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ABSTRACT

Interactions in biological and artificial membranes have been studied

by applying mostly the methods of biochemical analysis and determination of

thermodynamic parameters related to phase transition phenomena. Structure factor,

obtained by measuring scattered intensity from small-angle x-ray or neutron

scattering experiments, has been used mainly for determining electron density

distribution.

Drawing upon the experience of the theory of liquids, where Johnson and

March (1963) and Johnson, Hutchinson and March (196U) first established the

possibility of deriving interparticle potential from experimental measurement of

structure factor, it is suggested that structure factor/distance correlation

function approach, can be a useful method for studying interactions between various

membrane components.

Preliminary experimental data presented for nerve myelin are to demonstrate

the possibility of studying interactions from the distance correlation function of

a membrane pair.
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I. INTRODUCTION

With advances in physical techniques such as X-ray scattering and diffraction,

electron paramagnetic resonance (EPR) nuclear magnetic resonance (NMR), electro-

chemical and differential scanning calorimetry (DSC) methods applied in studying the

structure and function of biological membranes, there is need to understand better

at molecular level various biophysical processes such as signal reception,

transmission, molecular transport across membranes, the role of membranes as site

of drug action and other phenomena associated with membranes or membrane components.

This involves the need to understand the mode of interaction between membrane

constituents namely, lipids and proteins.

An important basic problem in this direction has been the determination

of the electron density distribution of a membrane pair, for example, by evaluating

scattered intensity from small-angle X-ray scattering experiments in such a way as

to be able to locate unambiguously the spatial distribution of proteins and lipids

in a membrane relative to each other (Gbordzoe and Kreutz, 1978). Although the

electron density distributions determined from small-angle X-ray scattering

experiments do not give resolutions at molecular level, they have served a useful

purpose of toeing a starting point for studying interactions in membranes.

II. TYPES OF INTERACTIONS

Lipids and proteins in a biological membrane such as nerve myelin, contain

charged and uncharged macromolecular groups - aaiinoacid residues in proteins,

phosphate and sulphate groups in lipids - which undergo various types of interactions.

Various observations have led to the conclusion that membrane surface charges provide

the medium of interaction with the membranes electrolytic environment. For example,

in order to maintain isolated myelin samples in physiological condition, it is kept

in isotonic sodium chloride solution, or more specifically, in Ringer's solution,

which contains in addition to Na , Cl , other ions such as K and Ca -Trauble (1977)

has demonstrated the effect of electrostatic interactions on membrane structure by

solving the dependency of transition temperature of lipids (from ordered to fluid

state) on degree of ionization of polar groups and concentration of added NaCl

solution. The positively charged basic protein of myelin is believed to undergo

strong electrostatic interaction with negatively charged lipids (Eylar, 1977).

It is now generally accepted that lipid bilayers in membranes behave like

liquid crystals, combining high ordering with fluidity and lability via hydrophobic

interactions by which nonpolar hydrocarbon chains are repulsed by water while the

polar groups come into contact with the anueous medium. In addition, swelling

experiments carried out on myelin membrane stack in both polar (vater) and non-polar

(glycerol, sucrose) solutions to separate adjacent unit cells (double membranes)

to larger Bragg periods and the subsequent reversal of this swelling in Ringer's

solution (Gbordzoe and Kreuta, 1978) suggest the presence of van der Waals

interactions in the membrane system in addition to electrostatic and hydrophobic

interactions.

Since specific types of interactions can be associated vith lipids and

proteins represented in the electron density distribution it should, in principle,

be possible to go back to the autocorrelation function and identify qualitatively

different sections of this function with the types of interactions described above

(Gbordzoe, 19814). Thus, these interactions may be studied by analyzing the

behaviour of the autocorrelation function under relevant specific influences of

the membrane system.

III. BIOCHEMICAL AMD THERMODYNAMIC APPROACH TO STUDYING INTERACTIONS IN MEMBRANES

Rtudies of interactions in biological and model membranes have been approached

vith different methods. Biochemical analysis of membrane proteins and lipids has

been done extensively to determine their chemical and conformational nature anc!

thereby ascertain the most probable sort of interactions associated with them.

Reviews of analysis of membrane components are found, for example, in (l^lar, 1977;

Mokrasch, Bear and Schmitt, 1972; Moscarello, 1976 and Abrahamsson et al., 1977).

Thermodynamic calculations andaeasurements have been made to study protein-

lipid interactions involving usually phase transitions, transition temperatures

enthalpy and entropy changes, related especially to the lipid bilayer. Underlying

this approach is the basic assumption of an ordered lipid matrix. Protein is

introduced as a perturbation and boundary condition. The influence of varying

protein concentrations on relevant thermodynamic parameters is then analyzed,

usually with the help of an energy function. For example, Owicki and McConnel (1979)

analyzed the change in lipid transition temperature, assuming protein to be a rigid

body; Jahnig (l98l) studied the behaviour of latent heat and protein induced shift

in transition temperature, assuming a homogeneous distrubution of protein in the

membrane plane. Pink and Chapman (1979), investigated the effect of intrinsic

membrane protein on gel to fluid melting temperature, transition enthalpy and

lipid chain areas when lipid is in a given protein environment, assuming a "lattice"

model for the lipid bilayer. The difficulties inherent in these methods are usually

related to the limitations of the assumptions with respect to biological membranes.
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IV. THE STRUCTURE FACTOR/AUTOCORRELATIOB FUNCTION APPROACH

Small angle X-ray and neutron scattering experiments have enabled the

collection of numerous data related to the structure of biological and model

membranes. However, measured scattered intensities have "been used mainly in

determining electron density distributions.

Drawing upon the experience of the theory of liquids where Johnson and

March {19^3) and Johnson, Hutchinson and March (196I4) fiTst established the

possibility to derive interparticle potential from experimental measurement of

structure factor, it is suggested on the example of nerve myelin, that structure

factor/pair correlation function approach can be a useful method for studying

interactions in a membrane.

V. THE BASIC RELATIONS FROM THE THEORY OF LIQUIDS

The basic ideas from the theory of liquids are formulated in the following

mathematical relations (Singer K., 1973; Schofield, 1978; March and Tosi, 1981().

For a one component dense fluid with number density p and pair distribution

function g(r) , the structure factor S ( K ) (determined from X-ray experiment) is

related to the Fourier transform of the pair distribution function by

where k * the scattering vector.

From classical statistica

of mean force between interacting particles, then

From classical statistical mechanics, if U(r ) represents the potential

(2)

where kg = Boltamann constant, T = the temperature.

The parameter related directly to the pair potential is the direct

correlation function c(r) introduced by Ornstein-Zernike. It is given by

the equation

(3)

where h(r) = g(r) - 1 is the total correlation function given by the direct

correlation function and a convolution term.The Fourier transform of the direct

- i t -

correlation function "elk) is related to the structure factor by

CCtO * [SUO -

and for large r , c(r) is related to the pair potential by

<t>Cr)

(M

(5)

Efforts to relate pair potentials and pair distribution functions in liquids have

been very much demanding and have led to different approximate theories applied

by various authors to study, for example, liquid metals and molten salts (alkali

halides) (Pastore and Tosi, 1983; Ballone, Pastore and Tosi, 198I4; Kumaravadivel

and Tosi, 198U). These theories cannot be applied directly to biological systems,

which ar<3 more complicated.

The problem of binary systems, for example^ demands the knowledge of

partial structure factors. For a binary system containing interacting particles

a.,bj March (198'*, manuscript in preparation) has given following relations for

deriving approximate pair potentials from measured structure factors:

- \~ftxyCi

(7)

With the condition that <|> *>-' U etc, it is in principle possible to determine
aa aa

the pair potentials $ ,$ . ,( , using measured structure data (March, 199't in

preparation).

The factors S at
s
atj>

s
bb
 l n Eqs.{6) and (7) imply the necessity to obtain

partial structure factors experimentally. Thus, with regard to interactions between
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proteins and lipids in a membrane, one would require for the application of these

relations, the measurement of partial structure factors for protein-protein and

lipid-lipid interactions as veil as the structure factor for the overall protein-

lipid interactions, if one assumes a binary system.

VI. EXPERIMENTAL BASIS FOR MEASURING PARTIAL STRUCTURE FACTORS IN PROTEIN-LIPID
SrSTEMS

Different membrane components, both lipids and proteins, can be

preferentially extracted (E^ylar, 1977; Mokrasch, Bear and Schmitt, 1972;

Moscarello, 1976). It is also possible to influence forces in a lipid lamellar

system by the addition of low molecular weight solutes and high molecular weight

polymers Le-Neveu et al., 1977). It is also known that weakly polar organic

solvents and alcohols which form hydrogen bonds less easily than water, weaken

hydrophonic interactions (Volkenshtein, 1983). Thus, there exists in principle

experimental possibilities to "freeze11 or reduce certain types of interactions in

membrane systems and collect relevant structure data.

VII. MODEL POTENTIAL FUNCTIONS

As in the theory of liquids, the study of interactions in biological

systems such as membranes using structure factor approach would involve the

assumption of relevant potential functions. For example, studies of dynamic

interactions in proteins have involved the construction of a potential function

consisting of both bonded and non-bonded terms, the former being important especially

at atomic or molecular resolutions; these bonded terms include bond length and bond

angle energies, energy of interaction of hydrogen bond pairs and torsional or

dihedral potentials. The non-bonded terms usually include Coulomb terms and

Lennard-Jones potential.

Studies of interactions in membranes such as nerve myelin using only

moderate resolution experimental data as gathered from small-angle X-ray

scattering would involve in a first approximation a model potential function

containing the non-bonded Coulomb (both attractive and repulsive!) and Lennard-

terms.

-6
Vanderkooi and Bendler (1977) assumed,a Hansaker equation involving only

r " term to study attractive dispersion Interactions between proteins embedded

in a lipid.

For molecular dynamics simulation of a lipid bilayer membrane, van der Ploeg

and Berendsen (198£?) assumed a Lennard-Jones interaction between intermolecular

and intramolecular pairs in addition to bond-angle and dihedral potential terms

and interaction of polar headgroups with a water layer.

Further experimental and theoretical work involving also modelpotentials

and computer simulation must be done in order to be able to apply potential functions

effectively to studying interactions between membrane components.

VIII, THE AUTOCORRELATION FUNCTION APPROACH

The electron density distribution of nerve rayelin has been determined

uniquely by deconvolving the distance correlation function of a unit cell (double

membrane) taking into account lattice disorder of the second kind, I.e., nearest

neighbour correlations. The myelin stack is thereby considered as a one dimensional

paracrystalline system consisting of a series of lamellae arranged in a face-to-face

and back-to-back order vith statistically distributed distances between adjacent

membrain pairs.

The distance correlation fuction obtained as Fourier inverse transform of

the square of the modulus of the structure factor Is given ss a convolution

polynomial in the electron density and distance distribution functions. One denotes

the electron density of a single membrane and that of its mirror image by p^

and p respectively; the distance statistics functions for centre-to-centre
—m

distances JL and %^ with gaussian functions H^x - t^) and H^(x ~ i£) .

Denoting the distance correlation function with Q(x) , one obtains following

relation (Gbordzoe and Kreutz, 1978).

t* H*

where • denotes convolution;

S Dirac delta function,

^Pfl jp —tfH Till ^ ID iD2 —ID

(H # Hr>) = n-fold convolution product of
1 2 n

(8)

Number of lattice cells

H * H
1 2

The autocorrelation function of adjacent membrane pairs connected by i^ and ig

respectively, are given by the first three terms of Eq.(8) according to the relations:
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(10)

It is noted that the gaussians tend to delta functions for perfect stacking of the

unit cells.

The representation of the distance distribution function as a convolution

polynomial offers the possibility of studying interactions of membrane components

in two ways:

(1) making use of the electron density distribution obtained through the

deconvolutlon procedure, it should be possible to identify directly different sections

of the autocorrelation function with specific interactions

(2) it is possible to separate the distance distribution function into its

component parts in accordance with the terms in the convolution polynomial. This gives

the possibility to analyze particular electron density overlaps in terms of interacting

parts. In this regard, it is noted that the convolution operation has the effect in

physical space of overlapping preferentially electron density distributions in defined

distances. This may be equally interpreted in terms of interactions of relevant

membrane costituents in these defined positions.

IX. SOME PRELIMINARY EXPERIMENTAL RESULTS

Below are shown electron density distribution (EDD) and distance correlation

data evaluated from X-ray scattered intensities for normal, swollen and fixed myelin

samples. Q(x) has been drawn up to one Bragg distance, g. and g represent the

relative standard deviations for l^ and l^ . Such data, which were interpreted

earlier in terms of unique phase determination with lattice disorder taken into

account (Gbordzoe and Kreutz, 1978) are to be used as preliminary data for studying

interactions in the lamellar system.

X. DISCUSSION OF THE DATA

For making of a model of myelin membrane in terms of protein and lipid

locations from electron density profiles, following general assumptions are usually

made :

(i) areas of negative electron density are identified with lipid bilayers

while areas of positive electron aensity are identified with proteins .

(ii) a considerable proportion of myelin proteins are assumed positioned

at the surface of the lipid bilayer. PToteins with higher proportion of non-polar

residues, i.e. those with hydrophobic character can easily penetrate the lipid

(ill) the "basic protein of myelin, assumed to give lateral stabilization to

the myelin membrane is supposed to be located at an extrinsic position on the lipid

bilayer with penetration or distortion of the bilayer (Eylar, 1977).

Comparison of Figs, 1, Ua and Ub show that the separation of unit cells to

different Bragg distances using swelling solutions and reversal of such separation

can be recorded in an X-ray scattering experiment. The areas of separation (swelling

zones), SZ in Fig.1*, into which the swelling solution penetrates can be identified.

The phenomenon demonstrates the interplay of various forces in the system, such as

ionic and van der Waals forces, It further suggests that the van der Waals attractic

between the lamellae in an ionic solution is stronger than in a non-ionic swelling

solution.

The measurement of forces in a phospholipid lecithin bilayer system in water

as a function of spacing , determined by X-ray diffraction was carried out by

Le Neveu, Rand, Parsegian and Gingell (1977). Depending on whether low molecular

weight solutes such as sucrose or glucose or very high molecular weight neutral

polymer (dextran) was added to the system, the effect of van der Waals forces (in

the former case) or hydration force (in the latter case) could be estimated.

Changes in lattice spacing, as recorded in intensity diagrammes in Fourier

snace have corresponding effects on distance distribution function in Patterson space

For example, the distance of separation between ft and ft- as defined by the

positions I and I in Figs. 5 and 6 are different. Thus, the distance of

separation of 0 ^ and 0 from each other and from 20 at the origin, when

membrane samples are subjected to different chemical environments (possibly for

same periods of time) can offer useful parameters for the quantitative estimation

of forces in the system. It is also noted that 20 represent the convolution

of half the membrane pair with itself, i.e. the structure with the lipid bilayer as

the dominant structure feature. It thus offers a good theoretical basis for studying

lipid-lipid interaction. Protein-protein or protein-lipid interaction becomes strong

when 20 begins to be overlapped by either 0 or ft . Since Q and Q

are mirror symmetrical, their separate overlappings with 2Q and with each other

accentuate slightly different modes of interaction of the components they represent.

Further experimental and theoretical studies of the behaviour of the system under the

influence of various types of forces would be essential to carry out systematic

quantitative analysis.
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10.1 Studies of myelin in different solutions

Myelin swollen is glycerol (7a) and sucrose (7b) solutions show small

but significant differences in the electron density profiles near the centre of

symmetry and corresponding differences in the autocorrelation functions. The

electron density has a deeper central valley in glycerol than in sucrose. The

difference in the autocorrelation function is given mainly by the peak with an

upward (positive) curvature between the two negative peaks at positions about

20 A and 50 A from the origin. While the top of the peak in question is very

near the x-axis for norraal myelin (Fig.21, it 1B just above the axis for myelin in

glycerol (Fig.7a) but falls far below the axis in sucrose (Fig.7b) and it is less

accentuated. For fixed myelin (Pig. 8), it has even practically disappeared. Because

of these differences in the autocorrelation function and the corresponding ones in

the electron density profiles, it is concluded that the centre of symmetry in the

electron density profile can be identified with the position marked by "S" in the

autocorrelation function (Fig.9).

Further, since the centres of symmetry of the membrane system are the areas

of close apposition, it is being suggested that the behaviour of the electron density

profile around this point and the corresponding changes in the autocorrelation

function around "S" must give an indication of the strength of van der Waals forces

in the system relative to other forces.

10.2 Effect of fixation

Under physiological conditions, protein would interact with lipids in a

membrane through predominantly veak interactions on account of the functions they

perform, except where such interactions may contribute to intrinsic structural

rigidity.

Fixing a myelin in a fixative such as Osmium tetroxide would result in an

overall more rigid structure than a biologically functional one. Osmiur tetroxide

is believed to preferentially react with unsaturated fatty acids in the lipids in a

primary reaction involving the breaking of C=C double bonds and cross-linking

neighbouring molecules. This may be followed by secondary reactions involving

the polar ends of phospholipids (Hayat, 199l). These processes involve the

breaking and making of co-valent bonds which are strong interactions. Thus,

fixation leads to the dominancy of stronger interactions over weaker ones in the

membrane, with corresponding modification In the autocorrelation function and

electron density distribution. Thus in Fig.8, one notices a decrease in the

centre-to-centre distance between lipid bilayers of the double membrane, from

about 72 A to about 60 A ; there is also a decrease in the electron density peak

taken to represent external protein on the lipid bilayer, with a significant

lowering of the corresponding peak in the autocorrelation function. There is

however a relative increase in the electron density peak reflecting the position

of internal protein and adjacent polar group of the lipid bilayer.

XI. IDENTIFICATION OF VARIOUS PARTS OF THE AUTOCORRELATION FUNCTION OF THE
UNIT CELL (DOUBLE MEMBRANE) WITH DIFFERENT TYPES OF INTERACTIONS

From the preliminary data shown, the general assumptions underlying their

interpretation as well as the simplified model of membrane assumed, the following

qualitative interpretation of the Q(JX) function in terms of interaction of

myelin components is proposed in accordance with Fig.9.

A full derivation of a potential function demands further experimentation

which would enable preferential influencing or extraction of specific membrane

components, combined vith theoretical analysis of the interplay of van der Waals,

ionic coulombic, hydrophobic and other relevant interactions in the system. In a

first approximation, a model potential function including Lennard-Jones and coulombic

(both attractive and repulsive!) terms is assumed.

It Is hoped that this approach to studying interactions In myelin can

contribute to efforts to relate structure and function of this important biological

membrane which plays a remarkable role in the central and peripheral nervous system

of man and animals.
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FIGURE CAPTIONS

Fjg.l - gives a low resolution electron density profile for a myelin stacK

(top) and the Patterson function to one repeat distance (bt-low).

Fig.2 - shows the EDD for a myelin pair (top) and the corresponding auto-

correlation functions (below).

Fig.3 - shows the EDD of Fig,2 with a simplified model of myelin membrane

with protein penetrating the lipid bilayer. For a more detailed

fluid mosaic model of membrane, see Singer S.J. (1977}

P. = internal protein; P 5 external protein; CI = cytoplasmic

interface (centre of symmetry}; El = extracellular interface.

FiKS.li - Fig.^a shows data for myelin swollen in 6.5/t glyeerol solution

while Fig.!4b shows data for myelin swollen in glycerol followed

by reversal of the swelling in Ringer's solution.

Fig.5 - shove the decomposition of the distance correlation function up to

one Bragg distance into convolution terms for normal myelin•

Fig.6 - shows the decomposition of the distance correlation function up to

one Bragg distance into convolution terms for myelin swollen in

glycerol. In Fig.6,sharpened profiles of Q , and Q^,, are shown

at the top for comparison with the data for normal myelin in Fig.5-

Fi^.7 - compares the EDDs and autocorrelation functions of myelin swollen

in 6.55! glycerol (a) and 0.8 H sucrose (b) solutions.

Fig.8 - shows the EDD (top) and the- •dutocofi'-lotion function (below} for

myelin sample fixed in 1% osmium tetroxide solution.

Fig.9 - Identification of various parts of the autocorrelation function of

a aembrane pair with different types of interactions.

A-B : correlates mainly lipid-lipid (and to some extent lipid-protein)

interactions in one half of the unit cell.

S : may be identified with the behaviour of the electron density distribution

around the centre of symmetry,

C : reflects mainly lipid-lipid correlation.

D : suggests protein-lipid interaction.

E : correlates external proteins.
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