer membranes. The
number of particles per membrane ranged from 300-500. a) in
DMPC, low-salt sample. b) In DMPC, 1 M sodium chloride. c) In
cardiolipin. d) In DMPG.
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Table 1

Sample

Pan (nm-2)

Comments

Oxidase + DMPC
(low salt)

0.00044

Large areas of protein-free
membrane, plus areas of
particles that appeared
unreconstituted.

Oxidase + D MPC
(1.0 M salt)

0.0013

Large areas of protein-free
membrane. Oxidase appeared
ordered into patches.

Oxidase + Cardiolipin

0.00059

Large areas of protein-free
membrane with some particlecontaining areas.

Oxidase + DMPG

0.00039

As with oxidase + cardiolipin
sample.
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particles, the PDF of the particles was measured.
measured PDF's.

Figure 3a-d shows the

In Table 1 we summarize the appearance of each sample,

and list the average particle densities that were obtained. The solubility of
oxidase in DMPC at low salt was very low.

Large areas of membrane

contained no particles, and those areas where particles were found contained
relatively few particles.

Measurements of particle density and PDF's were

consequently difficult and could be made from only a limited number of
membranes.

Generally, each symbol on the diagrams in figure 3 represents

one membrane.
In DMPC both high and low salt, the PDF's are characteristic of a
long-range repulsion. The oxidase in cardiolipin also reconstitutes to a low
lateral density, and the repulsion between particles as shown by the PDF is
even more pronounced than in DMPC (fig. 3c). For some membranes the PDF
does not reach 1.0 until r is above ·40 nm. It is tempting to postulate that the
longer-ranged repulsion in cardiolipin over DMPC is due to the significantly
larger cross-sectional area of the cardiolipin molecule compared to that of
the DMPC molecule.

However, in figure 3d we show the PDF's for the

oxidase/DMPG recombinant where the longer-ranged repulsion between
particles persists.

Discussion
We have examined in this chapter the effect of lipid composition on
the distribution of cytochrome c oxidase in protein-lipid recombinants. In a
medium of low (0.0 1 M) ionic strength the protein is only sparingly soluble in
DMPC as judged by FFEM.

This result is consistent with that of earlier
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workers.12 The PDF of the protein particles is suggestive of a long-ranged
repulsion. In DMPG and CL and in DMPC at high ionic strength the protein
forms patches and the PDF of protein within these patches is stiH indicative
of a repulsive interaction.

This result is seemingly in contradiction to the

attractive interaction that would be necessary to cause aggregation into
patches.
If the repulsion that is seen in the protein/DMPC recombinants at low

ionic strength is due to electrostatic interactions between charges on the
hydrophilic surface of the protein, then one might expect that shielding of
such repulsion would occur at high ionic strength and the PDF would reflect
an essentially random distribution. The persistence of a repulsion within the
patches of protein requires an explanation and we examine here the
possibility that lipid mediated effects may bring about a repulsion.
In our previous treatment of lipid-mediated protein interactions
(Chapter 4) we considered the inter-protein potential energy to be given by:

where ; is a correlation length ( = (k 1/k2)Y2 ) from equation 1, r' is the inter
particle separation and E2 and E 1 are the energies of two and one particles,
respectively, in a bilayer membrane. E2 and E 1 are derived from equation 1
by constraining the value of
particles of radius ro.
attractive.

to be

at the boundaries of two or one

In the approximation of equation 1, V(r') is always

However, we wish to consider the possibility that if protein

perturbs lipid bilayers to such an extent that ; is changed by the protein,
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then inter particle repulsion may result.
One

crude

~ by <~> '
r '

way

where

to

the

illustrate

average

this

refers

possibility
to

the

is

average

to

replace
value

of

~ in a region of membrane between two particles that are separated by a

distance r'. The inter particle energy is then:

where <~>co is the average correlation length for the membrane in the
presence of two particles which are infinitely separated.

In figure 4 we

illustrate the behavior of V(r') with changes in < ~ >r,-1 for a case where
r0

=

and
k 1(~

5

nm

<~>co

and
in

E1 derived

=5

nm. We have used the expressions for E2

Chapter 4.

The

units

of

V(r')

are

-4> 0 )2, which is typically 1 kT for a membrane in which partial

aggregation in manifested.3 Each line in figure 4 represents one value of r',
the inter particle separation, and therefore only one point on each line
represents a point on the actual inter particle potential energy curve.

The

full inter particle potential energy curve will be given by a curve connecting
points on each of the lines that are shown.
The
and

treatment

is intended

that gives

only

to

rise to
show

figure 4 is

that

a

admittedly crude

smaH

change

in

< ~ >r'' for example, from 5 nm to 4 nm in our example, can give rise to a
repulsive interaction for appropriate values of r'.
Reducing < ~ >r' is equivalent to raising k2 in the inter particle region
if k 1 is kept constant. The alternative mechanism of reducing k 1 to reduce

-119-

Figure 4.

A plot of V(r)/k 1( ¢o - ¢)2 against the mean inverse correlation
length
of
the
bilayer
between
two
particles
<; >r•-1. Each line applies to a single inter particle distance r'.
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<~>

r' is possible, although the fact that V(r') has a close to linear dependence

on <~>r• results in a k 1Y2 dependence of V(r'). Reducing k 1 therefore reduces
the magnitude of V(r') and we will focus on mechanisms for changing k2.
Our model for protein-lipid interactions is based on an expansion of
the free energy density to only second order in an order parameter. Models
have been published of lipid bilayer order which utilize the full Landau
expansion of free energy density.? ,9 In the Landau expansion, terms to third
and forth order in ( <P

<P 0 )

-

are included.

The free-energy density then

becomes:9

( 2)

where we have used the prime on the k's to denote that they refer to the
fourth, rather than the second, order expansion. Recalling equation 1:

( 1)

it can be seen that the k' factors in equation 2 are simply coefficients in a
Taylor series expansion of
the protein perturbing
terms
behavior

in
of

( <P -

<P

ct> 0 )

equation

k2 about

<P 0 •

Therefore, k2 may be

away from ¢ 0 sufficiently that the
must
2,

be

plotted

invoked.
for

However,

example

by

the

altered by
higher order
qualitative

Jahnig,9

indicates
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that inclusion of k'3 and k'4 has the effect of reducing the contribution of
terms in ( ¢ - ¢ 0 )n to the free-energy density, and hence reducing k2.

It

therefore seems unlikely that an inter particle repulsion would result from a
change in k2 arising from the additional terms in ( ¢ - ¢ 0 )2 in equation 2 over
equation 1. We therefore turn to other mechanisms for a repulsion.
We can hypothesize two different explanations for the existence of an
apparently repulsive interaction between protein particles.

The first, and

simplest, is that protein is simply solidifying lipid in the protein-rich patches
into a gel phase and protein particles can therefore no longer be modeled by a
two-dimensional liquid theory. The repulsion in this case is only apparent and
is due to lipid molecules in the gel phase separating protein particles.
The second mechanism involves what amounts to a change in k2 by the
introduction of a second parameter that describes lipid order, in this case
represented by a vector field over the membrane surface.
The possibility of solidification of lipids in protein patches does in fact
arise from equation 2 and has been pointed out by Owicki and McConnell.l8
These authors have carried out calculations of lipid order in the presence of a
two-dimensional hexagonal protein lattice, and show that at sufficiently high
protein density a liquid crystalline to gel phase transition can be induced by
protein if the protein tends to order the lipid at its boundary that would
otherwise be in the liquid crystalline state.
If solidification of lipid is taking place, then immobilization of the

protein would be a result, and testing of the above hypothesis should be
straightforward using techniques to examine protein and lipid mobility. For
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example, Swanson et al.l9 have studied the rotational mobility of cytochrome
oxidase reconstituted with mitochondrial lipids or with asolectin using a
cholate dialysis procedure.

Aggregation into patches of the protein is

observed as evidenced by a relatively large (rv 1 mS) correlation time for
protein rotation. The immediate lipid vicinity around the protein is shown to
be viscous, but not solid. The presence of any lateral mobility in the protein

would, however, imply that our measured PDF's represent a true inter
particle potential energy and not merely freezing of protein particle
positions.
The motional state of lipids in the presence of cytochrome oxidase has
been extensively studied by 2H nuclear magnetic resonance spectroscopy
(NMR)

and

electron

paramagnetic

resonance

spectroscopy

(EPR)

of

appropriately labeled lipids.20-22 By NMR, a separate gel phase component
of the lipid in cytochrome oxidase/DMPC recombinants is not seen.20

An

exchange rate of > 1o3 s-1 between mobile and "immobile" lipid is therefore
implied. This figure is consistent with EPR data from recombinants in which
a spin labeled DMPC is used.23 Knowles et a1.23 have also pointed out that
their EPR data is consistent with some immobilization of boundary lipid
extending beyond the first lipid shell around the protein with exchange taking
place between shells, and some formation under certain circumstances of
protein rich patches. "Immobilization" as used in the context of EPR on lipid
spin labels actually appears to refer to slowing but not stopping of lipid
motions.

The notion of frozen protein + lipid patches within cytochrome

oxidase/lipid recombinants, as we have hypothesized that notion here, is
probably therefore not an accurate one.

-124-

Further insight may be provided by studies using differential scanning
calorimetry (DSC). Rigell and Freire24 and Chen and Friar25 have recently
reported such studies on cytochrome oxidase/DMPC recombinant.

Both

groups report seeing the main DMPC transition, but there is also a second
phase transition that appears above the normal gel to liquid crystal phase
transition of DMPC. Rigell and Freire estimate that 99 lipid molecules per
protein molecule are removed from the main DMPC transition and that the
second, higher, transition involves the protein.

It may be that the second

transition represents a protein + lipid transition within the protein-rich region
of the bilayer.

Further analysis awaits full publication of these authors'

results. However, the figure of 99 lipid molecules per protein molecule leads
to a very much higher particle density than we observed here if it is assumed
that these 99 lipid molecules per protein molecule comprise the lipid content
of the patches that we observe.
There is a more subtle possible explanation for the origin of the
repulsion that we observe that allows for the protein and lipid to be fluid
within the protein-rich patches. Theories of bilayer membrane structure are
often based on theories of order in nematic or smectic liquid crystals.

For

example, Jahnig9 uses as an order parameter in equation 2 the symmetric,
traceless second-rank tensor given by:26

S .. = S(r) ( 0 .. - 3n.(r)n.(r))
lJ
lJ
1
J

(3)

where ni are the components of a unit vector giving the direction of the axis
of molecules at r.

Free-energy density is given in terms of S instead of
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A full description of liquid crystalline behavior would also include
terms which describe the elastic energy associated with changes in molecular
orientation. In the case where all the Frank elastic constants are equal (the
"one constant" approximation)27 this means using an expansion of the freeenergy density of the type:

F = F

0

+ 3AS

2

- 2BS

3

+ 9CS

4

+ 3D(VS)

2

2
2
2
9DS ((div.n)
+ curln) )
I

+

(4)

where we have retained the notation of constants used by Fan and Stephen26
and F now refers to a free-energy density per unit volume whereas in our
original treatment e: referred to free energy per unit area.
The last term in equation 4 includes the spatial rate of change of
molecular orientation of lipid molecules.

In a situation in which protein

molecules induce a twist (i.e., curl n =I= 0) or a splay (div .n =I= 0) configuration
to adjacent lipid molecules, then the close approach of two protein molecules
could become energetically expensive. In order to accommodate both protein
molecules within a smalJer membrane area lipid molecules would be required
to undergo spatially more rapid changes in orientation.
In figure 5a we illustrate the hypothesis for a case where protein
molecules induce splay in boundary lipid. In figure 5b the length of the arrow
indicates the deviation from the membrane normal of lipid molecules. From
figure 5b it can be seen that a twist (curl n =I= 0) is also induced when the two
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Figure 5.

a) Splay distortion in lipid bilayer structure at a protein lipid
boundary can be propagated into the bulk of the lipid. b) The
effect of splay distortions at protein lipid boundary producing a
cur 1 n
0 condition as two protein molecules approach. The
length of the arrows represents the projection of the lipid
orientation vector onto the membrane surface.

*
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b)
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protein molecules approach each other.
A mechanism similar to that which we are proposing here has been
proposed by Gruler and Sackmann, 11 who base their proposal on the
properties of Schlieren textures in nematic and smectic liquid crystals.28
These authors pointed out that if protein induces splay distortions in
neighboring lipid, then an inter-protein repulsion results if two protein
molecules approach each other that induce the splay in the same sense. This
model is equivalent to the picture of figure 5, and our results represent the
first experimental demonstration of this repulsion.
The induction of tilt in molecules in a smectic A liquid crystal
produces the smectic C phase.

The smectic A to smectic C transition has

been induced by compression of a smectic A phase. The protein molecules in
a bilayer may be envisaged as inducing tilt locally by compression of the
membrane at the protein lipid boundary. We can estimate the energy cost of
such a compression using a typical value of one of the elastic constants of
10-6 dyne cm2 for a liquid crystal.
The two-dimensional Frank constant, K ', is given by K' = Kd where d is
the width of a bilayer. Taking d = 3 nm yields a value for K' of 3 x 1o-20 J
nm2, which is around 8 (kT) nm2 at T = 300 K. We have previously shown that
perturbations at the protein lipid boundary of the order of 1 kT can cause
changes in the protein state that are manifested in deviations of the protein
particle PDF from a random model.
Considering equation 1, if

<t>

represents membrane thickness, then a

value of k 1((p - cp 0 )2 of 1 kT implies that k2 .r
<t>

-

<Po

=

0.36

nm,

where

<t>

-

<Po

8

(kT)

nm2

for

represents the change in
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membrane thickness between the protein-lipid boundary and the bulk lipid.
That protein can remain dispersed under this boundary condition has been
shown by Lewis and Engelman, who demonstrated that bacteriorhodopsin
remains dispersed in lipid bilayers up to 0.4 nm thicker than the thickness of
the protein.

The value of K' that is typical for liquid crystals, if used for

bilayer membranes, is realistic for protein both to remain dispersed and yet
also be affected in its distribution by lipid mediated effects.
Close approach of protein molecules would bring about, in equation 4,
an increase in the term in s2, equivalent to an increase in k2 in our notation.
As was pointed out above, increase in k2 can bring about an energy cost
which results in a repulsion between particles.

At sufficiently large inter

particle distances the effect of splay and twist may be negligible enough that
the attractive interaction predicted for equation 2 dominates and produces
aggregation of particles into the protein-rich patches that we observe. The
net particle distribution represents a balance between opposing forces and
the particle density and PDF contain information about the various constants
appearing in equation 4.

It seems likely that a full numerical analysis of

equation 4 in conjunction with freeze-fracture data and spectroscopic
measurements on the disposition of lipid adjacent to protein should yield
quantitative data on the elastic constraints of lipid bilayers and the way
these affect and are affected by protein.
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CHAPTER 6

Summary and Conclusions
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We have studied in this thesis the pair distribution functions (PDF's)
from a number of model (synthetic) and natural membranes. From the PDF's,
the qualitative nature, and in some cases, quantitative details of the
interaction

energies between sets of freeze-fracture particles can be

deduced. Our major assumption is that the protein molecules can be modeled
as a two-dimensional fluid, and that their lateral organization in a membrane
can be simulated using the equations that have been developed in the field of
liquid state physics.!

The mobility of proteins in membranes is well

established2-5 and there is no reason to doubt the validity of our
assumptions.
We have observed three general kinds of inter particle interaction.
These are: i) random, ii) attractive and iii) repulsive. A random distribution
was observed for particles of bacteriorhodopsin (BR) which were reconstituted
into phosphatidyl choline (PC) membranes of hydrocarbon region thicknesses
up to 1 nm less than the thickness of the hydrophobic surface of the
protein. 6,7

Non-random protein distributions were observed in rhodopsin

(RH)/PC recombinants. In general the interaction was repulsive. In one case
(RH/di 18:1 trans PC) the interaction was attractive.

The attractive

potential was manifested as partial aggregation of the protein molecules in
the plane of the bilayer.
An attractive interaction was observed in . Acholeplasma laidlawii
membranes from micrographs obtained from James and Branton.&

The

measured PDF's could be simulated using a potential energy function that was
derived by assuming that the protein molecules in a membrane perturb some
scalar order parameter of the membrane, and that this perturbation occurs at
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some energy cost.

Solution of the appropriate Euler Lagrange differential

equation shows that under circumstances in which a scalar parameter only is
involved, an attraction between particles must result.
Finally, a series of measurements of the PDF's of particles of
cytochrome c oxidase in membranes of dimyristoyl PC, cardiolipin and
dimyristoyl phosphatidyl glycerol were carried out.

In every case a long-

ranged repulsion between particles was observed. In order to explain such a
repulsion, it is necessary to invoke a vector order parameter of the bilayer
that is being perturbed by protein.

The average value of the director

indicating lipid molecule orientation appears to be the most appropriate
parameter to invoke here.9
In the present chapter we seek to examine the results that have been
obtained and establish patterns in these results and directions for future
work. In Chapter 1 ways were described in which a lipid bilayer might have
to deform in order to fit the surface of an intercaJated protein molecule. For
BR/PC recombinants, the case illustrated in figures 2 and 3 of Chapter 1 was
analyzed for the picture in which the protein is a right circular cylinder and
the bilayer is thinner than protein. The BR monomer is known to consist of
seven a-helices

oriented

approximately

perpendicular

to

the

bilayer

norma1.1 0 The freeze-fracture particle is probably a trimer and the effect
on the lipid that is expected is an increase in the number of gauche
conformers per lipid chain in order that the bilayer be thickened. Our results
suggest that Edef = 0 in this case. This may come about either because the
change in lipid conformation is not propagated to any great extent beyond the
protein-lipid boundary or the energy cost of the conformational change
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( k 1( cp - ¢ 0 )2 in equation 7, Chapter 4) is small.

Studies of the charge in

energy, llE, for a C-C bond to go from a trans to gauche conformation
indicate that

E is around one kT .17 The magnitude of k 1(¢ - ¢0 )2

should

therefore be significant with respect to thermal energy and we are Jed to the
conclusion that the correlation length is smaH for this type of charge in the
bilayer.
Cytochrome c oxidase shows a very different kind of interaction when
reconstituted in lipid biJayers. In all lipids, there are regions of membrane
which contain patches of particles, but these particles repel each other. In
figure 1 is shown a representation of the shape of the cytochrome c oxidase
mo1ecu1e.11 The requirement that lipid pack around the protein means that a
more severe perturbation of the bilayer will be necessary than for BR.

In

particular, tilting of entire lipid molecules appears to be necessary for lipid
to accommodate the non-perpendicular protein surface.
Tilting of the lipid molecules has consequences for inter-protein
interactions that have been pointed out by Gruler and Sackman.12

The

repulsion that is seen between protein particles is consistent with a number
of deductions:

i)

A scalar lipid order parameter, such as . was used in Chapter 4 to
model attractive interactions, is inadequate to describe the
effect of protein on the lipid membrane.

Change in lipid

orientation is described by a vector order parameter.
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Figure 1.

Sketch of the cross section of the cytochrome c oxidase molecule
in the mitochondrian.
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ii)

The splay and/or twist elastic constants of the bilayer membrane
have magnitudes of the order of those seen in nematic and
smectic liquid crystals.13

iii)

Edef is of the order of a few kT, by analogy with the values of
E 1 that were obtained in Chapter 4 for partially aggregated
systems.

iv)

The range of the interaction is determined by the extent of
tilting of the lipid molecules at the protein-lipid boundary, as
this is what determines the spatial rate of change of tilt in the
region between protein molecules and therefore determines div n
and curl n (Chapter 5), when n is the unit vector in the direction
of the lipid molecular tilt.

This last point is illustrated by deGennes 13 in his treatment of the
static distortions that occur in a nematic liquid crystal when the walls
bounding the nematic induce changes in orientation at their surfaces.

The

free-energy density of a liquid crystal can be expanded in a continuum model
in terms that contain div n and curl n, but not n itself. This is in contrast to
the

expansion

of

equation

1

(Chapter

5)

in

which

terms

in

'iJ ¢ and (~ - ¢ 0 ) both appear. As a result, there is no restoring force tending

to keep n perpendicular to the lipid bilayer and the correlation length
(analogous to n-1 of Chapter 4) is infinite. Variation of n over the membrane
surface is therefore due only to boundary constraints applied by protein
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molecules. A complete solution to the Euler Lagrange differential equation
that is derived from equation 4, Chapter 5, using appropriate many particle
boundary conditions, will yield more detailed information on the nature of
forces induced between protein molecules as a result of lipid tilt changes.
One further point that is worthy of note is that the repulsive interaction
between cytochrome c oxidase particles was essentially independent of the
lipid used.

Head group charge and lipid molecule cross-sectional area

appeared to have no effect on the order of magnitude of the interaction that
was seen.
The existence of patches of oxidase is a result of an attractive
interaction between protein molecules and such an interaction may be a
result of perturbation of a scalar order parameter by protein.

We have

proposed in Chapter 5 that, again by analogy with liquid crystal behavior, the
parameter S (equation 3, Chapter 5) be used.

If this is the case, then an

effect on S by the protein seems to be correlated with the need for lipid
molecules to tilt on a timescale that allows protein to reorganize as a result
of tilt changes.

BR in relatively thin membranes exhibits no aggregation

behavior and no tilting of lipid molecules is expected for lipid to be able to
fit protein. In thicker bilayers, partial aggregation of BR is seen.6 No PDF's
were measured from the partially aggregated BR/PC systems, but accommodation of the protein by the bilayers might be expected to involve a change in
orientation of the lipid for membrane thicker than protein.
The RH/PC recombinants displayed a mixture of the repulsive and
attractive behavior depending on the lipid used and the state of the protein.
It is difficult to analyze the data on these micrographs in the same terms as

-140-

have been used up to now, partly because of the lack of detailed knowledge of
the shape of the protein. What is of interest, though, is the possibility of a
physiological function for membrane lipids as a result of Edef changing as RH
goes from the bleached state to the dark adapted state. Edef then becomes a
part of the energy of a change in conformation of a protein molecule.
Protein-protein interactions also change with change in protein state, and
these interactions will determine to a large extent the selectivity of
interaction between membrane bound components.
Our most important conclusion is that protein shape is a major
determinant of the aggregation state of proteins in membranes, with all that
that implies for membrane structure and function.
interactions between protein molecules and

Lipids can mediate the

in some cases the

lipid

composition of a biological membrane may be varied to facilitate, or
otherwi~e,

the functioning of membrane bound component.

It is appropriate to examine at this point the relationship between lipid
mediated effects on protein order and the nature of lipid order that is being
examined when lipids are studied spectroscopically. Recent nuclear magnetic
resonance (NMR) studies of lipid bilayers show how to isolate the slow
component of the motions of multilayer dispersion 14 and indicate that
protein molecules modulate the amplitude of these slower cooperative lipid
motions.l5

The deuterium T 2 can be extracted from the lineshape of the

spectrum of a deuterated bilayer using a suitable pulse sequence.14

The

value of T2 is sensitive to S, the nematic order parameter defined in Chapter
5, and a direct method therefore presents itself for evaluating both the
effect of protein on long-ranged cooperative lipid order, and for correlating
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this with protein distribution functions.
It would be appropriate also to reexamine the electron paramagnetic
resonance (EPR) spectra of spin labeled lipids in the presence of protein
molecules.

Freed and coworker 16 have shown that slow motions of spins

produce EPR spectra that resemble the spectra obtained from lipid spin
labels in the presence of protein.

The conventional approach to analyzing

lipid spin label spectra is to attempt a deconvolution into two components,
one due to bulk lipid and one due to boundary lipid. This approach may simply
be incorrect.
Raman spectroscopy has been used to study the parameter S in liquid
crystals.18

Phospholipid

spectroscopy .19,20

dispersions

have

been

studied

by

Raman

It seems likely that a synthesis of these two kinds of

studies will yield information on the way that protein molecules affect lipid
bilayers, and specifically the order parameter that is due to intermolecular
cooperative motions.
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