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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
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“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
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The classical view of biological membrane structure is due to Singer
and Nicholson. ! Figure 1 shows a representation of a membrane from their
paper. The dominant lipid structure is a bilayer, into which are inserted
protein molecules at various depths. The bilayer has hydrophilic surfaces
that bound a hydrophobic interior. An effect known as the "hydrophobic
effect"Z 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.>  Studies using 2H nuclear magnetic resonance (NMR) of
deuterated lipids indicate, however, that immobilization is not necessarily
occurring on the NMR time scale.%,5

The interpretation of spectroscopic data is aided by considering simple

models of how protein molecules may affect neighboring lipids, even if there



Figure 1. The Singer Nicholson model of a biological membrane. Protein
molecules float at various depths in a "sea" of fluid lipid.
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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.l0 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.

E = E

sol + E

direct def (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
from 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



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.
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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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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 E4ef
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
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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. We therefore commence with a
discussion of the freeze-fracture process. 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. Experi-
ments on protein-lipid recombinants then indicate the conditions necessary

for lipid mediated interaction to be manifested in protein lateral distribution.
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The Freeze-Fracture Process
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Introduction

Freeze fracturing is a technique for the preparation of samples prior
to observation in transmission electron microscope.l 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 back-
ground in the microscope.

If the sample contains lipid, then the lipid phases give a clear pattern
which is characteristic bf the phase in which the lipid exists. For example,
consider a pure lipid bilayer in a frozen water matrix undergoing the freeze-
fracture 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 dioleylphos-
phatidyl choline (DOPC) multilayers frozen from above T. 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 molecules (fig.
3b). Freeze-fracture electron microscopy can therefore be used to examine

the lateral organization of membrane proteins if the freezing process is
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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. 100000x. b) Freeze
fracture micrograph of a single-walled vesicle.
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(a)
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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. Magnifica-
tion c. 100000x,
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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 distri-
bution, 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 uL of sample
between two copper discs each 25 um 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
T¢, 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:

<r> rdr

2n [ r (4nDt) " ! exp | 7p%
-]

s /7 (onl/? . (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 10-10 em?2
sec-l. This places a value of <r>at 1500 t2 nm. If Tis 298 K and T is
(say) 10 k lower, a freezing rate of 106 K sec-! 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 quantifative 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,“ 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 Ty, the vitrification
temperature. Actual specimen solidification by ice crystal formation takes
place within, at most, 3 K of Ty, and cooling rate must be 107 K sec-! 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 ym of the copper surface, a vitrification rate of up to 107 K

sec-l 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.

Replication and Observation

In this section we briefly summarize the procedures used for repli-
cating 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. The
monitor shut off the Pt gun when enough Pt had been detected. Samples
were shadowed from 300 to the horizontal phase.

Carbon coatings were applied to the replicas to give them strength for
being handled. The coating is of the order of 200 X thick. The gun
configuration is shown in figure 5.

Replicas were examined in a Philips 201C 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 mA.
b) Construction of the platinum/carbon tip. <¢) The platinum
carbon beam is directed onto the exposed surface that is to be
replicated.
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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.!-# The most direct method for determining the
aggregation state of membrane proteins is freeze-fracture electron
microscopy, which yields qualitative information upon simple visual
inspection. 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.?6

In the present chapter we employ the pair distribution function’-? 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 acy!l 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,10s11 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.l2 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,Ar) is defined by the ratio of the mean density of
particles located in an annulus between r and r + Arfrom thecenterofan
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

r+Ar
2 [ g(r)rdr

i
w(r,Ar) = = R T (1)

Although the pair distribution function, w(r,Ar), approaches g(r) as
Ar 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, &) would be identically 1.0. If the
particles were instead hard discs of radius rq, then g(r) would assume more of
a structure,“‘ which at sufficiently high overall particle density would
consist of a peak at r = 2ry corresponding to a first coordination shell,
followed by a region of lower density at r v 4ry. This pair distribution

function can be calculated from the potential energy function

V(r)

1l
o
i ¢

> 2r

(2)
V(r) = o r <2ro
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The usefulness of this hard-disc model is that deviations of actually observed
g(r) or w(r,Ar) 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 | for w(r,Ar) 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,Ar) 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. Engelmanl5 and is summarized
below.

BR was separated from its native lipid by the method of Huang et
al.16 All operations were performed in the dark at 0-40C.

PC's were from Calbiochem and were lyophilized and dissolved in 2%
Na cholate buffer (0.01 M tris HCI, 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 HCI,

0.15 M NaCl, pH 8 in a foil-covered flask at 4°C. After at least three days
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of dialysis, the vesicles were centrifuged at 104,000 x g through continuous
sucrose gradients, 10-45% (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-lipid 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 -135°C and pressures
of 1 to 8 x 10-7 torr. Deposition of Pt and C from electron beam electrodes
was controlled by a quartz crystal monitor to a thickness of 25 and 100 R,
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 Hubbell.18 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 20°C, and di 18:1 trans PC frozen from 37°C and
200C and for bleached RH-recombinants in di 12:0 PC and di 18:1 trans PC
frozen from 20°C.

Protein Distribution Functions. 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 particle distances that lie within the annulus r to r+
Ar. 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 had negligible effect on the baseline. A value of
Ar = 10 nm was used in calculating w(r, Ar). 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(|r - s|) 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)} . (%)

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

Lado.l4

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 + ». 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 corre-
sponding function calculated for the hard-disc model for the corresponding
density and particle radius. The error bar shown on each measured function

represents *1/v/n, where n is the number of inter particle distances that were
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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.
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a) Measured function for BR in di 12:0 PC. Number of particles
(N). N= 1022, P=0.0054 nm-2, Frozen from 220C. b) Measured

function for BR in di 140 PC (DML). N =
1678, P = 0.004 nm-2. Frozen from 349C. 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 50°0C.
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used to calculate the value of that function at r = 2ro. 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
bilayers of hydrophobic region thickness up to 10 /E\) 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 of
w(r,Ar) should still be representative of inter particle interactions. 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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a) Measured function for bleached rhodopsin in di 12:0 PC from
figure 1 of Chen and Hubbell (1973). Frozen from 20°C. N =
1106, p = 0.0021 nm-2. b) Measured function for bleached
rhodopsin in di 18:1 trans PC, figure 5 of Chen and Hubbell. 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,Ar), 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 20°C (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 20°C and 37°C, 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 sample frozen
from 370°C, 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 protein
particles. Since this interaction does not exist in the thinner bilayer, it is

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



Figure 4.

-49.

a) Measured function for dark-adapted rhodopsin in di 10:0 PC.
From figure | of Chen and Hubbell. Frozen from 20°C. N = 819,
0 = 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 379C. N = 955, P =0.0014nm-2. c) Measured function for
dark-adapted RH in di 18:1 t. From figure 4 of Chen and Hubbell.
Frozen from 20°C. N = 669, 0 = 0.0045nm-2.
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of lipid-mediated interactions proposed previously.1 1,13

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,Ar). 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, measured from
the positions of the peaks in the PDF's is »8 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
Cherryl9 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 Hubbell 18 of a sample frozen
from 200C shows visible aggregation. We have shown that even at 37°C,
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 va 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 cost2l 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.



-54-

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 al.2l suggest that deformation of
the bilayer is energetically inexpensive, less than | 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,!3 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 protein-
lipid boundary. Or results suggest, that in the system we study here, the

intermolecular conformational change that leads to this stretching is not
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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. The fact that
bleached RH remains unaggregated below the 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-lipid recombinants which are difficult to exclude
completely at this time. First, pictures of the RH-PC recombinants were of
multilamellar dispersions. It is possible that interbilayer interactions may
affect lateral proteins. Similarly, in a multilamellar protein-lipid
recombinant, the orientation of the protein incorporated into the
recombinant membranes may influence the lateral distribution of membrane-
bound 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. We await future work to

clarify some of these points.
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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.1-6 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.l1-13
Evidence for a protein-protein interaction which is dependent on the lipid
environment is seen in freeze-fracture studies of Chen and Hubbelll% and
Lewis and Engelman,l3 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. We derive an
expression for the intermolecular potential energy arising from the
perturbation of the lipid bilayer by the pfotein 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 aggre-
gation.7’16'18 The pair distribution function, w(r,Ar), is given by the
ratio of the density of particles in an annulus between r and (r +

Ar) 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 + Ar
2 [ g(r) r dr
r
w(r,Aar) = L TR a] . (1)

The radial correlation function can be calculated from the inter particle
potential energy using published algorithms.18 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,
¢(r), which is a scalar function of position r on the membrane surface and
characterizes the lipid state at that point. The deviation of
¢(r) from ¢, 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 ¢(r) and v ¢(r):

f(r) = £(¢,)) + e(4,V9) (2)

where ¢ = 0 when ¢(r) = ¢o everywhere. We expand ¢ as a Taylor

series around ¢q.

e(6,90) = e = k (V)% + k(o - 6 )% + ... (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, an energetic cost for spatial variation of
¢. The second term represents the restoring force tending to keep
¢ at its equilibrium value, ¢o5. Models based on the same idea have been
developed by Marcelja,33 Schroder,ll Owicki et al.l3 and Owicki and
McConnell.12 Equation 3 has also been used to describe protein effects on
spin label partitioning.20 We shall refer further to these works in the
dis;cussion.

Minimizing the total free energy yields the field equation:
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—

o(r) + ¢, =0 (%)

where nZ = ko/kj. n-l 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 e(¢,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‘l for the lipids is a slowly varying function of the protein concen-
tration. 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, ¢4, 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, substi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>