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We have systematically investigated the probe size and shape
dependence of lateral diffusion coefficients in model
dimyristoylphosphatidylcholine membranes. This was achieved through
synthesis of labelled probe molecules which differ systematically in
both length and width. The diffusion measurements, both above and
below the main phase transition, were performed using the technique of
Fluorescence Photobleaching Recovery. The fluorescent label employed,
NBD, was used to derivatize both alcchol and thiol bearing probe
molecules.

Linear hydrophobic polymers, based on the isoprenoid alcohols
citronellol, solanesol, and dolichol, spanned an order of magnitude in
length and were used to explore hydrodynamic restrictions in the
bilayer interior. Despite the order of magnitude difference in length
v find these labelled molecules all diffuse at the rate of lipid
self-diffusicn (5 x 10"*?n%s™!) in the liquid crystal phase. Based on
companion measurements in model systems and measurements below the
phase trarsition, where the membrane interior is semi-crystalline, the
results are Interpreted to mean the NBD label itself determines the
rate of diffusive motion. This occurs due to probe localization in
the ordered hydrocarbon region of the host phospholipid near the
glycerol backbone. Steady state fluorescence quenching experiments
support, but do not confirm this contention. Thus lateral diffusion

of these probes is likely controlled by free area fluctuations at the

iii




bilayer/water interface and may be interpreted in terms of Free Area
Theory.

The radial dependence of the probe molecule’s diffusion
coefficlent, in the same phospholipid system, was explored using novel
polymerizable surfactants based on triesters of cis,cis-1,3,5-
cyclohexanetriol. Monomeric, dimeric, and tetrameric oriented
polymers were synthesized, however, only monomers and dimers were
amenable to NBD labelling. Labelled monomers and dimers diffuse once
again at the rate of host lipid self-diffusion, in the liquid crystal
phase. The projected area of the monomer in a bilayer is
approximately that of the host lipid. Diffusion of the labelled dimer
at rates comparable to that of the host lipid, suggests Free Area
Theory's prediction of an inverse exponential dependence on radii is

mistaken.

iv




To Lesley



ACKNOWLEUGEMENTS

First and foremost I wish to thank Dr. Nils O. Petersen for
supervising my work. He has allowed a fledgling scientist room to
grow, yet his breadth of knowledge always ensured sound advice and
guidance. My fellow graduate students Dave Bjarneson, Alison Paprica,
Paul St. Pierre, and Paul Wiseman have been of immense aid and
comfort. Their assistance was invaluable during the last few
difficult months.

The nature of my work required a significant amount of organic
syntheses. Vince Quiquero was unfailingly helpful in this regard.

His suggestion lead directly to the NaSH reaction which proved crucial
to our syntheses. 1 wish also to thank Harold Dick and Biswajit
Choudhury for their help in performing the monoclayer experiments.

The Canadian government, through NSERC, generously provided a
graduate fellowship to support this work.

I am profoundly grateful to my wife Lesley for her continuing

belief in the inherent worth of my studies. Her love and support help

make the bad times less painful and the good times more memorable.




TABLE OF CONTENTS

Page
CERTIFICATE OF EXAMINATION . ...... ... ..t ii
ABSTRACT .. . e e e e e iii
DEDICATION .. e v
ACKNOWLEDGEMENTS . ... ittt it ittt e e e vi
TABLE OF CONTENTS ...ttt ittt e et et et vii
LIST OF TABLES . ... ... i i et ettt xi
LIST OF FIGURES .. ... i i e e e e i xil
LIST OF SYMBOLS .. .. .ottt i ittt e e e XV
LIST OF ABBREVIATIONS .. ... ...ttt ittt e iann xvii
LIST OF APPENDICES . ... . i i e e e xviii
CHAPTER ONE - INTRODUCTION ........ciiitriiti e i, 1
CHAPTER TWO - THEORY OF DIFFUSION IN TWO DIMENSIONS ............ 21
2.1 Velocity Autocorrelation Function ................. 21
2.2 Stokes’ ParadoX ...............iiiiiiie . 23
2.3 Saffman-Delbruck Theory ......... ... ... ... . ........ 24
2.4 Free Area Theory ..., 29
CHAPTER THREE - METHODS . ........ ...t eeean e, 40
3.1 Fluorescence Photobleaching Recovery -
General Theory ....... ... ., 40
3.2 Spot Photobleaching Technique ..................... 42
3.3 Experimental Artifacts in FPR ..................... 50
3.4 FPRHardware ..............0.itiniiiiiiinnannnnnn.. 54
3.5 FPR Measurements on Model Membranes ............... S5
3.6 Diffusion Measurements in Poly(propylene glycol)
Polymers ...... ... ... e e 60
3.7 High Performance Liquid Chromatography ............ 62
3.8 Steady State Fluorescence Measurements ............ 63
CHAPTER FOUR - SYNTHETIC STRATEGY
4.1 Overview ...... ... i e 71
4.2 Fluorophore ............c.oviiiiineinnnnninnnnnnn.. 71
4.3 Linear Hydrophobic Polymers - Variation in L ...... 75
4.4 Radial Surfactant Polymers - Variation inR ....... 81

vii



Page

CHAPTER FIVE - DETAILED SYNTHESES ............ ... ... .. oL, 101
5.1 General .......... i e e 101

5.2 Linear Hydrophobic Polymers - Variation in L ...... 103

5.2.1 NBD-undecanol ...............civrivinvinnens 103

NBD-methanol ..................c.civiuunn. 105

NBD-citronellol ......................... . 106

NBD-solanesol ...............iiivininnnn. 107

NBD-dolichol ......... ... ... ... ... ... ... ... 108

5.3 adial Surfactant Polymers - Variation inR ....... 111

Lo unahununununununnonnoeoan

OO O N W=D NN

cis,cis-1,3,5-Triacetyl-cyclohexanetriol . 111
cis,cis~1,3,5-Tristearoyl-cyclohexanetriol 111

i1-(Undecanoyl methyl ester) thiol ....... 112
11-(Undecanoyl methyl ester) disulfide ... 114
11C MONOMer . ... it e e e e e e 116
8C MONOMeL . ... ittt ittt ittt teeriannns 117
6C MONOMer ... ... ittt it it et et i 118
3° SH 11C MONOMET ... oo e eeee e, 118
3% SH 8C MOROMEr .. .'o'oeveeeeeeenenennns 119
3% SH 6C MONOMEL ..o o ov e e e eeeeeeenannnnn.. 120
1° SH 11C MONOMET - ..o veetneeennann. 121
1° SH 8C MONOMET . ...evvvreeeenenenrnnns 122
1° SH 6C MONOMEr ... ..o 'rreeennnnns 123
11C DAmMer . .. it e e 123
8C Dimer ..... . e e, 125
6C DImer ... e e e 126
1° Sd 11C Dimer ....oooveee e 127
1° SH 8C DIMEr ..\''reeeeeeeaieanns 128
1° SH 6C DIMer ..o 128
11C Tetramer ..........v i ensnens 129
6C Tetramer .......... ittt nnineneans 130
8C Tetramer ........c. it iinnnns 131
1° NBD 11C MONOMEr .. vvvvveveenennnnnn,, 132
1° NBD 8C MONOMEr ......ovveeennnnnnnn.. 133
1° NBD 6C MONOMETr - ooeseeeeeeeeennnnns, 134
3° NBD 11C MONOMET . \ovvveeeneeennnnn... 135
1° NBD 8C DAMEr ...ovvv oo, 136
1° NBD 6C DAMEr .. oovvenin .. 137
1° NBD 11C DAMEL .\ eeeeeeaeaeenenns, 138
1° NBD 11C Tetramer, 1° NBD 6C Tetramer .. 139

viii




CHAPTER SIX - DIFFUSION MEASUREMENTS ................ ... vvunn, 141

6.1 Overview ........ .. ittt ittt iasanans 141
6.2 Hydrodynamic Interactions in the Membrane Interior,
DMPC Bilayers .........c.iiiiiiiiieiiiinnnreannnn 141
6.2.1 Measurements in the Liquid Crystal State 141
6.2.2 Measurements in the Gel State ........... 149
6.3 Three Dimensional Diffusion - Chain Length Effect . 157
6.3.1 Measurements in Paraffin Oil ............ 158
6.3.2 Measurements in Glycerol/Water .......... 162
6.3.3 Measurements in Poly(propylene glycol) .. 168
6.4 Variation in Probe Headgroup Area, DMPC Bilayers .. 179
6.4.1 Measurements in the Liquid Crystal State 179
6.4.2 Measurements in the Gel State ........... 183
CHAPTER SEVEN - DISCUSSION ... .ttt s v iie e v 189
7.1 Validity of the Measurement ....................... 189
7.2 Hydrodynamic Interactions in the Membrane Interior 194
7.3 Variation in Headgroup Size ....................... 206
7.4 Summation .............. ... ... e 209
CHAPTER EIGHT - CONCLUSION ........ ottt it inneannns 213
APPENDIX ONE - SOLVENT DEPENDENCE OF CARBOXYLIC ACID
CONDENSATIONS WITH DICYCLOHEXYLCARBODIIMIDE ..... 218
Al.1 Introduction ........... .. ... i i, 218
A1.2 Results ......... ... .. i e 222
Al.3 Discussion ........ ... e e 231
Al1.4 Conclusion .......... ... . i, 243
Al1.S5 Experimental ........... ... ... . .. i, 244

APPENDIX TWO - SELF SENSITIZED SINGLET OXYGEN ’ENE’ REACTION

A2.1 Introduction .........c.iii i e 250

A2.2 Experimental ............ ... .. 250

A2.3 Results .......... e e 251

A2.4 Discussion .........c. it e 255

A2.5 Conclusion ...... ... i e i 258
i«




Page

APPENDIX THREE - MONOLAYER STUDIES - TRIESTERS OF

CIS,CI18~1,3,5~-CYCLOHEXANETRIOL ................ 263

A3.1 Introduction ........ ...t e, 263

A3.2 Experimental ........... ... . . i 263

A3.3 ResSULLS ... ittt ettt e e e 265

A3.4 Discussion .......... ettt ettt e e et e e, 268

A3.S ConclusSion .......iviiii i e 272

VI A o e e e e e 275




CHAPTER ONE

INTRODUCTION

Biological membranes are the milieu about which life swirls.
These membranes, the enclosure defining a cell, provide a flexible and
powerful host media for many, if not most, biochemical processes.

The lipids which make up such membranes vary to a remarkable
degree?'2 They have in common a number of key structural features,
the most important of which is that the’ arc¢ amphiphilic molecules.
Amphiphiles possess a dual character. One portion of the molecule,
the head group, is polar, or charged, and is hydrophilic. The other
portion of the molecule, the tail group, is made up of long
hydrocarbon chains and is hydrophobic.

In water-based media, amphiphilic molecules self-assemble Into a
variety of macromolecular assemblies’ Tne nature of these assemblies
depends intimately on the amount of water and other solvents present,
as well as the geometry of the amphiphilic molecule’ 8 Phospholipids
are common amphiphiles which have the molecular structure shown in
Figure 1.1.

The driving force for the self-assembly of amphiphiles, or
surfactants, appears to be the 'hydrophobic e _ect'?'8 The
hydrophobic effect is an entropic effect. Exposure of a
phospholipid’'s long hydrocarbon tails to water forces the water into a
structural phase surrounding the hydrocarbon which is highly ordered.
This structure is clearly unfavorable and can only be avoided by

minimizing the surface area of contact between the water and

hydrocarbon. Phospholipids, the most common membrane lipid, minimize
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CHAPTER ONE

INTRODUCTION

Blological membranes are the milieu about which life swirls.
These membranes, the enclosure defining a cell, provide a flexible and
powerful host media for many, if not most, blochemical processes.

The 1lipids which make up such membranes vary to a remarkable

2 They have in common a numbzr of key structural features,

degree}’
the most important of which is that thes ar« amphiphilic molecules.
Amphiphiles possess a dual character. One portion of the molecule,
the head group, is polar, or charged, and is hydrophilic. The other
portion of the molecule, the tail group, is made up of long
hydrocarbon chains and is hydrophobic.

In water-based media, amphiphilic molecules self-assemble into a
variety of macromolecular assemblies? Tne nature of these assemblies
depends intimately on the amount of water and other solvents present,
as well as the geometry of the amphiphilic molecule?-s Phospholipids
are common amphiphiles which have the molecular structure shown in
Figure 1.1.

The driving force for the self-assembly of amphiphiles, or
surfactants, appears to be the 'hydrophobic ¢ _ect’'T'® The
hydrophobic effect is an entropic effect. Exposure of a
phospholipid’s long hydrocarbon tails to water forces the water into a
structural phase surrounding the hydrocarbon which is highly ordered.
This structure is clearly unfavorable and can only be avoided by

minimizing the surface area of contact between the water and

hydrocarbon. Phospholipids, the most common membrane lipid, minimize




Figure 1.1: Molecular structure of a phospholipid. The amphiphilic
character of these molecules is determined by the long hydrocarbon
chains and the charged phosphate and choline functions in the

headgroup. Dimyristoylphosphatidylcholine, the lipid we commonly use,

has n = 12.




In model membranes composed primarily of phospholipids, simple
models exist which predict the size dependence of the lateral diffusion
coefficient in two extremes of diffusant size'®’>? The two extremes
are: (1) diffusants which are much larger than the solvent lipids and
(2) diffusants which are the same size as the host lipid solvent
molecules.

The second regime, most appropriate for self diffuslion of solvent
lipids, is treated by what has become known as Free Area Theory?6 This
theory 1s a derivative of the analogous three-dimensional simple fluid
theory known as Free Volume Theory?3 Both are semi-empirical theories
which proceed from statistical mechanical considerations of density
fluctuations in the solvent. Volds which are opened by such density
fluctuations are filled by the movement of neighboring molecules into
the void. Since lipids in the Free Area Model are considered to be
hard rods, and motion, by the nature of the membrane, is restricted to
a plane, this is a two-dimensional problem. Free Area Theory predicts
a strong dependence of the lateral diffusion coeffic ent on diffusant
radii.

The first regime mentioned above is the most appropriate for
diffusion of large proteins in model membranes composed of very much
smaller phospholipids. The theory, introduced by Saffman and
Delbruck?2 treats the bilayer as a thin sheet of viscous fluid through
which model cylinders diffuse. This approach treats the lipid sea as
a continuum characterized by a certain viscosity. By contrast to the
free area approach, it ignores the interaction and collision of

individual solvent molecules. The Saffman-Delbruck Theory predicts a




this area by forming enclosed arrays of molecules. The bllayer
membrane is the most important of these arrays for our purposes, and
1s the one which has been most intensely studied.

Phospholiplds forming bilayers may be thought of as liquid
crystals since they possess both a long range order and a short range
disorder: The long range order results from their orientation and
localization in the bllayer. They possess a short range disorder
because of the dynamic freedom individual phospholipids possess.

The 1972 Fluld Mosaic model of Singer and Nicolson10 emphaslized
the dynamic nature of biological membranes. They proposed that a cell
membrane (Figure 1.2) is ; melange of oriented molecules comprising a
variety of host lipids and proteins. The membrane is fluid because
the hydrophobic portion of the host lipids have an appropriate mixture
of saturated and unsaturated fatty acids which prevent solidification
of the bilayer interior at physlological temperatures?° The fluid
nature of this model means the constituent lipids are free to diffuse
laterally in the plane of the membrane. They rotate about their long
axls and indeed flip, albelt at a restricted rate, between the
opposing leaflets of the bilayer. Embedded within these membranes to
various extents are proteins which one might envision as icebergs
floating in an ocean. These proteins are also free to rotate and
diffuse In the membrane although, due to their larger size and
cytoskeletal obstructions, they move at slower rates.

A dynamic picture of the bllayer membrane suggests there should
exiet a diffusive motion in the bilayer plane which will satisfy the

time dependent diffusion equation (Equation 1.1).




Figure 1.2: Artist’'s rendering of a cell membrane in cross-section.
Thlis drawing illustrates the Fluid Mosaic model of Singer and
Nicholson?O A large variety of oriented molecules make up the cell
membrane. Reprinted with permission from Biology: Principles,
Patterns, and Processes by Don Galbraith et. al. Copyright 1989

John Wiley and Sons Canada Ltd.
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8 C(r,t) ] C(r t)
_ S (1.1)
8t ar

In Equation 1.1, D is the diffusion coefficient and C(r,t) is

a spatially, r, and time, t, dependent concentration. Experimental
evidence accumulated over the last twenty years suggests that lateral
diffusion in the bilayer membrane does occur and is governed by the
two-dimensional solution to the diffusion equatmn11 -16 In the case
of diffusion in two dimensions, the mean square displacement of a test

particle with time is no longer 6Dt, as in three-dimensional motion,.

but is 4Dt as shown in Equation 1.2,
<r” > = 4Dt (1.2)

The angled brackets of Equation 1.2 indicate an average. The
variables r, D, and t have the same meaning as in Equation 1.1.

The ordered yet dynamic structure of the phospholipid bilayer has
important implications for its function as a reaction environment.
Membranes function, in part, to segregate substrates and the enzymes
that act upon them into the same membrane-limited compartment. Apart
from subdividing space, the bilayer membrane plays an important
role in bilochemical events as a reaction environment!”’'® Diffusion
within this environment takes on an added importance due to the
reduction of dimensionality assocliated with the bilayer structure.

This reduction of dimensionality will enhance the rate of

9,20

diffusion-controlled processes in the membrane? Two reactants

moving through the leaflets of a bilayer encounter one another far



more quickly than if they were moving through three-dimensional space.
Many biochemical processes require lateral mobility of membrane
proteins to trigger certain cellular responses and to form specialized
structures at the cell surface. Receptor clustering?1 ligand-receptor
1nteractions?2 and conventional chemical reactions23 have the
potential to be rate-limited by the two-dimensional dynamics of the
cell surface.

Electron transfer reactions with their very low activation energy
barriers are good candidates for diffusion controlled kinetics. Two
important redox reactions in the cell membrane have been postulated to

be diffusion controlled reactions?a’zS

Proof of these mechanisms is
difficult without some understanding of the actual rates of diffusion
of the molecules in question.

While there must clearly be some dependence of the rate of
diffusion on molecular size, the nature of this dependence is
uncertain. Aside from a long standing theoretical interest in the
size dependence of the lateral diffusion coefficient, as noted above,
there is an obvious interest from the point of view of biochemical
kinetics. If one knew the two-dimensional diffusion coefficient of
any of these molecules, one could more easily ascertain whether their
reactions or interactions were diffusion controlled. The a priori
prediction of lateral diffusion coefficients in cell membranes based
on molecular size and orientation is almost impossible. The
complications of lipid heterogeneity, large protein concentrations,
phase segregation and cytoskeletal structure hamper the prediction of

rates of lateral motion in cell membranes?é'27 This is, however, a

field of active endeavor>® !




In model membranes composed primarily of phospholipids, simple

models exist which predict the size dependence of the lateral diffusion
coefficient in two extremes of diffusant size.®’>? The two extremes
are: (1) diffusants which are much larger than the solvent lipids and
(2) diffusants which are the same size as the host lipid solvent
molecules.

The second regime, most appropriate for self diffusion of solvent
lipids, is treated by what has become known as Free Area Theoryfé This
theory is a derivative of the analogous three-dimensional simple fluid
theory known as Free Volume Theory?3 Both are semi-empirical theories
which proceed from statistical mechanical considerations of density
fluctuations in the solvent. Veoids which are opened by such density
fluctuations are filled by the movement of neighboring molecules into
the void. Since lipids in the Free Area Model are considered to be
hard rods, and motion, by the nature of the membrane, is restricted to
a plane, this is a two-dimensional problem. Free Area Theory predicts
a strong dependence of the lateral diffusion coeffic ent on diffusant
radii.

The first regime mentioned above is the most appropriate for
diffusion of large proteins in model membranes composed of very much
smaller phospholipids. The theory, introduced by Saffman and
Delbruck?? treats the bilayer as a thin sheet of viscous fluid through
which model cylinders diffuse. This approach treats the lipid sea as
a continuum characterized by a certain viscosity. By contrast to the
free area approach, it ignores the interaction and collision of

individual solvent molecules. The Saffman-Delbruck Theory predicts a
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weak dependence of the lateral diffusion coefficient on diffusant
radii.

The continuum model also has its roots in three-dimensional fluid
theory. The Stokes-Einstein Equation .or the three-dimensional
diffusion coefficient of a sphere in a fluid is a continuum mechanics
approach to a similar problenm.

Recently a review article by Vaz et. al'® considered the body
of evidence supporting fhe two thr -ies 2nd a possible reconciliation
of the two. The conclusions of t.. 5 review are threefold. (1) The
individual theories provide an adequate description of the size

dependence of the lateral diffusion coefficient in the two size

extremes. (2) Neither theory works well in the other size regime.

(3) The transition between the two size regimes is uncertain and there
is a dearth of experimental work in the region where this transition
should occur. Figure 1.3 illustrates the two size regimes and shows
the area of theoretical uncertainty.

The area of uncertainty corresponds to the size of a large number
of physiologically important molecules larger than phospholipids but
smaller than proteins. Peptides and alkaloids, for example, could fall
within this size range. The dependence of the diffusion coefficient on
molecular radius has divergent predictions under these two theories in
the transition region. The discontinuity in the theories, and the
transition between continuum mechanics and molecular theories of
diffusion, make this a particularly attractive region to explore.

The aim of this study has been to examine in more detail the slze

dependence of the lateral diffusion coefficient with a particular

interest in trying to bridge the gap between the two theories.




Figure 1.3 Size dependence of lateral diffusion in model membranes.
This figure illustrates the appropriate size regime for the Free Area
and Continuum Theories. The diffusive behavior of particles with radii
between 5 and 10 A has an uncertain dependence on size. The shaded
region corresponds to an estimated range of viscosities for the
membrane. Diffusion measurements were performed at 36 °C in
dimyristoylphosphatidylcholine bilayers. Reprinted by permission of
the publisher from FEBS Lett. Vol. 174, No. 2, pp 199, 207. Copyright

1984 by Elsevier Science Publishing Co., Inc.
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The anisotropic geometry of the bilayer which results in

a two-dimensional problem has potential to shed light on the analogous
transition between theories of diffusive motion in three-dimensional
fluids.

There is an added theoretical interest in a two-dimensional
problem of this type. The diffusion coefficient has a precise
mathematical definition in terms of the time integral of the velocity
autocorrelation function (Equation 1.3)?* This integral, however,

may diverge in two dimensions?s'36

The divergence of this integral
has been used to argue that diffusive motion in two dimensions can not

formally exist.37

o0

D = jo < v(t) v(0) > dt (1.3)

The brackets in Equation 1.3 indicate an ensemble average of the
particle velocity, v(t), as a function of time, t.

The seeming contradiction between the experimental observation of
a constant D in the diffusion equation and its theoretical
non-existence will be considered in the next chapter. Its immediate
significance relates to the experimental method chosen to investigate
the size dependence of the diffuslion coefficient in two dimensions.

The simplest approach to the problem would be a two-dimensional
molecular dynamics simulation®® where one varied the radius of a test
particle hard disk or rod in a sea of constant radii disks or rods.
From the integral of the velocity autocorrelation function one could

determine the size dependence of the diffusion coefficient in two




dimensions directly. Such an approach, however, is flawed by the
non-analytic character of Equation 1.3.

Our approach, perforce, to the problem is experimental. The
philosophy we have followed has been to assemble probe molecules that
directly examine the physical phenomena in which we are interested.
This approach has been followed with great success by, among others,
Jean Marie Lehn? and Donald cran*® in examining macromolecular
assemblies and complexation.

In our case we have synthesized a large number of fluorescently
labelled probes which systematically differ in a chosen dimension so
as to examine the size dependence of the lateral diffuslon coefficient
in model membrane systems. The fluorescence technique known as
Fluorescence Photobleaching Recovery (FPR) was used to measure the
tracer lateral diffusion coefficient of the labelled probe molecules
sequestered in model phospholipid membranes.

FPR is often used as a qualitative or semi-quantitative measure
of the overall mobility of a lipid or cell system under various
stimull or conditions. Fewer attempts have been made to use FPR in a

truly quantitative manner-°* 41

Measuring the diffusion coefficient of
trace amounts of a series of related probe molecules in a constant
host system is more amenable to theoretical interpretation. Through
this approach we hope to learn more about the fundamental process of
diffusion in membranes. Systematic organic synthesis yielded an
homologous series of probe molecules with defined structural
differences (Figure 1.4) in two discrete dimensions.

The first series of probes resemble flexible cylinders with a

constant cross-sectional area which differ in length, smallest to

14




Figure 1.4: 1Idealized series of probe molecules. Series A differs
systematically in length. Serlies B differs systematically in radii.

These varliations are not to scale.
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largest, by an order of magnitude. This series derives from naturally
occurring isoprenoid alcohols. The smallest member of the series has
approximately the same length as the host phospholipid used in our
model membranes.

The second series of molecules we have synthesized possess a
constant length but differ systematically in radii. This graded
series results from the controlled polymerization of a novel thiol
bearing surfactant based on cis,cis-1,3,35-cyclohexanetriol triesters.

Both series of compounds permit us to examine the size dependence
of the lateral diffusion coefficient by systematically moving from
the free area regime shown in Figure 1.3 towards the larger molecule

regime governed by continuum mechanics and Saffmann-Delbruck Theory.
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CHAPTER TWO

THEORY OF DIFFUSION IN TWO DIMENSIONS
2.1 Velocity Autocorrelation Function

Time correlation functions are one of the most active and
fruitful areas of research in nonequilibrium statistical mechanics.
Green'’'? and Kubo? in the 1950s, showed that the phencmenological
coefficients describing many transport processes could be written as
integrals over the appropriate time correlation functions.

A classical time correlation function, C(t), is defined as an

ensemble average governed by Equation 2.1.
c(t) = I...I dp dq A(p,q;:0) Alp,q;t) £(p,q) (2.1)

In Equation 2.1, f(p,q) is the equilibrium phase space
distribution function and dp, dq are the generalized momentum and
position coordinates for the particles in the ensemble. A(p,q;t)
could be any dynamical variable which is a function of position,
momentum, and time. Force and velocity are frequently used.

The complicated integral in Equation 2.1 is usually written in a
shorthand notation using angular brackets which signify the ensemble

average.
C(t) = <A(t) A(0)> (2.2)

When the ensemble averaged variables are the same, C(t) is

referred to as an autocorrelation function. If the physical system of




interest 1s Markovian, the ensemble average may be calculated as an

average over time. The time average is shown in Equation 2.3.

t!
A A = ln 1 [ A A ar (2.3)
t’» @ t’ 0
The diffusion coefficient, one of the phenomenological

coefficients mentioned above, is the time integral of the velocity

autocorrelation function.

D = I <v(t) v(0)> dt (2.4)
0

Molecular dynamics experiments on model systems of hard disks and
hard spheres, performed by Alder and Wainwright?'s showed that the
velocity autocorrelation function decays asymptotically as t_d,/z
where d’ is the dimensionality of the system.

The unusual persistence of velocity implied by the long time tail
of the autocorrelation function has been related tov a vortex flow
about the particle under study? The effect of the vortex, at low
densities, is to reduce the 'drag’ on the particle resulting in a long
lasting positive correlation in the velocity of the particle.

The long time tail causes the integral in Equation 2.4 to
diverge in two dimensions. This has led to the conjecture that there

7.8 and the notion of a

are no hydrodynamics in two dimensions
two-dimensional diffusion coefficient is misleading.

Saxton’ has argued against the invalidation of two-dimensional
diffusion measurements based on molecular dynamics simulations. The

vortex structure which causes the long time tail has an energy per

particle in the vortex structure which is small compared to KT® The
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divergence of _he velocity autocorrelation function has been
demonstrated for model systems which have purely repulsive potential
energy functions! ®'1%' ! A real world system like our membranes,
however, involves attractive potentials and internal degrees of
freedom. A small amount of cohesive energy could destroy the vortex
structure.

Of more significance, with respect to our work, is the fact that
bilayer membranes are not two-dimensional structures Due to its
anisotropic nature, the bilayer is frequently considered
two-dimensional but it clearly is not. Not only is the bilayer itsglf
three-dimensional, but lipids in the bilayer are coupled to the
surrounding media by hydrogen bonding between the headgroups and
water. True cells, seen in the light of the Singer Nicolson Fluid
Mosaic modelf2 possess a great number of membrane constituents such as
proteins and glycolipids which may project a great distance into the
aqueous phase. The coupling between the bilayer and agqueous phase in

fact is required for a continuum mechanics treatment of diffusion so

as to avoid Stokes’ Paradox.

2.2 Stokes’ Paradox

In a three-dimensional system the application of a steady force
per unit length perpendicular to an infinitely long cylinder gives rise
to an infinitely large translational velocity. This is Stokes’
Paradox'®''* It has its origin in the inability of the linearized

Navier-Stokes Equation to simultaneously satisfy the boundary

conditions for the flow at the particle surface and at infinity.

23



Stokes’ Paradox also appllies to the translational Brownian motlion
of particles in a two-dimensional sheet?S A cell, however, as pointed
out above, 1is surrounded by a three-dimensional fluld medium which
comprises the inside and outside of the cellular structure. Coupling
of the two-dimensional motion of a membrane particle to the
surrounding medium induces reaction forces on the membrane. These
forces permit a solution to the Navier-Stckes Equation in the membrane

which can satisfy all the boundary conditions simultaneously!6
2.3 Saffman-Delbruck Theory

Saffman and Delbruck15 modelled the diffusion of proteins in
membranes by coupling the external medium to the equation of motion
for the fluid in the sheet. Their model treats the fluid as a
continuum characterized by a viscosity, u', through which a protein,
regarded as a cylinder of diameter d and height h, diffuses with its
axis perpendicular to the plane of the sheet under Brownlan motion.
The surrounding water, in the Saffman-Delbruck model, has a viscosity
# which must be much less than that of the thin fluid layer.

7,18 suggest this

Estimates of the viscosity of the membrane interior’
is a reasonable approximation. Hughes et. a136 have examined the
rigor of this assumption in detail. Figure 2.1 illustrates the

hydrodynamic model of Saffman and Delbruck. The Saffman-Delbruck

expression for the diffusion coefficient is given by Equation 2.5.

0 -l (w2 - ) 2.5)




Figure 2.1: Illydrodynamic model of Saffman and Delbruck. The protein
is represented as a cylinder of height h and diameter d, diffusing in
a thin sheet with viscosity pu'. The viscosity of the surrounding

aqueous phase is pu.
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Variables in Equation 2.5, not mentioned above, include Boltzmann’s
constant k, Euler’s constant 7, and the absolute temperature T.
Saffman and Delbruck have also developed a theoretical expression for
the rotational diffusion coefficient using the same model’®

One should note that there is no dependence of the diffusion
coefficient on particle mass in the Saffman-Delbruck Equation. This
is a continuum mechanics approach to diffusion and so, in common with
the Stokes-Einstein Equation, D is dominated by viscous forces not
inertial forces. In terms of fluid dynamics one would say the fluid
sheet has a low Reynold’'s number > °

Equation 2.5 has a functional form which is immediately amenable
to experimental examination. In particular one should note the
dependence of D on the cylinder radii is particularly weak. The weak
dependence of D on particle radius has been examined in three
publications from the early 1980's. Vaz et. al?o used FPR to measure
tracer diffusion coefficients of three labelled integral membrane
proteins in phospholipid membranes to show experimentally there was
little change in D with size. The proteins rhodopsin,
adenosinetriphosphatase, ard acetylcholine receptor have molecular
weights of 37 000 g/mol, 100 000 g/mol, and 250 000 g/mol
respectively. Using radii provided by independent X-ray and neutron
diffraction studies, the Saffman-Delbruck Equation gave absolute
diffusion coefficients in good agreement with experimental values.

These studies were extended by Vaz et. a1?! to monomers and )
covalently linked tetramers of the acetylcholine receptor protein.

Fluorescently labelling these proteins permitted the measurement of D

using FPR in bilayer membranes of soybean lipids. Once again there is



little difference in the observed lateral diffusion coefficient for
the two species although their radil differ by approximately a factor
of three. Based on Equation 2.5, one may calculate, for a membrane
thickness of 10" m and a viscosity of 1 Poise, that changing the
radii by a factor of three should result in a reduction of the
diffusion coefficient by approximately twenty fiye percent. This
calculation assumes a water viscosity of 0.01 Poise. While Vaz et.

21
al’

did not observe this great a reduction, twenty five percent also
approaches the error associated with the FPR technique ‘n membranes.

Peters and Cherry22 evaluated the Saffman-Delbruck Equation by
measuring the lateral and rotational diffusion in phosphatidylcholine
membrancs of a well characterized protein, bacteriorhodopsin. The
ratio of the two diffusion coefficients yields, after a simple
calculation, the hydrodynamic radil of bacterliorhodopsin. The value
obtained is in reasonable agreement with the electron microscopy
results of Henderson and Unwin?®

Peters and Cherry22 also examined the dependence of the lateral )
diffusion coefficient for bacteriorhodopsin as a function of the water
viscosity. Adding sucrose to the aqueous phase changed the viscosity
from 0.76 to 9.54 centiPoise and resulted in an approximately two-fold
decrease in the diffusion coefficient. 'This agrees very well with the
prediction of Equation 2.5 and also suggests that the bulk viscosity
of the aqueous phase is a faithful indication of the viscosity at the
membrane surface.

There have been attempts to account for the lateral diffusion of
20,22

the host lipid in a membrane using Saffman-Delbruck Theory.

Fundamentally this approach is wrong since the self diffusion of the
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lipid cannot be considered a continuum mechanics - Brownian motion
type problem since individual collisions and correlated motion of
other lipids is important. In three dimensions, continuum theories
are semi-quantitative when the diffusant is much larger than the
solvent, but are poor when the diffusant size approaches that of
the solvent2%’?3 Lipids diffuse faster than predicted by Equation 2.5
and their rates of motion are independent of the depth of penetration
of the labelled lipid in the host membraneZ® The independence of D on
the depth of penetration is contrary to the Saffman-Delbruck model.
The Saffman-Delbruck Equation adequately describes the tracer
diffusion of proteins in model lipid membranes above the phase
transition. It does not work well in realistic cell systems”'28

which have large and diverse protein concentrations, phase segregated

regions, and cytoskeletal obstructions.

2.4 Free Area Theory

The self diffusion of lipids in a model membrane is best
understood in terms of kinetic theories of diffusion. Free Volume
Theory introduced in 1959 by Cohen and Turnbull?®? was a very
successful early theory of diffusive motion in hard sphere systems. A
two-dimensional analog was first applied to lateral diffusion in

3% in 1979.

membrane systems by Galla, Hartmann, Theilen, and Sackmann
Phospholipids in the liquid crystal phase may be viewed as an
array of closely packed rods. If one thinks of the two-dimensional

projection of this system, one may treat it as a two-dimensional array

of hard disks. An idealized array of hard disks, meant to represent



one surface of a bilayer membrane, is shown in Figure 2.2. Free Area
Theory treats the diffusive motion within each leaflet of the bilayer
membrane as distinct systems with little or no interaction.

The basic assumption of Free Area Theory is that each lipid in
the bilayer array is confined to a cage formed by its immediate
neighbors. The liplid will move within thlis cage until fluctuations in
density open up a hole large enough to permit a substantlal lateral
displacement. Diffusion thus occurs as a result of the
redistribution of free area in the lateral plane of the membrane.

Density fluctuations arise naturally from a consideration of
equilibrium statistical mechanics. In a two-dimensional analog of
the grand canonical ensemble, where area, temperature, and chemical
potential are held constant, the standard deviation of the particle
density is given by Equation 2.6.

c, = E[kr.c] (2.6)
d A

In Equation 2.6, ¢, is the standard deviation of the density, d is the

d
average density, k is Boltzmann’s constant, T is the absclute
temperature, x is the isothermal compressibility in two dimensions,
and A is the observation area.

'32 Jssumes that the large scale diffusion

The Free Area Theory31
coefficient can be written as the convolution of a diffusion
coefficient D(a) and the probability p(a) of a void of area a being

formed.

D = I, D(a) p(a) da (2.7)
a

30




Figure 2.2: 1Idealized array of hard disks. This array represents the
the projected area of phosphollipids comprising one slide of a bilayer
membrane. Free Area Theory considers diffusion in such a system to
result from discrete jumps of individual molecules into voids opened

by lateral density fluctuations.







D{(a) will be zero unless the free area is larger than a critical area,
a', Just large enough to permit another lipid to move in after the
displacement.

The average distribution of free area, p(a), for a system of hard
disks in which no energy change is assoclated with a redistribution of
the free area may be derived, similarly to the Boltzmann distribution,
using Lagrangian multipliers and information theory. The result is
the probability as a function of af, the average free area, and { which

is a numerical constant.

pla) = [ ¢/ ag ] exp [ -ga/ ag ] (2;8)

The average free area, a_., is the difference between the average area

f.

per molecule and the close packed area per molecule. Since D(a)
varies little with a, it may be removed from the integral in Equation

2.7 and D is expressed according to Equation 2.9.
» ] ’
D = D(a) Pla) (2.9)
» L
P(a ) is the probability of finding a hole of area exceeding a .

P(a.) = I « Ppla)da (2.10)

= exp [ - a' / ac ]



Hence the final result is:
L 4 »
D = D(a) exp [ -C¢a [ag ) (2.11)

D(a') may be expressed in several different functional forms?1

The Free Area Theory predicts an extremely steep dependence on
the critical area for diffusion a‘. The theory also predicts
that molecules occupying less area than the solvent will diffuse at
the same rate as the solvent since a diffusive step is only completed
when a neighboring solvent molecule moves to occupy the void. The
temperature dependence of D, as described by Equation 2.11, does not
arise explicitly, however, both ag and D(a.) must themselves be
functions of temperature.

By analogy to Free Volume Theory, the average free area may be

written in terms of the coefficient of thermal expansion a?3

a = 3, [ B +a (T - Tm) ] (2.12)

In Equation 2.12, a, is the van der Waals molecular area, a is the

0
coefficient of thermal expansion in two dimensions, Tm is the
temperature of the main phase transition for the host lipid, and aOB
is the free area at the phase tranzition.

Equation 2.11 is not as amenable to experimental examination as
the corresponding expression, Equation 2.6, derived using continuum
mechanics. Nevertheless, Equation 2.11 has been the object of rather

more scrutiny. Two groups have investigated directly the exponential

dependence of D on the reciprocal free are.. McCowan et. al?4 were

able to change the dilation of phospholipid multibilayers through
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relative humidity changes. Changing the relative humidity altered the
degree of hydration of the host phospholipids and thereby the
intermolecular spacing. They were able to correlate the relative
dilation of the membrane surface, through X-ray diffraction, with
diffusion measurements of NBD labelled phosphatidylethanolamine lipids
(NBD-PE) in the membrane. As predicted by Free Area Theory, a plot of
their data as ln (D) versus l/af is linear.

Peters and Beck?s in a particularly elegant experiment, measured
the lateral diffusion of NBD-PE sequestered in moncldayers of
dilaurylphosphatidylcholine formed at the air-water interface of a
Langmuir-Blodgett trough. They were able to directly measure and
control the average free area per mole-ule by compression of the
monolayer with a movable barrier. Their data plotted as Iln (D) versus
l/af is also linear.

Nonnenmacher36 has recently propcsed a meodification to the Free
Area Theory. His renormalization group approach to the problem
presumes that the fluctuations responsible for the creation of a hole
within the context of the Free Area Theory do not operate on a single
characteristic scale, but have many different length scales.
Renormalization group theory is a mathematical strategy for dealing
with problems of many different length scales. Nonnenmacher explained
minor deviations from the ln (D) versus 1/af plot of Peters and Cherry
using this approach. It should be emphasized the deviations were very
small.

Surprisingly, the structure of the lipid analogs used to measure
dirfusion in phosphatidylcholine (PC) membranes, above the main phase

transition, seem to have little effect on the measured diffusion
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coefficient. Carbocyanine dyes with long alkyl chains from six to
eighteen carbon atoms?7 phospholipids labelled in one of the acyl
chains?7 phosphatidylethanolamine labelled in the head
group?7’3acholesterol labelled at the end of the hydrocarbon tail?8
and labelled phosphatidylethanolamine37 with only one acyl chain all
seem to move at the same rate. This rate, dependent on temperature, is
ap.roximately 5 x 1072 m™",

The translational diffusion coefficient does not vary, in the
liquid crystal phase, with the acyl chain length of the labelled lipid
probe. While the differences in length for the NBD-PE used by Vaz e@.

26,33
al’™’

are not large (six carbons (1.13 nm) to eighteen carbons (1.53
nm)) if the viscosity of the membrane interior were at all impcrtant
one might have expected some effect. This independence of diffusant
depth is contrary to the expectations of continuum theory but supports
the Free Area model where the headgroup limited area is the
restricting feature.

Vaz et. al’® have also explored the effect on lipid diffusion of'
varying the host lipid. Such comparisons are complicated, however, by
the varied phase transition temperatures of the lipid solvent. They
showed that the longer the acyl chains of the lipid solvent, the
faster the diffusion of NBD-PE at the same reduced temperature. The
reduced temperature is (T-Tm/Tm), where Tm is the main phase
transition temperature. These results agree with Free Area Theory
since experimentally it is known that the free area of the host lipids
increase as their length increases, at the same reduced temperature.

Arrhenius plots of 1n (D) versus 1/T of lipid probes in PC

memb:anes are frequently non-zinear?3 Whether this non-linearity is
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due solely to the form of af (Equation 2.12) or to a temperature
dependence of the pre-exponential term D(a‘) in Equation 2.11 is
difficult to say a priori. D(a.). whatever its exact form, will have
some temperature dependence. Apparent activation energies measured
from plots of ln (D) versus 1/1 generally range from four to eight
kcal per mole>?

Despite the nearly universal acceptance of the Free Area model
for lipid diffusion, there are several deficiencies. The
intermolecular potential between particles is assumed to be a hard
disk repulsion. There is, however, a significant attractive potential
between phosphatidylcholine lipids in a bilayer. Modifications have
been proposed to the Free Volume Theory to account for such attractive
potentials in real fluids®® The Free Area Theory also has no
dependence on particle mass. Molecular dynamics results on impurity
diffusion in hard sphere fluids®' show that light particles, smaller
than the solvent, diffuse slowly since they lack the momentum to push
their neighbors aside. Similar effects could be expected in two
dimensions. Despite these limitations, as a model which reflects the
gross physical characteristics of the system, the Free Area Theory has
been remarkably successful.

There has been no attempt to test the model by measuring the

diffusion coefficient of probe molecules which have alkyl chains much

longer than the host lipid. Neither has there been any attempt to
examine the effect of changing a‘, t » critical area for diffusion,
using probes systematically larger in the head group region than the
host 1lipid. Equation 2.11 suggests the diffusion coefficjent should

*
be very sansitive to increasing a .
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CHAPTER THREE

METHODS

3.1 Fluorescence Photobleaching Recovery - General Theory

Fluorescence Photobleaching Recovery (FPR) is a microscopy-based
technique which has been applied with great success to mobility
measurements of fluorescently labelled, or natively fluorescent,
biological molecules in cells and model membranes'’? While the
technique is not limited to biological samples, its development
occurred within the cell biology community and its applications have
focused, for the most part, on questions relevant to this community.

Fluorescence is, from a number of respects, an ideal phenomena on
which to base mobility measurements. The sensitlivity of fluorescence
is virtually unparalleled. Microscopic detection of single molecules
using fluo~escence is within the grasp of today’s technology? The
organic chemistry of fluorescent labelling is well developed, and a
large variety of fluorophores specific for a range of common and
uncommon functional groups are commercially availablef'5 Most
fluorophores irreversibly photolyze under prolonged or intense
irradiation. This photolysis, or photobleaching, renders the molecule
non-fluorescent. It is usually an inconvenience to the
experimentalist; however, it may be exploited to create macroscopic
concentration gradients of bleached and unbleached fluorophores in a )
sample under study. The relaxation of these gradients is governed by
the diffusion equation. The combinations of sensitivity (inherent to

fluorescence) and specificity (through the labelling reaction) plus
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the ease of photochemically imposing concentration gradients on the
system, means that tracer diffusion coefficients of a large range of
biological molecules may be measured using the FPR technique.

Poo and Cone? in 1974, first used these principles to make a
measurement of the lateral diffusion coefficient of the fluorescent
protein rhodopsin in the retinal disk membrane. Their work was
closely followed by Liebman and Entine7 on the same system and by
Peters et. al® who measured the lateral diffusion coefficient of
labelled proteins in erythrocyte membranes. Since 1976, a large
number of laboratories in the world, although only one in Canada, have
acquired the capability of making such diffusion measurements. The
methodology for making these measurements differs little from
laboratory to laboratory and will be outlined below.

The technique, which is also known as FRAP (Fluorescence Recovery
after Photobleaching), is conceptually very simple. A focused laser
beam of low intensity, irradiates a surface or region of interest,
frequently a cell, chosen by manipulating the sample mounted in the
image plane of a fluorescence microscope. Within this irradiated
region, molecules with an attached or native fluorophore will
fluoresce. The intensity of the fiuorescence, which is an
indicator of concentration, is measured.

Photobleaching the same region of space with a brief, very
intense pulse of light results in the irreversible photolysis of an
intensity dependent fraction of the fluorophores. This photolysis
macroscopically imposes a concentration gradient on the system which
will relax according to Fick’'s Laws.

The recovery of the fluorescence signal after photobleaching
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occurs as unbleached fluorophores diffuse into the observation region
(Figure 3.1). This recovery is measured as a function of time using
the original weak observation beam and may be characterlzed, knowing
the geometry of the system, by a lateral diffusion coefficient
extracted from the exponential recovery of the signal.

The various groups world-wide have diverged in the geometry
employed to bleach and observe the fluorescence’ !! The discussion
which follows is specific to the so-called spot photobleaching
technique which is conceptually among the simplest variants and is the
most crmmonly used. It is also the method used in this work.

3.2 Spot Photobleaching Technique''?

The spot photobleaching method requires a cylindrically symmetric
laser beam with a Gaussian radial intensity. The bleach and monitor
beams are extracted from the source beam by a pair of beam splitters
as shown in Figure 3.2. The result of the two beam splitters is two
discrete, yet concentric, beams of vastly different intensity. The
intensitlies usually differ by a factor of three to four orders of
magnitude.

The fluorescence intensity, measured as a photocurrent f(t), as a
function of time t depends on the concentration of fluorophore C(r,t)
at position r. The position r is measured radially in the plane of
focus from the optic axis.

f(t) = (@eQ/A) J I(r) C(r,t) d°r (3.1)

o




Figure 3.1: FPR bleachs/recovery sequence. Fluorophore (o) is
irradiated by the monitor beam and an initial fluorescence level F(-)
measured. At time zero the sample is exposed to the bleach beam and a
portion of the fluorophore in the beam destroyed (o). The observed
intensity at this point will be F(0). Lateral diffusion results in a
time dependent increase in the observed fluorescence, F(t), as the
concentration gradient decays. An infinite time later, or an
approximation thereto, the fluorescence intensity F(w) will have

recovered to a maximum level. Frequently this recovery is complete.




44

F(o)
F(-) i
(o]
° -
o) , ,' \\\ o
4 (o]
- -y o ° \
,/’ ° \“ i l' ) o
o/’ o (o] ‘\\ | (o] ° ® :
4 o |
} } \
‘ ' o . ) ’I
\ o To) ’ \~ ) o
(o] S (o) ’ -
o
(o]
F(o0)
F(t) Floo)
- ©
- .
o] ¢ o . \\
o / 0 o
L4 ~~ \ .
7o o / \
o / o\ : A ) '
, ’ ‘ > l o 0
[ \ . l \
01 o © Vo \ ,
‘ °/ “\©% o v
\\ ® ,I ) o \.._—’/ o
\“2"1
° ]



Figure 3.2: Beam splitters. The beam splitters, Bl and B2, shown as
inset a) yield a pair of concentric gaussian beams with intensities
that differ by three or four orders of magnitude. The path of the
stronger beam is indicated by the thick line. The dotted, thick line
shows the path of the bleach beam -hen shutter S2 is open. Mirrors
M1, M2, and M3 direct the beam, while shutter S1 limits the incident

beam.
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Equation 3.1 expresses this fluorescence intensity as a convolution of
the concentration and incident laser intensity. The variables € and Q
respectively are the fluorescence excitation and emission coefficlents
of the fluorophore, and g accounts for the other signal losses. The
integration limits may be extended to infinity without contradicting
the experiment since the integrand decays quickly to zero. The
quantity A is the attenuation of the beam in the observation, or
monitor, phase of an experiment relative to the bleaching intensity.
As mentioned above, A wil! be three or four orders of magnitude.

The integration in Ecuation 3.1 extends over the plane of the
membrane. Since the laser is operated in TEM00 mode, the laser
intensity is Gaussian when projected into two dimensions and is given
by Equation 3.2.

I exp ( -2r° / w’) (3.2)

I(r) 0

(2P /nw’) exp (-2r° / w?)

In Equation 3.2, P is the laser power incident on the surface and w is
the radius Jf the bram. The radius w is the r value at which the
intensity falls to exp(-2) of its maximum value. The width w may be
calculated but is usually measured experimentally?

Exposure of the sample to a brief pulse of the intense bleach
beam results in the irreversible destruction of fluorophore in the
observatlon area. If the bleaching is a first order process, as is -
usually assumed, then the rate of photobleaching is given by

Equation 3.3.
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d C(r,t)

at - @d I(r) C(r,t) (3.3)

In Equation 3.3, ¢d is the quantum yield of photodestruction.
Integrating Equation 3.3 ylelds the fluorophore distribution

immediately after the bleach pulse.
C(r,0) = C exp ( —Od I(r) t*) (3.3)

In Equation 3.4, C is the initial average fluorophore concentration
and t’ is the length of the bleach pulse. If K =2 I0 t’ is used as a
measure of the extent of bleaching, then the post bleach concentration
as a function of r will be the exponential of a Gaussian. The

variable A is the photobleaching rate constant. Hence C(r,0) is given

by Equation 3.5 in terms of K.
C(r,0) = C exp { - Kexp (-2 re / W’ )} (3.5)

The post bleach concentration distribution C(r,0) is considered time
zero because it is the initial bouniary equation used to solve the

two-dimensional time dependent diffusion equation, Equation 3.6.

8 C(r,t) D) 4 r a C(r,t)
_— = _] — s —— (3.6)
at r ar ar

The solution to Equation 3.6, C(r,t), is used in Equation 3.1 to

characterize f(t), the observed fluorescence signal. The recovery of

f(t) is given by the series solution, Equation 3.7'2




-1

o
n
£(t) = [g eQP C] Z(;K,) { 1+n (1+ Zt/‘td)} (3.7)
—_— .
n=0

The characteristic time for diffusion, in Equation 3.7, is T, = w/aD.

This analysis presumes that photobleaching by the menitor beam is
negligible during the recovery and that diftfusion is the only physical
process contributing to the recovery.

Operaticnally one extracts diffus’ coefficients from the
measured recovery using Equation 3.8, which allows for the fact that

not all the fluorophore may be free to diffuse’

F(t) = X F(-) f(t) + (1-X ) F(0) (3.8)
m m

In Equation 3.8, F(t) is the absolute fluorescence measured as a
function of time after the bleach, F(-) is the intensity immediately
before the bleach, and f(t) is the relative fluorescence due to mobile
f luorophore according to Equation 3.7. The fraction of fluorophore
mol-ile on the time scale of the experiment is Xm and F(0) is the
absolute fluorescence immediately after the bleach pulse.

The mobile fraction Xm is defined according to Equation 3.9 where
F(o) is the fluorescence intensity reached an infinite time, or an
approximation thereto, after the bleach?

[F(w) - F(O)]

m _ TF(-) < F(0)) (3.3

The experimental fluorescence recovery is fit to three parameters
using Equation 3.8. The three parameters are the characteristic time

for recovery T, the blzaching parameter K, and the mobile
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fraction, xm. The fitting procedure13 uses the series solution of
Equation 3.7 ({runcated where possible) and fits iteratively to all
three parameters. Prior to fitting, the data is piece-wise smoothei
using linear least squares smoothing to third order polynomials“'15
Thirty representative data points are used in the fitting procedure.
Their distribution is not uniform through the whole recovery curve but
is skewed toward the early, steeply rising, portion of the recovery.
The effect of this bias is to increase the precision in the T, fit at
the expense of Xm and K. This is desirable, however, since T, is

inherently the mrre difficult parameter to fit, as well as being the

parameter of the most physical interest.
3.3 Experimental Artifacts in FPR

Objections have been raised to the FPR technique on a number of
fronts. Experimental artifacts caused by the photobleaching chemistry
are of the greatest concern. While singlet oxygen is believed to be
involved in the photorleaching process}s the evidence is
circumstantial and the mechanism is essentially unknown. The
potential exists for serious collateral damage to the membrane.
Concern is, of course, heightened when dealing with the complicated
morphology of a cell membrane. The gravity of this problem has
attracted the attention of many research groups?."21 The consensus
appears to be that brief exposure of the system probably does not
induce widespread damage to the membrane and its constituents.

The ur.certain photochemistry of the photobleaching reaction means

that the presumption of a first order irreversible reaction is
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difficult to prove. That the photolysis occurs is unquestioned. Of
greater concern than the actual kinetics is the question of
irreversibility. This is easy to test experimentally. Bleaching the
entire vesicle should result in the total destruction of resident
fluorophore. Any recovery of fluorescence in the vesicle means the
reaction is, at leas’ tc certain extent, reversible. Such does not
appear to be the case.

Thermal artifacts have the potential to disrupt the diffusion
measurement as well. If the bleaching pulse (or the monitor beam)
produced substantial local heating, the resultant measurement would
be suspect. The relative scarcity of fluorophore in the membrane for
a typical application and the high specific heat of the water in an
aqueous membrane environment conspire to produce a negligible local
temperature jump.z2

The FPR technique ylelds a two-dimensional measurement because of
the restrictive geometry of the membrane. The incident laser beam
must, however, traverse three-dimensional space before reaching the
focal plane. Fluorophores above and below the plane of focus will be
irradiated by the out of focus beam and may contribute to the observed
fluorescznce vignal. Detection of the out of focus fluorescence ic
minianized by an image plane pinhole (Figure 3.3) installed in front
of the detector. The pinhole reduces the background fluorescence by

A pinhole

detining a depth of focus compatible with the beam size?
size of 0.4 mm, convoluted with a beam of 1.1 um width in the focal
plane, results in a sensitive volume of roughly cylindrical shape

which has a long axis extending approximately 6 pm above and tzlow the

plane of focus. The 6 um height corresponds to an intensity which,




Figure 3.3: 1Image plane pinhole. Fluorescence, collected by the
cbjective lens, traverses the dichroic mirror and is focused on the
aperture of an image plane pinhole. Only fluorescence originating in
the objective plane of focus, or a small region surrounding it, will

pass through the image pinhole. The thick incident line is the

monitor laser beam.
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relative to the central intensity, is exp(-4) less.

The image pinhole cannct discriminate against fluorescence
which originates from a series of closely spaced, multilamellar
membranes. These multilamellar systems result from the method we use
to form model membranes. The spacing is so close (less than 1 um)
that if one focuses on the surface of a hollow multilamellar assembly,
there is little divergence of the laser beam over their thickness and
little effect of the image pinhole. Since the multibilayers are
discrete layers, they have the same diffusion coefficient. The
effective intensity observable is higher, however, which makes the

multibilayer assembly attractive to work with.

3.4 FPR Hardware

The laser used in this work is a Coherent Inc. Innova 70 Four
Watt Argon ion laser. The laser operates at 476.5 nm in light
regulation mode at 100 mW. Timing of the bleach and monitor beams is
controlled by a Digital Equipment Corporation Minc 23 microcomputer
with a VT 105 display terminal. The intensity of the bleach and
monitor beams is attenuated by placing neutral density filters in the
optical path of the microscope, before the sample. In a typical
experiment the neutral density filter is 1.5 0.D. and the bleach and
observation beams are approximately 3 mWatts and 1 uWatt respectively
at the sample. The fluorescence intensity incident on the detector
is lowered as required by placing a second neutral density filter in

the optical path after the sample.

The fluorescence microscope used in our FPR instrument is a Zeiss

54




Universal model fitted for epi illumination. A dry ice cooled RCA
31034A photo multiplier tube (PMT) is fitted to the top of the optical
column. The output of the PMT, fed through an amplifier/discriminator,
also feeds to the Minc microcomputer. A 140 mm focusing lens is
installed on the optical bench behind the microscope to focus the
laser beam onto the image plane of the microscope. The objective lens
used was a x40 power water immersion lens with a numerical aperture of
0.75. The combination of the 140 mm focusing lens and x40 objective
lens produce a beam with w = 1.1 um in the focal plane.

Altering the time base of the experiment through the Minc
computer and adjusting the laser intensity with neutral density
filters permits the measurement of diffusion coefficients which range
-17 2 -1

to 107! m2s7t.

over six orders of magnitude, from 10
Computer control of the fluorescence acquisition permits an
immediate reconstruction of the experimental recovery on the VT 105
terminal. If desired, the file is saved onto a floppy disk, then
uploaded on completion of the day's experiments to the University of
Western Ontario’s Vax 6330, as a batch job, for fitting and plotting.
Plots, for example Figure 3.4, may be produced using a Dataproduct’s
2600 laser printer or a Calcomp 1044 flat bed plotter located in the

university’'s computer center. Plotting is controlled by a customized

DI-3000 graphics program.

3.5 FPR Measurements on Model Membranes

The bulk of the diffusion measurements in this work were made

using dimyristoylphnsphatidylcholine (DMPC) as the host lipid in model




Figure 3.4: Sample FPR experiment. Average of three bleach/recovery
cycles measured with 3° NBD 11C monomer in a DMPC model membrane at
29 °C. The bleach pulse lasted 4 msec, each channel in the figure is
10 msec. The diffusion coefficient is 5.5 x 1072 n®s™ and the
mobile fraction 0.99. The fluorescence intensities F(-), F(0), F(t),

and F(w) correspond to those of Figure 3.1.
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membranes. Myristic acid, the fatty acid in DMPC, has fourteen carbon
atoms in the long hydrocarbon tail. DMPC was chosen for this work
since its phase transition temperature, Tm. is 23 °C. This is a
convenient temperature to work with since it permits one to work both
above and below this phase transition with relative ease. By
contrast, dipalmitoylphosphatidylcholine (sixteen carbons) undergoes
the same phase transition at T = 41 °c, while for
dilaurylphosphatidylcholine (twelve carbons) Tm =0 °C. DMPC, (Fluka)
was us2d without further purification.

Temperature control of the hydrated DMPC vesicles was achieved
with a Cambion Bipolar temperature controller with a microscope stage
sub-assembly. The nominal temperature range of the controller is
from 0 °C to 50 C. Temperature measurements were made by dipping a
small 100 kQ thermistor (YSI 44011) into the water surrounding the sample
near the point of measurement. Translation of the resistance reading,
with the manufacturer’s (Yellow Springs Instrument Co.) calibration
table, led directly t> a temperature reading in degrees Celsius.

Samples were prepared using the conventional technique, with some
modifications, of Kapitza et. al?4 Generally 0.5 umol of lipid and a
small amount (less than 0.1% on a molar basis) of NBD labelled material
were applied as a 50 pL droplet in a 2/1 chloroform/methanol solution

to the surface of a clean, dry circular glass coverslip of 18 mm

diameter. The slide was heated to 40 °C and the lipid film dried

under a weak flow of nitrogen. The coverslip and film were put under
high vacuum for eight hcurs, then lowered slowly (lipid film down) onto

a clean 22 mm diameter glass coverslip with a 300 or 400 ui droplet of

doubly distilled deionized water on its surface. The two slides, forming a
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lipid/water sandwich, were sealed together with hot wax and stored
overnight in the dark at 40 .

The samples were inverted and mounted in a hollow disk of copper
preparatory to FPR measurements. An axially symmetric hole in the
bottom of the Hisk was covered with a glass coverslip to permit light
transmission. The disk was filled with water, covering the sample,
and a light film ot thermally conducting grease (Wakefield
Engineering) was applied to the bottom of the disk.

The hydrated lipid film swells spontaneously (over several hours)
to form large multibilayers. Many of the multibilayers so formed were
greater than sixty pum in diameter. The multibilayers were examined
and the laser beam positioned using phase contrast optics. The laser
beam was focused on the top surface of the multibilayers under study
by adjusting the microscope’'s tine focus until a bright spot of
fluorescence was observed through the microscope eyeplece.

Vesicles made using this method were exceptionally plentiful.
Those chosen for experiments were generally large and multilamellar
but with a hollow core. Large vesicles were preferred since their
curvature is less than small vesicles and their surface is much larger
than the beam size. Equation 3.1 is derived for a flat surface of
infinite size. Large vesicles are a close approximation to this
idealized system. Control experiments showed no systematic difference
in diffusion coefficients measured on true unilamellar bilayer
membranes and the more plentiful multibilayers. Multibilayers were
preferred due to their ease of detz2ction with the phase contrast
optics and, as mentioned above, their sironger fluorescence

Diffusion measurements on vesicles in the liquid crystal phase




were made ai 29 0C t1 %

C. For any one sample, typically five
measurements on each of four or five vesicles were made. Each of the
five measurements is an average of three bleach/recovery sequences.
The multiple bleach/recovery sequence improves the signal to noise
ratio and is permissible since samples in the liquld crystal phase
have mobile fractions of one. Standard deviations were calculated,
based on the discrete diffusion measurements, assuming a normally
distributed population. This protocol was followed for all

samples.

Diffusion measurements in the lipid gel phase frequently followed
measurements on the same sample in the liquid crystal phase. Gel
phase measurements were performed at 19 %c+1 °%. The slow diffusion
in this regime, and moblile fractions less than one, required
substantial attenuation of the bleach and monitor beams, longer
observation times and single bleach/recovery sequences. The long time
required for these measurements usually meant only one experiment per
vesicle although frequently more than five vesicles were measured.

Diffusion measurements, similar to those described above, were
performed using the fluorescent polyaromatic hydrocarbons tetracene

(Aldrich) and rubrene (Aldrich) sequestered in DMPC multibilayers.

The bilayers were formed by the conventional method.

3.6 Diffusion Measurements in Poly(propylene glycol) Polymers

Diffusion measurements of the NBD labelled polyisoprenoid alcohols

were made in a series of poly(propylene glycol) (PPG) polymers.

Polymers of average gram molecular weights 425, 725, 1000, 2000, 3000,
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and 4000 were purchased from Aldrich. These polymers have
viscosities, reported by Aldrich, of 80, 115, 150, 300, 600, and 930
centiPoise at 25 °C.

Samples for diffusion measurements in PPG matrices were prepared
as follows. Small aliquots of the stock NBD alcohol solutions were
added to a small glass ore dram sample vial. The so’vent was removed
under high vacuum yielding 1.4 nmol of the labelled alcohol as a dry
Jilm. To these vials, 400 ul of warm (40 oC) neat PPG was added. The
labelled alcohols dissolved readily in all the polymers.

Portions of the NBD containing polymer solutions were drawn into
small rectangular glass tubes by capillary action after dipping one
end into the warm polymer solution. The capillary microslides,
purchased from Vitro Dynamics Inc., were sealed on filling by hot wax
at each end. The microslides took from two to fifteen minutes to
fill, depending on the viscosity of the warm polymer solution. The
microslides had inside dimensions of 2 mm (width), 5 cm (length), and
100 um (depth).

The sample holder was a thin hollow disk of copper with three
shallow parallel grooves 2.5 mm in width, extending from one side of
the disk to the other. A glass coverslip fit into the bottom of the
sample holder to transmit light and permit the disk to be filled with
water. Once again, thermal grease was applied to the bottom of the
disk and the assembly malntained at 2S5 oC + 1 °C with the Cambion
temperature controller. Temperature measurements were made as
described for membrane studies.

Diffusion measurements on each of the three microslides (with

different samples) in the sample holder were made at two discrete



locations where five measurements were undertaken. Each of the five
measurements was an average of three individual bleach/recovery
sequences. Mobile fractions were, once again, unity. The laser beam
was focused at the midpoint of the capillary tube in both depth and
width. The laser and optics settings were the same as those used for
vesicle measurements with two exceptions. A neutral density filter of
1.08 0.D. was used to attenuate the bleach and monitor beams, and the
image pinhole was decreased to 0.25 mm for these measurements.
Diffusion measurements in isotropic solution were also made using
parrafin oil (heavy, white, Fisher) and glycerol/water media. The
same NBD labelled probes were investigated and the samples prepared as

described above.

3.7 High Performance Liquid Chromatography

A major challenge of this work was the preparation and handling
of small quantities of fluorescently labelled compounds. The purity
and identity of these compounds were a constant source of concern.
Reverse Phase High Performance Liquid Chromatography (HPLC) proved to
be an exceptionally useful quantitative means of monitoring the NBD
labelled compounds prepared.

The HPLC system comprised two Waters 510 pumps controlled by a
Waters automated gradient controller. A Gilson 231 programmable
sample injector and diluter were interfaced to the Waters system. A
Rheodyne model 7125 injector with a 20 uL sample loop was used for
manual sample injections. The detector was a Waters 490

multiwavelength detector. Output from the Waters detector was

&2



recorded or, a Goerz SE 120 analog chart recorder (two channels) and a
Waters 740 . tegrator (one channel). Fluorophores were observed at
480 nm.

All HPLC analyses used Waters C18 reverse phase radial
compression columns. The solvents used were isopropyl alcohol, methanol,
acetonitrile (all purchased from BDH) and water. All were HPLC or
spectroscopic grade. They were filtered and degassed before use.
Solvent compositions and retention times for individual compounds are

included with the details or their syntheses in the next chapter.

3.8 Steady State Fluorescence Measurements

Steady state fluorescence measurements in solution and in
vesicles were performed using an LS-1 fluorimeter manufactured by
Photon Technology International Flucrescence anisotropy
measurements, in the steady state, were made with the addition of the
proper polarizing optics.

Fluorescence emission measurements were performed by exciting the
NBD chromophore at 480 nm and measuring the emission intensity in 2 nm
intervals between S00 nm and 650 nm. Individual intensities at each
wavelength were the average of fifty dis;rete lamp flashes. The
entire emission was measured and averaged twenty-five times.

Numerical integration of the area'® under the emission curve from 500
am to 650 nm gave the total emission intensity. The excitation,
emission, and PMT monochromator slits were set for a 4 nm bandwidth.

The sample chamber of the fluorimeter was temperature controlled (31

0

Czt1 oC) with a circulating constant temperature bath.
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Fluorescence intensity measurements were made using NBD adducts
of undecanol, solanesol, and citronellol (synthesis described in
Chapter Four). Fluorescence measurements were also made with NBD
labelled cholesterol (NBD-cholesterol), palmitoylphosphatidylcholine
(NBD-PC), and phosphatidylethanclamine (NBD-PE). The
phosphatidylcholine analog (Figure 3.5b), labelled in the two-position
was purchased from Avanti Polar Lipids. Phosphatidylethanolamine,
labelied at the headgroup (Figure 3.S5c) was also purchased from Avanti
Polar Linids. Cholesterol labelled at the end of the hydrocarbon tail
(Figure 3.5a) was purchased from Molecular Probes.

Small unilamellar vesicles were formed by the ethanol injection
technique25 from DMPC doped with the NBD labelled molecules mentioned
above. The small unilamellar vesicles were formed by rapidly
injecting 40 ul. of ethanol solution, containing 0.5 umol of DMPC and
less than 2.5 nmol of NBD labelled material, into 2 mLs of rapidly
stirred 60 s aqueous solution. The aqueous solution was pH 7 TRIS
buft-r with 150 mmolar sodium chloride. Vesicles formed by this
method are .ypically between 150 and S00 Angstror~ .n diameter.

Stern-Volmer fluorescence quenching experiments were performed
with agreous Co®* as the quencher?6 Cobalt chloride hexahydrate was
purchased from Fluka. Vesicles for quenching experiments were formed
by irjeciion (previous conditions) into solutions containing the
appropriate cobalt ion concentration (0 - 20 mmolar). Correction was

made for the internal filter effect of the cobalt ion in solution.




Figure 3.5: a) NBD-cholesterol. Cholesterol labelled in the tail
group with NBD as a fluorescence probe (P). The NBD probe is describea

in Chapter Four.
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Figure 3.5: b) NBD-PC. Palmitoylphosphatidylcholine labelled in
an acyl chain with NBD as a fluorescence probe (P). The NBD prcbe i-
described in Chapter Four.

c) NBD-PE. Dipalmitoylphesphatidylethanolamine labelled
in the head group with NBD as a fluorescence probe (P). The NBD probe

is described in Chapter Four.
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CHAPTER FOUR

SYNTHETIC STRATEGY

4.1 Overview

The purpose of this thesis is to examine the effect of size and
shape on the lateral diffusion coefficient of probe molecules in model
membranes. As discussed in Chapter One, our approach to the problem
is experimental. The design of suitable probes was of critical
importance to the success of this endeavor. A synthetic strategy was
therefore developed which produced a comprehensive series of probes
that explore the size and shape dependence of the lateral diffusion
coefficient. Since the logic is complex, it is best to first outline
the strategy and the reasons for the choices of the molecules used.
This chapter is intended only to provide the gross features, the
rationales and to introduce the nomenclature associated with the
variety of molecules used. 7iae next chapter provides the details of
the synthesis, the checks on identity and purity, and the various

characterizations of the molecules.

4.2 Fluorophore

While other methods exist to measure diffusion coefficients in
model membranesf FPR is without equal ip membrane studies due to its
abllity to measure tracer diffusion coefficlents of specific
compounds. Paradoxically, the strength of FPR is also, !n many cases,

its greatest weakness. The sensitivity and specificity of the

~-—
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measurements accrue from the fact the fluorescence originates from a
labelled compound. The requirement for labelling, except for the few
cases where the probe is natively fluorescent, is the weakness of FPR.
Frequently, with large macromolecules like proteins, it is possible to
add fluorophore without concern as to the extent or nature of the
labelling? Fluorescently labelled antibodies are also commercially
available which permit indirect labelling of defined species through
non-covalent interactions.

The molecules we have synthesized are small on the scale of
biological macromolecules such as proteins. The nature and mode of
the attachment is thus of more importance with regard to alteration of
the labelled molecules properties. The label we have chosen to use is
based on N-methyl-4-amino-7-nitrobenz-2-oxa-1,3-diazcle {(NBD). NBD
(Figure 4.1) is very commonly used in FPR for two reasons. (1) It is
relatively small, and therefore hopefully minimally perturbing. (2)
NBD has favorable optical properties. It absorbs in cliose proximity
to the 476.5 nm line of -.a argon ion laser with an extinction

' mo1"'L?'? The Stokes’ shift of

coefficient greater than 20,000 cm
NBD yields an emission maximum at approximately 535 nm3** NBD bleaches
with relative ease and its fluorescence is readily quenched by uaterf
The polarity of the NBD moiety is uncertain, but must depend to
some extent on the nature of the linkage (R in Figure 4.1) used in the
labelling protocol. NBD itself seems to be sufficiently polar that it

partitions, when sequestered in a membrane, towards the aqueous

interface of the bilayer.s'6




Figure 4.1: NBD label. N-methyl-4-amino-7-nitrobenz-2-oxa-1,3~
diazole. This fragment is the predominant fluorophore used in this
thesis. Our organic syntheses utilized two derivatives of the basic
NBD unit. a) NBD-acid. NBD-acid was used to label alcohol
substrates. b) IANBD. The haloacetyl, IANBD was used to label thiol

bearing molecules.
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4.3 Linear Hydrophoblic Polymers - Variation in L

The first series of compounds synthesized were intended to
explore the effect of hydrocarbon interactions in the membrane
interior as a retardant to lateral motion. To investigate this
behavior, the ideal substrate should form an homologous series of
well-defined hydrophobic polymers that possess a ready means of
derivitization.

Fortunately, a naturally occurring hydrocarbon polymer satisfies
these criteria. The polyisoprenoid alcohols, ubiquitous in nature,
are monohydric alcohols composed of isoprene residues linked together
in head-to-tail fashion through ordinary carbon - carbon single bonds
(Figure 4.2). Short chain isoprenes are most prevalent in plants.
Molecules such as citronellol’ (2), nerol (2), farnesol (3), and
geranyl geraniol (4) are common constituents of fragrant essentlial
oils such as citronella, rose, and musk oil® Solanesol® (9) is the
major lipld component of tcbacco leaves. Long chain polyprenocls are -
more common in mammals. Dolichol10 in rat liver, for example, is
polydisperse with alcohols which range from fourteen to twenty-four
isoprenes in length.

Despite the common linear architecture, two major structural
differences occur in these polymers. Tﬁe first is the extent of
unsaturation and the second is the stereochemistry about the double
bonds. Saturated isoprenes, when present, typically occur as the a«
sub-unit. This is the case for citronellol and dolichol used in our
studies (Figure 4.2). Solanesol, the other isoprenoid alcohol we

used, has a partially unsaturated a-subunit. Solanesol also has all



Figure 4.2: Isoprenocid alcohols. The isoprenoid alcohols citronellol,

solanesol, and dolichol are naturally occuring hydrophobic polymers

amenable to derivatization with NBD-acid.
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1

trans stereochemistry about its nine double bonds? Dolichol is poly

cis with only the three terminal isoprenes possessing trans double
bonds. '

Citroneliol (2), solanesol (9), and dolichol (average 20) provide
the homologous, hydrophobic linear polymer series we need to
investigate dynamic interactions in the membrane interior. Their one
functional group, an alcohol, immediately suggests an esterification
as the mode of fluorophore attachment. N-methyl-N-(7-nitrobenz-2-
oxa-1,3-diazol-4-yl)-6-amino hexanoic acid, (NBD-acid) is an acid
version of NBD (Figure 4.1a, [ R = (CHz)SCOZH 1) suitable for
esterification.

The best esterification reaction proved, after considerable
difficulty, to be a dicyclohexylcarbodiimide {DCC) mediated acid
condensation reaction with an alkyl aminopyridine catalyst
(Figure 4.3)'*'% This reaction h‘significant by-product,
N-acylurea, production of which is Very solvent dependent (Appendix
One)f5 The concomitant wastage of NBD-acid necessitates excess NBD-
acid in the reaction. Esters synthesized from NBD-acid are named, in
this work, by appending the alcohol name to NBD. For example, NBD-
acid conjugated with solanesol forms the ester product NBD-solanesol.

Great effort went into model reactipns using simple alcohols
such as undecanol. Model reactions were necessary in order to: {1)
elucidate the products of the DCC reaction; (2) ensure complete
understanding of the mechanism before the rare {(harvested from human
liver on autopsy) dolichol was risked; (3) examine the light

stability of the resulting ester. The undecanol ester was used, by

analogy, to spectroscopically (MS, NMR) identify the other esters



Figure 4.3: DCC mediated NBD-acid esterification reaction. Sample
reaction scheme illustrating the labelling reacticn used with all our
isoprenoid alcohols. In this case, NBD-acid (1) combines with DCC to
form the acid anhydride (2) and the unwanted N-acylurea (5). An akyl
aminopyridine catalyst assists the esterification of, in this case,

undecanol (3). NBD-undecanol (4) is the resultant product.
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because of an unexpected instabllity of the product esters contalning
double bonds.

This instability (Appendix Two) results from a NBD sensitized,
intramolecular, singlet oxygen 'ene’ reaction. On exposure to intense
light, in solvents where 102 is long lived, double bonds in the
isoprene structure are degraded by singlet oxygen which results in the
production of hydroperoxides. Substrates such as NBD derivatives of
solanesol and dolichol were particularly sensitive to the singlet
oxygen 'ene’ reaction, probably because of their greater number of

reactive sites.
4.4 Radial Surfactant Polymers - Variation in R

The second series of compounds synthesized were intended to
explore the effect on the lateral diffusion coefficient of increasing
the probe molecule’s area a* the bilayer/water interface.

The obvious manner to assemble such a series of test molecules is
to polymerize oriented surfactant molecules. The polymerization,
however, must be controlied in such a manner that individual
homologues (monomers, dimers, trimers etc.,) may be recovered and
fluorescently labelled. Polymers such as these are readily available,
and indeed extensively utilized, in nature?6 These assemblies,
however, are primarily cross-linked proteins. This methodology was
used by Vaz et. al?’, as discussed in Chapter Two, to explore the
dependence of the diffusion coefficient on diffusant radii in the

continuum regime. The starting point of his polymer series is too

large to permit examination of the region of theoretical uncertainty
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shown in Figure 1.3. Our purpose is best served by polymerizing
oriented molecules the size of the host lipid.

Polymerized surfactant assemblies are the subject of intens:
scrutiny’ ® % The industrial applications possible with a
functionalized, oriented assembly are legion. The most popular
approach to surfactant polymerization, in this context, has been UV
induced, free radical cross-linking of butadienes?“ diacetylenes25 or
carbon-carbon double bonds®®. Another approach, introduced by Regen
et. al?? involves polymerizing phosph.tidylcholines (Figure 1.1)
which have thiols in the terminal position of both alkyl chains.
Using hydrogen peroxide as an oxidizing agent, they were able to form
reversible disulfide linkages between thiol containing phospholipids
in small bilayers.

These approaches, in common with most overtures in this area,

have significant drawbacks. (1) It is difficult, or impossible, to

control the extent of polymerization. In many cases, it is impossible

even to measure the extent of polymerization. (2) Polymers formed in
this manner do not form a comprenensive network. Each individual
surfactant can be joined covalently to, at most, two neighboring
surfactants. A polymerized assembly {formed in this manner will
consist of many, mutually exclusive, two-dimensional sheets oriented
perpendicular to the surfactant/water surface.

Both these limitations frustrated our attempts to assemble
polymerized surfactant arrays with limited extents of polymerization
and some degree of radial symmetry. The ideal surfactant, to satisfy
these criteria, must have a high order symmetry axis in order to

provide three or more points of attachment. An idealized scheme



showing three coordinate polymerization on a surface is shown in
Figure 4.4. Carbon (graphite)27 and boric acid®® adopt this type of
hexagonal lattice in their natural crystalline form.

Consider the monomer in Figure 4.5a, if one could control the
reactivity of the three arms by some means of activation/deactivation,
then one would have an ideal means to control the extent of
polymerization. Cross-linking monomers, each with one arm
"activated’ (1°), would produce dimers (Figure 4.5b). Cross-linking a
mixture containing a large excess of 1° activated monomers and some
monomers with all three arms activated (3°), would produce a mixture
of dimers and tetramers (Figure 4.5c).

The challenge is to synthesize a surfactant molecule that has a
C3 rotation axis about its long axis and can be selectively activated
to the first or third degree. Triesters of cis,cis-1,3,5-
cyclohexanetriol have the required C3 symmetry (Figure 4.6). Three
closely spaced esters in combination with long alkyl R groups give
these molecules sufficient amphiphilic character to make them
surfactants (vide infra). Surfactants based on Figure 4.6 rasemhle
triglycerides. In fact, they could be described as methylene
interrupted cyclic triglycerides.

Nature's cross-linking agent is the disulfide bond?® We have
chosen disuifide linkages as ou: means of polymerization for the same
reasons they are so common in nature. The thiol to disulfide
oxidation proceeds under very mild conditions, is easily reversible,
and does nct require or produce toxic functional groups?o Triesters
assembled from cyclochexanetriol and terminal bromine fatty acids

provide the means to selectively activate one or all of the triester
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Figure 4.4: Three coordinate polymerization. An ideal crosslinking
system should be based on a monomer unit with a high order rotational

axis. Three coordinate polymerization results in an hexagonal lattice.
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Figure 4.5: Small aggregates in three coordinate polymerization.
Controlling the extent of three coordinate polymerization results in
small aggregates. Optimizing the initial conditions of the
polymerization will bias the product distribution in favour of the
desired materials. In our case the a) monomer, b) dimer, and c)

tetramer are the products of interest.






Figure 4.6: B8C Monomer. The polymerizable, three coordinate
surfactants on which we have chosen to base our radial polymers are
triesters of cis,cis-1,3,5-cyclohexanetriol. The 8C monomer shown

here is illustrative of this type of molecule. The terminal bromines

are converted to thiols to facilitate the polymerization.
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arms. The terminal bromines may be converted quantitatively

to terminal thiols using sodium hydrogen sulfide {(NaSH) in dimethyl
sulfoxide (DMSO).31 Iodine oxidation cleanly and rapidly forms the
disulfide’?

We did not anticipate the power of the sodium hydrogen sulfide
reaction. Its success, however, was the key step in the synthesis of
our labelled polymers. Direct, high yield reaction of the bromine
substituents in the presence of ester and disulfide linkages volded
any necessity for protection/deprotection schemes to produce a thiol
bearing surfactant. The direct reaction of sodium hydrogen sulfide
with halides has fallen out of favor due to the poor yields and
hazardous products (st) of the reaction>® The reaction in DMSO,
however, proceeds quickly and quantitatively (1H NMR) without harming
esters or disulfide functionalities in the target molecule. The low
polarity and poor lL.ydrogen bonding of the thiol and disulfide moieties
result in surfactant assemblies which will insert into a phospholipid
bilayer with the headgroup ring at or near the bilayer/water interface
and the sulfur functionalities residing in the hydrocarbon interior.

The thiol function is also useful in the fluorescence labelling
reaction. Fluorescent haloacetyl derivatives are a common means of
labelling thiol bearing biological molecules:  N-(((2-iodo
acetoxy)ethyl)-N-methyl)-amino-7-nitrobenz-2-oxa-1,3-diazole,
shown in Figure 4.1b (R = CHZCH202CCH21) is the fluorophore we use.
This haloacetyl derivative (IANBD) is employed to label thiol bearing
monomers, dimers, and tetramers.

The great variety of compounds which result from cross-linking

and labelling the monomers just described require a systematic
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shorthand nomenclature. The shorthand convention we have adopted

has four parts: 1) degree of substitution, if any; 2) substituent, if
any; 3) fatty acid chain length; 4) aggregation state. For example a
triester based on 8-bromooctanoic acid with one of the three bromines
converted to a thiol would be called 1° SH 8C monomer. First degree
indicates how many of the chains are derivatized, SH describes what it
has been converted to and 8C denotes the length of the fatty acid
chain. Monomer indicates there is only one triester unit. 1° NBD 11C
dimer indicates one NBD label on a dimer comprised of two triesters
with eleven carbon fatty acid chains. The simple terminal bromine
triesters omit the first two descriptors and are known simply as 6C
monomer, 8C monomer, and 11C monomer.

Figure 4.7 outlines the synthetic pathway followed to produce
labelled, polymerized surfactants based on the cyclohexanetriol
triester. Figure 4.7 uses the previously discussed nomenclature
system based on the 11C monomer. This synthetic scheme has been
followed for each of the three fundamental triesters. Three different
triesters are used as the fundamental building blocks to explore the
effect of attachment depth on the diffusion coefficient. No major
alterations in the synthetic procedures are necessary whether working
with the triester based on 6-bromohexanoic acid, 8-bromooctanoic acid
or li-bromoundecanoic acid.

The extent of polymerization in our system is controlled by
limiting the number of bromines per monomer which are converted to
thiol. 1ne overall stoichiometry of the reaction, however, does not
represent the product distribution on a molecular scale. The three

equivalent sites in a monomer cause difficulties when attempting to



Figure 4.7: Synthetic pathway for labelled, radial, surfactant
polymers. The pathway for the 11C monomer is shown here. Four

NBD labelled products are desired. These products are highlighted by

the rectangular enclosures.
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produce monomers which have only one thiol per monomer. The product
distribution is described by the binomial distribution if all three
sites are independent. If the overall extent of conversion (bromine
to thiol) is thirty-three percent, or an average of one per molecule,
then a simple calculatinn shows that thirty percent of the monomers
will have no thiols, fourty-four percent will have one thiol,
twenty-two percent will have two thiols and four percent will have
three thiols. This statistical distribution is the deficit engendered
by the symmetry required of these molecules. Overall conversion rates
of less than one third are necessary to reduce the number of large
oligomers produced during the iodine oxidation.

Consider the case of an oxidation intended to produce 8C dimer.
Each 2° SH 8C monomer present will remove two 1° SH 8C monomers from
solution and produce a trimer. Similarly, each 3° SH 8C monomer
present will remove three 1° SH 8C monomers producing a tetramer.
This does not allow for cross-linking between higher order species, 3°
+ 2° for example, which will produce even larger oligomers.
Decreasing the overall extent of thiol conversion to produce fewer
multiply substituted monomers will simultaneocusly reduce the yield of
the dimer since there will be fewer mono substituted species as well.

Thus a delicate balance must be struck between ths two inefflciencies.

A simple calculus max/min calculation®* of dimer yield versus extent

of bromine conversion to thiol shows the optimum conversion is
fourteen percent. This calculation assumes the second and third
degree thiol bearing speclies react only with first degree thiol

triesters.
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The surfactant nature of these triesters caused great difficulty
in their extraction and chromatography. Emulsion problems were
devastating in solvents other than ether and separation of oligomers
was impossible on silica based media due to the severe streaking behaviour
of the surfactants. Model triesters were synthesized from both very
short, acetic, and very long, stearic, acids to aid in understanding
their physico-chemical behavior. -

The chemical stability of the ester linkages was monitored
by NMR examination of the ring protons located on the 1, 3, and 5 ring
carbons. These protons have a large chemical shift and, due to the
symmetry of the ring and its chair conformation in solution, an
extremely symmetrical triplet of triplets splitting pattern. Any
disruption in the symmetry of the headgroup is readily apparent in this
splitting pattern. Harmful synthetic or chromatographic conditions
were thus avoided. The splitting of this proton signal, from the
acetic acid triester derivative mentioned above, is shown in
Figure 4.8,

The large size of the polymerized surfactants and the
difficulties associated with handling and purifying them necessitated
a model system to develop the thiol oxidation reaction. The model
thiol compound, 11-mercapto-(undecanoyl methyl ester), proved ideal in

this respect.



Figure 4.3: Ring proton triplet of triplets. The symmetry of the
triester ring results in a splitting of the protons on the ring
carbons 1, 3, and 5 into a triplet of triplets. The coupling
constants, 11 Hz and 4 Hz, show this triester has all three
substituents in the equatorial positions. The 'H NMR spectrum shown
here was acquired from the triacetate derivative of the
cyclohexanetriol (Chapter 5.3.1). The exceptional resoluticn of this
triplet of triplets is not observed for triesters with longer
hydrocarbon chains. The overall symmetry of the splitting, however,

is maintained.
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Dimer Yield = Total Material [X1 - 2X2 - 3X3]

Xl, XZ, and X3 are the mole fractions of 1? 2? and 3° thiol
substituted triesters. The mole fractions, in terms of f, the
overall conversion fraction, are expressed by the binomial
distribution. The dimer yield may thus be expressed in terms of

the overall thiol conversion.
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Dimer Yield = Total Material [3f - 12f% + 6f°]

Solve for f under the condition that o tdimer yield]

df




CHAPTER FIVE

DETAILED SYNTHESES

5.1 General

All solvents and chemicals used were BDH analytical grade, unless
otherwise noted. Water used in our syntheses was doubly distilled and
deionized. Diethyl ether (BDH) used in acid chloride reactions, for
both work up and chromatography, was anhydrous and ethanol free. DCC
reactions were run in spectroscopic grade methylene chloride
(Caledon). Dimethyl sulfoxide (DMSO), required for sodium hydrogen
sulfide reactions, was spectroscopic grade (BDH). lodine oxidations
were run in spectroscopic grade chloroform (BDH). Solvent mixtures
are reported as volume/volume ratios. All reactions were carried out
at room temperature unless otherwise specified. NBD-acid' was
synthesized according to a published procedure.

Proton NMR spectra were recorded with a Varian XL-200 or Gemini
200 MHz Spectrometer. Carbon-13 NMR spectra were acquired with a
Varian XL-300 spectrometer. Tetramethylsilane was used as an internal
standard in all cases.

Silica thin layer chromatography (TLC) was performed on plastic
backed Silica gel 60 UV/254 plates (Merck). Chromatograms were
visualized by sample color, iodine staining, or an iodine/sodium azide
spray? The spray reagent was prepared by combining equal volumes of
two reagent solutions. The first solution was 1 g of iodine in 100 mL

of ethanol, the second solution was 2.5 g sodium azide in 100 mL 3/1
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ethanol/water. Silica TLC of NBD-acid conjugates employed a solvent
system which was 75/25 methylene chloride/ethyl acetate. Mallinckrodt
60-200 mesh silica gel, grade 62 special, was used for column
chromatcgraphy. NBD-acid conjugates were eluted from a silica gel
column with a 75/25 mixture of methylene chloride and ethyl acetate.
Fatty acid triesters of cis,cis-1,3,5-cyclohexanetriol were eluted
from silica gel with a 2.5 % triethyl amine (TEA) solution in ether.

Reverse phase thin layer chromatography (RPTLC) analyses were run
on microscope slide KCIBF plates (Whatman). Chromatograms were
visualized by sample color or iodine staining. Gel permeation
chromatography (GPC) in organic solvents necessitated Sephadex LH-20
gel (Pharmacia). The effective fractionation range for this gel is
from 1000 to 5000 g/mol. Gel permeation chromatography separates
components based on size. Small molecules penetrate the gel network
readily, and therefore elute slowly, while large molecules do not
penetrate the gel and elute quickly. GPC in chloroform required a
SR-25 column (Pharmaclia) fitted for upward elution. The flow rate
through 50 g of gel, swollen in chloroform, was 0.5 mL/min.
Preparative reverse phase chromatography (8C tetramer) was performed
with a SEP-PAK C18 cartridge (Waters). HPLC equipment is described in
Chapter Three.

Ellman’s Reagent3 was used as a qualitative test for thioels. The
reagent, 5,5’ -dithiobis-(2-nitrobenzoic acid) (Aldrich), reacts
specifically with thiols by a disulfide exchange reaction to give the
yellow/orange anion of 2-nitro-5-mercaptobenzoate. The reagent

solution was 0.5 % 5,5 -dithiobis-(2-nitrobenzoic acid) in 50/50
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pH 8 borate buffer/ethanol. Thiol-bearing compounds in solution
develop a deep yellow/orange color within five minutes.

Fluorescently labelled compounds were handled in subdued light.
Compounds labelled with NBD-acid were stored, 25 ethanol solutions
under nitrogen in the dark at 4 °c. Compounds labelled with I1ANBD
were stored as dry films under nitrogen at -15 °C in the dark . IANBD
labelled compounds were used for FPR experiments within two days of
isolation due to a long term instability of the thioether/ester
linkage?

Optical spectra wvere recorded using either a Cary 219 or

Shidmadzu UV-160. NBD-acid” has € = 3.4 x 10 mol™ L em™! at 476 nm,

measured in ethanol. IANBD® has € = 2.6 x 10 mol™ L cm™! at 472 nm,
measured in methanol. Mass spectroscopy analyses were performed on a
Finnigan MAT 8230. Melting points, uncorrected, were measured on a

Gallenkamp melting point apparatus.

5.2 Linear Hydrophobic Polymers - Variation in L

5.2.1 NBD-undecanol

NBD-acid (196 mg, 0.64 mmol) and 68 mg (0.33 mmol)
dicyclohexylcarbodiimide (DCC), purchased from Kodak, were added to 10
mL of methylene chloride. The stirred mixture was allowed to react
for five hours. The orange NBD-acid dissolved gradually as the
anhydride was produced. Dicyclohexylurea precipitated as a fluffy

white powder. Undecanol ’‘Aldrich) was added to the mixture by syringe
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3.47 (3H, broad singlet, NCHa), 2.34 (2H, triplet, OzCCHz)' 1.9-1.4
{8H, four overlapping partially resolved methylenes,
CH2CH302CCH2CE2C32CEZ)’ 1.26 (16H, broad singlet, eight methylenes
interior of the undecanol chain), 0.88 (3H, triplet, CH3). Carbon-13
NMR showed that the isolated product incorporated peaks characteristic
of the two reactants, NBD-acid and undecanol. High resolution MS
showed a molecular ion m/e = 462.2842, expected m/e = 462.2842.
NBD-undecanol, stored in ethanol, was stable for at least two
years. The stability analysis was performed by reverse phase HPLC

(480 nm).

5.2.2 NBD-methanol

The title compound was prepared using the procedure described for
NBD-undecanol. NBD-acid (140 mg, 0.45 mmol) and 68 mg of DCC (033
mmol) reacted with 5 ul. of methanol (BDH), 0.12 mmol, in the presence
of 1.7 umol of the catalyst. NBD-methanol (Rf = 0.66) was 1solated by
column chromatography as described above. Isolated NBD-methanol,

25 mg (sixty-six percent yield based on methanol), was an orange /red
solid. HPLC analysis of NBD-methanol required a solvent mixture of
60/40 acetonitrile/water. Reverse phase HPLC (480 nm), showed one
large peak at 4.5 min. " MR [CDC13, 200 MHz, &(ppm)): 8.45 (1H,
doublet, ring proton a to nitro group), 6.09 (1H, doublet, ring proton
B to nitro group), 4.08 (2H, triplet, CHzN), 3.68 (3H, singlet, 0CH3).
3.48 (3H, broad singlet, NCHa), 2.36 (2H, triplet, OzCCHa)’ 1.9-1.4

(6H, partially resolved multiplets, three methylenes interior acid
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chain). High resolution MS m/e = 322.1271, expected m/e = 322.1277.
5.2.3 NBD-citronellol

NBD-citronellol was prepared using the procedure described for
NBD-undecanol. NBD-acid (145 mg, 0.47 mmol) and 108 mg of DCC (0.52
mmol) were reacted with 15 puL of citronellol (Aldrich), 0.082 mmol, in
the presence of 25 umol of the catalyst. NBD-citronellol (Rf = 0.87)
was isolated by column chromatography as described above. Isolated
NBD-citronellol, 35 mg (ninety-three percent yield based on
citronellol), was an orange/red oil. HPLC analysis of NBD-citronellol
used the solvent conditions described for NBD-undecanol. Reverse
phase HPLC (480 nm), showed one large peak at 14.3 min. A small
labelled impurity (less than five percent) eluted at a slightly
shorter time. The impurity was due to an alcohol, similar in size to
citronellol, found in the commercial reagent. Elution at 2.0 mL/min
with a 70/30 mixture of isopropyl alcohol/methanol changed the NBD-
citronellol retention time to 1.8 min.

Exposure of NBD~citronellol to light and oxygen results in
oxidation of the isoprene double bond yielding an oxidized product
with Rf = 0.75 on silica gel (Appendix Two). Singlet oxygen, the
oxidizing species, has a very long lifetime in chlorinated and
deuterated solvents’ This makes 'H NMR particularly difficult.
Samples submitted for'H NMR invariably oxidized to some extent before
acquisition. 'H NMR [CDCla, 200 MHz, &(ppm)]: 8.41 (1H, doublet, ring

protor « to nitro group), 6.09 (1H, doublet, ring proton B to nitro
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group), S5.06 (1H, triplet, CH=C), 4.12 (4H, triplet, cnzozc;

unresolved multiplet, CHZN by analogy to NBD-acid), 3.48 (3H, broad

singlet, NCHa), 2.34 (2H, triplet, 02CCH2)’ 2.00 (2H, unresolved

multiplet, COZCHZCEZ). 1.80 (3H, singlet, terminal methyl), 1.60

(3H, singlei, terminal methyl), 1.9-1.1 (11H, partially resol—ed

multiplets, three methylenes interior acid chain, two methylenes and

one methine interior citronellol chain), 0.91 (3H, doublet, CHa)'

High resolution MS m/e = 446.2529, expected m/e = 446.2529.
NBD-citronellol stored in the dark, under nitrogen, was stable for

at least one year in ethanol solution. The stability ans is was

performed by reverse phase HPLC (480 nm).

5.2.4 NBD-solanesol

NBD-solanesol was prepared according to the procedure described
for NBD-undecanol. NBD-acid (196 mg, 0.64 mmol) and 68 mg of DCC
(0.33 mmol) reacted with 13 mg of crystalline solanesol (Sigma), 0.021
mmol, in the presence of 20 umol of the catalyst. NBD-solanesol (Rf =
0.87) was isolated by column chromatography as described above.
NBD-solanesol, 9 mg (fifty percent yield based on solanesol}, was an
orange/red tar. The yield was determined spectroscopically by the
absorbance of the NBD chromophore. Reverse phase HPLC, (70/30
isopropyl alcohol/methanol, 2.0 mL/min) showed one peak (480 nm) at

4.0 min. NBD-solanesol is less stable than NBD-citronellol due to a

larger number of isoprene units.



5.2.5 NBD-dolichol

NBD-dolichol was prepared according to the procedure described
for NBD-undecanol. NBD-acid (71 mg, 0.23 mmol) and 24 mg of DCC (0.12
mmol) reacted with 18 mg of dolichol (0.013 mmol) in the presence of 5
pumol of the catalyst. Dolichol was a mixture of homologs between
sixteen and twenty-two isoprenes in length (average nineteen).
Dolichol, recovered from human liver upon autopsy, was a kind gift of
Professor Ken Carroll, Department of Biochemistry, The University of
Western Ontario. NBD-dolichol (Rf = (0.91) was isolated by column
chromatography as previously described for NBD-undecanol.
NBD-dolichol, 1 mg (six percent yield based on dolichol), was an
orange/red tar. The yield was determined spectroscopically by the
absorbance of the NBD chromophore.

Reverse phase HPLC (65/35 isopropyl alcohol/methanol, 2.0 mL/min)
resolves the individual labelled (480 nm) dolichol species. The same
distribution is observed prior to labelling, by observation at 210 nm.
The unlabelled species (same elution conditions) have shorter
retention times. Exposure of NBD-dolichol to light and oxygen in
methylene chloride results in oxidation of the double bonds and a
shift back to shorter elution times. NBD-dolichol is less stable in
solution than NBD-citronellol due to a larger number of isoprene units.

The NBD-dolichol distribution is shown in the HPLC trace
reproduced as Figure 5.1. Labelled homologs with sixteen, seventeen,
eighteen, nineteen, twenty, twenty-one and twenty-two isoprenes had

retention times of 10.7 min, 12.0 min, 14.4 min, 17.7 min, 20.5 min,




Figure 5.1: HPLC trace NBD-dolichol. Labelled homologs with from
sixteen to twenty-two isoprenes are observable., This is the same
distribution observed for the unlabelled homologs. The NBD-dolichol

distribution was detected at 480 nm with elution by a 65/35 mixture

of isopropanol and methanol at 2 mL/min.
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24.2 min and 29.5 min respectively.

5.3 Radial Surfactant Polymers - Varlation in R

5.3.1 cis,cis-1,3,5-Triacetyl-cyclohexanetriol

Solid cis,cis-1,3,5-cyclohexanetriol (triol)} (100 mg, 0.59 mmol),
purchased from Fluka, was added to 5 mL (70 mmol) of acetyl chloride.
The reaction was sealed and left for sixteen hours. Residual acetyl
chloride and acetic acid were removed by rotary evaporation followed by
storage of the residue for thirty-six hours in a vacuum dessicator.

A solid white precipitate, 135 mg (eighty-eight percent yield)
developed on cooling to 4 °C. The recrystallized triacetyl triol,
petroleum ether, was a white powder with m.p. 79-80 °C. The
recrystallized triacetyl triol eluted as one spot (I2 visualization)

on silica gel with R, = 0.63 when eluted with ethyl acetate. 'H MR

f
[CDC13, 200 MHz, &8(ppm)]l: 4.79 (3H, triplet of triplets, CHOZC). 2.33
(3H, doublet of triplets, ring proton vicinal and trans to the ester),
2.04 (9H, singlet, CH3), 1.42 (3H, quartet, ring proton vicinal and

cis to the ester). MS (CI) shows (M+H)'m/e = 259, expected m/e = 259.

5.3.2 cis,cis-1,3,5-Tristearoyl-cyclohexanetriol

Stearic acid, 2.03 g (7.14 mmol), was dissolved in 20 mL of
thionyl chloride and allowed to react for twelve hours. Stearoyl

chloride was isolated by rotary evaporation of the residual thionyl



chloride. Triol (220 mg, 1.31 mmol) was added to the stearoyl
chloride in 20 mL of dioxane (dried over molecular sieves). The
solution was refluxed for one hour by which time the triol had
dissolved. The cooled solution was sealed and left to react for
several more days. Dioxane was removed by rotary evaporation and the
triester product dissolved in 175 mL of ether. The etheral solution
was extracted three times with pH 7.9 sodium bicarbonate buffer, then
dried with magnesium sulfate (MgSO4) and concentrated by rotary
evaporation. The triester product (Rf = 0.88, silica TLC with ether
elution) was fractionated on a silica gel column (65 g) eluted with
2.5 % triethyl amine in ether. The yield of stearoyl triester was 178
mg (fourteen percent yield). Stearoyl triester was a white powder,
recrystallized from acetone, with m.p. 51 °c. Stearoyl triester

eluted as a single spot on RPTLC, R. = 0.16, with ethanol. 1H NMR

f
[CDCla, 200 MHz, 3(ppm)]: 4.79 (3H, triplet of triplets, CHOZC). 2.26
(9H, triplet, CHZCOZ; submerged multiplet three ring protons virinal
and trans to the ester), 1.59 (6H, poorly resolved quintet,

OZCCHZCQZ), 1.25 (93 H, broad singlet, fifteen methylenes in each cf

three chains; partially obscured quartet, three ring protons vicinal

and cis to the ester). MS gave m/e = 973, expected m/e = 972.9.

5.3.3 11-(Undecanoyl methyl ester) thiol

The precursor to the terminal mercapto undecanoyl methyl ester
was the terminal bromo ester. 11-Bromoundecanoic acid (Aldrich),

2.0 g (7.5 mmol), was dissolved and allowed to react in 10 mL thionyl

ro
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chloride for twelve hours. 11-Bromoundecanoyl chloride was isolated
by rotary evaporation of residual thionyl chloride. Excess methanol,
10 mL (0.247 mol), was added to the acid chloride and allowed to react
for four hours. Excess methanol was removed by rotary evaporation
leaving the desired 11-bromoundecanoyl methyl ester. The ester eluted
on silica gel (Rf = 0.68 with methylene chloride) as one spot,
detected by lodine. 1H NMR of this product gave the expected
spectrum. Methylenes a and B to the bromine gave a triplet (8 = 3.40
ppm) and a quintet (8 = 1.85 ppm) respectively.

The terminal thiol was formed by reacting the terminal bromo
methyl ester (0.743 g, 2.66 mmol) with sodium hydrogen sulfide (NaSH),
purchased from Aldrich. The NaSH was added to the substrate oil as a
solution in DMSO. The solution was 0.247 g NaSH (4.40 mmol) in 6 mL
DMSO. The reaction proceeded, under nitrogen, for twenty minutes, then
was extracted with 150 mL 50/50 ether/hexanes and two portions (50mL)
of pH 7.0 phosphate buffer. The ether/hexanes layer was dried with
Mgso‘ and concentrated. The resulting oil (469 mg, seventy-seven
percent yield) had the odcur characteristic of thiols and gave a
positive test for thiols using Ellman’s Reagent. The thiol eluted on

silica, R. = 0.59, when developed with methylene chloride. Iodine

f
visualization gave the characteristic doughnut stain expected of
thiols? Visualization with an iodines/azide spray reagent also gave
the expected stain, a white spot on brown background?

M NMR [CDC1,, 200 MHz, &(ppm)): 3.67 (3H, singlet, CH)), 2.52
(2H, quartet, CQZSH). 2.30 (2H, triplet, 02CCH2)’ 1.62 (4H,

overlapping quintets, OZCCH2Cﬁ2 and CQZCHZSH), 1.28 (13H, broad
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singlet, six methylenes interior of the chain, partially obscured
triplet, SH). Deuterium exchange collapses the coupling of the thiol
to the neighbouring methylene yielding a triplet at & = 2.47 ppm.
DMSO, although an oxidizing agent, does not produce disulfide under
these conditions. Treatment of the bromo ester with a limiting amount
of NaSH in DMSO quantitatively converts bromine to thiol as determined

by ‘H NMR.

5.3.4 11-(Undecanoyl methyl ester) disulfide

The 11-(undecanoyl methyl ester) thiol (200 mg, 0,86 mmol) was
dissolved in 2 mL of chloroform and 80 mg of I2 (0.31 mmol) was added.
The reaction proceeded for one hour then the solution was diluted to
2S mL with chloroform. The chloroform was extracted twice with 12 mL
pH 8 borate buffer, once with 10 mL of 10 % aqueous sodium thiosulfate
(Nazszoa) and once with 10 mL of water. The silica TLC (methylene
chloride) showed two peaks, one the original thiol and a second peak

(R, = 0.25) visualized by iodine stain and iodinesazide spray.

f

The chloroform extract was concentrated and applied, in methylene
chloride, to a silica gel column (25 g). The slow fraction (Rf =
0.25) above was collected and the methylene chloride concentrated to
yield 150 mg of the title compound (0.32 mmol, one hundred percent
yield) as a fluffy white precipitate. The precipitate, lustrous white

flakes, was recrystallized from warm acetone/water, m.p. 54-55 °C. 1H

NMR (CDCl,, 200 MHz, &(ppm)]: 3.67 (6H, singlet, CH3), 2.67 (4H,

3'
triplet, CﬂZSS), 2.30 (4H, triplet, OZCCHz)’ 1.64 (8H, overlapping
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quintets, CEZCstS and 02CCH2CEZ)' 1.28 (24H, broad singlet, six
methylenes interior of each chain.). High resolution MS gave m/e =
462.2828, expected m/e = 462.2838.

The methylene triplet a to the disulfide bond (8 = 2.67 ppm) has
a characteristic splitting observed in all disulfide products examined
in this work. The conventional 1:2:1 peak intensities expected for a
triplet are not displayed by these compounds. Typically one observes
a ratio much closer to 1:1.3:1. This may be caused by restricted
rotation about the sulfur-sulfur bond.

Both sodium sulfite and sodium thiosulfate have been used in
these syntheses to remove unreacted iodine. Control experimeats show
that neither reduces the disulfide when used as an aqueous wash.
Sodium thiosulfate is preferred since it is less basic in aqueous
solution.

Oxidizing agents other than iocdine were employed in the thiol
oxidation. However, none were as convenient to use or provided such
high yields. Agents employed were DMSO/TEA? air oxidation under basic
conditions? copper sulfate9 and potassium ferricyanide?o Control
experiments showed that excess iodine did not cause overoxidation of the
disulfide. The 11-(Undecanocyl methyl ester) disulfide could be
reduced to the starting thiol (IH NMR) by treatment with tri-n-butyl

phosphine.ll
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5.3.5 11C Monomer

11-Bromoundecanoic acid, 2.86 g (10.8 mmol), was dissolved and
allowed to react in 20 mL thionyl chloride for eight hours.
11-Bromoundecanoyl chloride was isolated by rotary evaporation of the
residual thionyl chloride. Triol (363 mg, 2.16 mmol) was added to the
acid chloride in 20 mL of dry dioxane and the mixture refluxed for one
hour. A drying tube excluded moisture during the reflux. The mixture
was allowed to react several days further at room temperature. The
dioxane was removed by rotary evaporation and the triester dissolvedA
in 175 mL of ether. The etheral solution was extracted three times
with 7S mL pH 7.9 sodium bicarbonate buffer, then dried with MgSO4 and
concentrated by rotary evaporation. The concentrate was fractionated
on a silica gel column (65 g); eluted with 2.5 % TEA in ether.
Fractions were tested by TLC. 11C monomer has Rf = 0.68 on silica
eluted with ether. The 11C monomer, a clear o0il, was isolated by
rotary evaporation with ethyl acetate as a coscolvent. The yield of
11C monomer was 990 mg (fifty-two percent yield). 11C monomer shows a
single spot (Rf = 0.16), lodine stained, on RPTLC with methanol as
solvent. Over a period of many days, at room temperature, the 11C
monomer oil will crystallize to form a c}ear solid. 11C monomer was
recrystallized from hexanes, m.p. 31-32 °c. High resolution, single
crystal X-ray studies of the 11C monomer are in progress.

1 NMR [CDC13, 200 MHz, 3(ppm)]: 4.76 (3H, triplet of triplets,
CH02C). 3.40 (6H, triplet, CHZBr), 2.26 (9H, triplet, CH2C02 and

submerged multiplet, three ring protons vicinal and trans to the ester),
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1.85 (6H, quintet, CﬂchZBr). 1.59 (6H, poorly resolved quintet,
OZCCH2C§2). 1.28 (39 H, broad singlet, six methylenes in each of three
chains; partially obscured quartet, three ring protons vicinal and cis
to the ester). High resolution MS gave m/e = 870.2644, expected m/e =
870.2621. The two isotopes of bromine, 7gBr and 81Br. have
approximately equal natural abundances. This gives rise to a
characteristic molecular ion ’'fingerprint’. The molecular ion should
ylield four peaks at intervals of two mass units with relative

intensities of 1:3:3:1. This was observed experimentally.
5.3.6 8C Monomer

The title compound was prepared and isolated according to the
procedure for 11C monomer. 8-Bromooctanoic acid (Aldrich), 3.03 g
(13.6 mmol) reacted with 446 mg triol (2.65 mmol) yields 797 mg of 8C
monomer (forty percent yield). RPTLC showed one spot (iodine
visualization) with R. = 0.42 eluted with methanol. Silica TLC showe&

f

one spot (iodine visualization), with Rf = 0.70 when eluted with
ether.

M NMR [CDC13, 200 MHz, &8(ppm)]}: 4.80 (3H, triplet of triplets,
CHO), 3.41 (6H, triplet, CHZBr), 2.28 (9H, triplet, CH2C02 and
submerged multiplet, three ring protons vicinal and trans to the ester),
1.86 (6H, quintet, CEZCHZBr), 1.61 (6H, poorly resolved quintet,
OZCCHZCQZ), 1.34 (21 H, broad singlet, three methylenes in each of

three chains; partially obscured quartet, three ring protons vicinal

and cis to the ester). High resolution MS gave m/e = 744.1251,
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expected m/e = 744.1236. The molecular ion had the expected 1:3:3:1

isotoniz ratic.
5.3.7 6C Monomer

The title compound was prepared and isolated according to the
procedure for 11C monomer. 6-Bromooctanoic acid (Aldrich), 2.64 g
(13.5 mmol) reacted with 455 mg triol (2.33 mmol) yields 948 mg of 6C
monomer (fifty-two percent yield)}. RPTLC showed one spot (iodine
visualization) with Rf = 0.60 eluted with methanol. Silica TLC showed
one spot (iodine visualization), with Rf = 0.68 eluted with ether.

H NR [CDC13, 200 MHz, &(ppm)]: 4.79 (3H, triplet of triplets,
CHO), 3.41 (6H, triplet, CHZBr), 2.30 (9H, triplet, CHZCOZ and
submerged multiplet, three ring protons vicinal and trans to the ester],
1.87 (6H, quintet, CEZCHZBr). 1.64 (6H, poorly resolved quintet,
OZCCHZCHZ). 1.5-1.3 (9H, overlapping multiplets, one methylene
interior each chain; partially obscured quartet, three ring protons
vicinal and cis to the ester). High resolution MS gave m/e =

660.0301, expected m/e = 660.0297. The molecular ion bhad the expected

1:3:3:1 isotopic ratio.

5.3.8 3° SH 11C Monomer

A 6 mL solution of DMSO containing 84 mg of NaSH (1.5 mmol) was

added to 226 mg of 11C monomer (0.259 mmol), under nitrogen. The
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reaction, stirred, was allowed to proceed for thirty minutes. It was
then extracted with 100 mL of 50/50 hexanes/ether and four 20 mL
portions of pH 7.4 phosphate buffer. The hexanes/ether extract was
dried with MgSO‘ and concentrated by rotary evaporation. The yield of
3° SH 11C monomer was 126 mg (sixty-six percent yield). The resulting
oil had a characteristic thiol odour and gave a positive test with
Ellman’s Reagent.

'H NMR [CDC13. 200 MHz, &(ppm)]: 4.78 (3H, triplet of triplets,
CHOZC). 2.52 (6H, quartet, CEZSH), 2.27 (9H, triplet, CH2C02 and
submerged multiplet, three ring protons vicinal and trans to the ester),

1.63 (12H, overlapping quintets, CH_ZCHZCO2 and C§2CHZSH). 1.28 (42 h,

broad singlet, six methylenes in each of three chains; partially
obscured quartet, three ring protons vicinal and cis to the ester;

partially obscured triplet, SH).

5.3.9 3° SH 8C Monomer

Preparation and isolation of the 3° SH 8C monomer was analogous
to the 3° SH 11C monomer. A 5 mL solution of DMSO with 35 mg of NaSH
(0.62 mmol) added to 60 mg (0.080 mmol) of 8C monomer (allowed to
react for fifteen minutes) gave 20 mg (0.029 mmol) of the title
compound. The yield was low, thirty-six percent, in part because a
portion of the product hexanes/ether solution was spilled. The
concentrated oil had a characteristic thiol odour and gave a positive
test with Ellman’s Reagent.

H MR [CDC13, 200 MHz, 8(ppm)]: 4.79 (3H, triplet of triplets,




CHOZC). 2.52 (6H, quartet, CEZSH). 2.27 (9H, triplet, CH2C02 and

submerged multiplet, three ring protons vicinal and trans to the ester),
1.60 (12H, overlapping quintets, CL!2CH2C."2 and CQZCHZSH). 1.33 (24H,
broad singlet, three methylenes in each of three chains; partially
obscured quartet, three ring protons vicinal and cis to the ester;
partially obscured triplet, SH).

A derivative of the 3° thiol was prepared to confirm its
structure. 3° SH 8C monomer reacted with excess methyl
methanethiosulfinate12 to produce a terminal methyl disulfide
derivative on each chain. The ‘H NMR triplet at 8 = 1.33 ppm (SH),
and the quartet at & = 2.52 (CEZSH) disappeared, as expected. In
their stead two new peaks appear; a triplet at é = 2.69 ppm (CEZSS)
and a singlet at & = 2.19 ppm (SSCHa). High resolution MS gave m/e =

744.2721, expected m/e = 744.2714.

5.3.10 3° SH 6C Monomer

Preparation and isolation of the 3° SH 6C monomer was analogous
to the 3° SH 11C monomer. A 4 mL solution of DMSO with 38 mg of NaSH
(0.68 mmol), added to 68 mg (0.10 mmol) of 8C monomer (reacted for
twenty minutes), gave 43 mg (0.083 mmol) of the title compound. The
yleld was eighty-three percent. The concentrated oll had a
characteristic thiol odour and gave a positive test with Ellman’s
Reagent.

'H NMR [CDC1,, 200 MHz, 8(ppm)]: 4.81 (3H, triplet of triplets,

CHOZC). 2.53 (6H, quartet, Cﬂzsﬂ). 2.29 (9H, triplet, CH2CO2 and
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submerged multiplet, three ring protons vicinal and trans to the este1 ),
1.62 (12H, overlapping quintets, CEZCHZCO2 and CﬂZCHZSH). 1.45 (9H,
overlapping multiplets, one interior methylene in each of three

chains; partially obscured quartet, three ring protons vicinal and cis

to the ester), 1.34 (3H, triplet, SH).

5.3.11 1° SH 11C Monomer

The first degree thiol substituted 11C monomer, in common with
the twe analogous thiols, cannot be synthesized as a pure compound
due to the equivalence of the three target chains. The statistical
distribution of products was outlined in the previous chapter.

11C Monomer, 1.23 g (1.4 mmol), was dissolved in 2 mL of stirred
DMSO under nitrogen. Over a period of fifteen minutes, 10 mL of DMSO
solution containing 0.42 mmol of NaSH, was added dropwise to the
stirred 11C monomer solution under nitrogen. The reaction was
allowed to proceed an additional twenty-five minutes, then was
extracted with 100 mL of 50/50 hexanes/ether and three 20 mL portions
of pH 7.4 phosphate buffer. The hexanes/ether solution was dried with
MgSO4 and concentrated by rotary evaporation. The ylield of 1° SH 11C
monomer, and related products, wac 659 mg.

Reaction of the 11C monome:- with NaSH as the limiting reagent
results in a partial conversion of the 'H MR triplet at 8§ = 3.41 ppm
(CHZBr) to a quartet at & = 2.53 ppm (CﬂZSH). Integration of these
two NMR peaks showed approximately ten percent conversion of the

terminal bromine to thiol. The ester linkages were unaffected by the
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substitution reaction. NaSH was added to the mixture in a
stoichiometric amount initended to convert ten percent of the bromines
to thiols. Although the reaction appeared to go to compleiion
(1H NMR), the overall yield was rather low. It appears that a
significant amount of triester was lost in the aqueous extraction.
This is not surprising since, by design, the triesters are
surfactants.

High dilution conditions and vigorous stirring are necessary to
minimize multiple thiol substitution on individual molecules.
Unless these conditions are fulfilled, local concentration gradients
result in mutiple substitution beyond that predicted by the binomial
distribution. Oxidation under these conditions (experimentally
observed) resulted in a shift in the product distribution upon reaction

to higher order oligomers.

5.3.12 1° SH 8C Monomer

The preparation of 1° SH 8C monomer was analogous to that of
1° SH 11C monomer. 8C Monomer (401 mg, 0.537 mmol) was dissolved in
2 mL of stirred DMSO under nitrogen. Over a period of five minutes,
10 mL of DMSO solution containing 0.240 mmol of NaSH was added
dropwise to the stirred 8C monomer solution under nitrogen. The
reaction was allowed to proceed for an additional five minutes before
extraction. NaSH was added in sufficient amount to convert fifteen
percent of the bromine groups to thiol functions. The 1H NMR triplet

at & = 3.40 ppm (CHZBr) was partially converted to a quartet at & =




2.51 ppm (CEZSH). The converslion, measured by 1H NMR, was thirteen
percent. The ester linkages were unaffected by the substitution
reaction. The yield of 1° SH 8C monomer, and related products, was

171 mg.

5.3.13  1° _SH 6C Monomer

The preparation of 1° SH 6C monomer was analogous to that of
1° SH 11C monomer. 6C Monomer (614 mg, 0.926 mmol) was dissolved in
2 mL of stirred DMSO under nitrogen. Over a period of fifteen
minutes, 10 mL of DMSO solution containing 0.560 mmol of NaSH was
added dropwise to the stirred 6C monomer solution under nitrogen. The
reaction was allowed to proceed for thirty minutes before extraction.
NaSH was added in sufficient amount to convert twenty percent of the
bromines in solution to thiols. The 'H NMR triplet at & = 3.38 ppm
(CHzBr) was partially converted to a quartet at & = 2.50 ppm (Cﬂzsﬂ).
The conversion, measured by i NMR, was twenty percent. The ester
linkages were unaffected by the substitution reaction. The yield of

1° SH 6C monomer, and related products, was 324 mg.
5.3.14 11C Dimer

A 1° SH 11C monomer mixture (425 mg) with ten percent bromine to
thiol conversion was oxidized with excess I2 (61 mg, 0.24 mmol). The
reaction, which was allowed to proceed for ninety minutes under

nitrogen, took place in 10 mL of chloroform with two drops of added
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pyridine. The dark brown reaction mixture quickly precipitated a
dark, fluffy pyridine salt. The reaction mixture was extracted with
75 mL of 50/50 hexanes/ether and two 25 mL portions of pH 7.4
phosphate buffer. Residual I2 was removed by extraction with 20 mL of
5 % NaZSZOB. Further extraction with two more 25 mL aliquots of
buffer was followed by drying with MgSO4. The oxidized mixture was
concentrated by rotary evaporation. The major components of this
mixture were 11C monomer, 11C dimer and a lesser amount of larger
oligomer. RPTLC of the mixture in ethanol gave Rf = 0.51 for the
monomer, 0.29 for the dimer and 0.0 for the larger oligomer. GPC of
the oxidized mixture resulted in the large oligomer eluting first,
followed by 11C dimer and then 11C monomer. The three compounds,
detected by RPTLC, elute as distinct, but closely spaced, bands.
Small fractions (less than 2 mL) were therefore necessary to effect
separation. RPTLC and GPC are interesting, complementary techniques.
Large molecules, such as the 11C dimer considered here, elute very
quickly by GPC while they move extremely slowly on RPTLC plates with .
normal elution. This is the reverse of the order seen with smaller
molecules such as 11C monomer. The yield of 11C dimer from the column
was 37 mg (0.022 mmol). Based on the product distribution of the
original mixture}3 allowing for oligomer formation, the yield was
forty-seven percent yield.

1 MR [CDC13, 200 MHz, &(ppm)]: 4.79 (6H, triplet of triplets,
CHOZC). 3.40 (8H, triplet, CHZBr). 2.66 (4H, triplet, CHZSS), 2.26
(18H, triplet, CHZCO2 and submerged multiplet, six ring protons vicinal

and trans to the ester), 1.84 (8H, quintet, CEZCHZBr), 1.58 (16H,
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multiplet, OZCCHZCE2 and CQZCHZSS). 1.27 (78 H, broad singlet, six
methylenes in each of six chalns; partially obscured quartet, six ring
protons vicinal and cis to the ester). Neither high resolution MS nor

MS(CI) could detect a molecular ion at m/e = 1647.
5.3.15 8C Dimer

The title compound was synthesized and isolated by procedures
analogous to those employed to produce 11C dimer. A 1° SH 8C monomer
mixture (450 mg) with fourteen percent bromine to thiol conversion was
oxidized with excess 12 (76 mg, 0.30 mmol). The reaction was allowed
to proceed for seventy-five minutes before extraction. RPTLC showed
8C monomer, 8C dimer and some larger oligomer. Eluted with methanol,
the Rf's for these three components were 0.46, 0.14 and 0.0
respectively. GPC fractionation yielded 45 mg (0.032 mmol) of the 8C
dimer. Based on the product distribution of the original mixturef3
allowing for oligomer formation, the yield was fifty percent.

'H NMR [CDC1,, 200 MHz, 5(ppm)]: 4.80 (6H, triplet of triplets,
CHOZC). 3.40 (8H, triplet, CHzBr). 2.66 (4H, triplet, CHZSS), 2.27
(18H, triplet, CHZCO2 and submerged multiplet, six ring protons vicinal
and trans to the ester), 1.85 (8H, quintet, CﬂZCHZBr). 1.60 (16H,
multiplet, 02CCH2Cﬂ2 and CﬂZCHZSS), 1.33 (42 H, broad singlet, three
methylenes in each of six chains; partially obscured quartet, six ring
protons vicinal and cis to the ester).

Contrary to the results for 11C dimer, a large mass ion was

observed for 8C dimer. MS(CI) gave a molecular iton (M + H)'Y mre=
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1489, expected m/e = 1395. The isotopic pattern of the observed
molecular ion showed approximately the correct 1:4:6:4:1 intensity
distribution at two mass unit intervals. This is the intensity
distribution expected for molecules containing four bromine
substituents. The origin of the extra 94 mass units is unknown. The
' NMR and chromatograpic behaviour (before and after MS) of this
compound support the 8C dimer structure. The unusual headgroup

structure of the dimer may result in a gas phase complexation of some

type.
5.3.16 6C Dimer

The title compound was synthesized and isolated by procedures
analogous to those employed to produce 11C dimer. A 1° SH 6C monomer
mixture (283 mg) with twenty percent bromine to thiol conversion was
oxidized with excess I2 (54 mg, 0.21 mmol). The reaction was allowed
to proceed for ninety minutes before extraction. RPTLC showed 6C
monomer, 6C dimer and some larger oligomer (presumably trimer).

Eluted with methanol, the Rf’s for these three components were (.59,
0.43 and 0.29 respectively. GPC fractionation yielded 37 mg (0.030
mmol) of 6C dimer. Based on the product distribution of the original
mixturef3 allowing for oligomer formation, the yield was seventy-eight
percent.

"H NMR [CDC13, 200 MHz, &(ppm)]: 4.81 (6H, triplet of triplets,
CHOZC). 3.41 (8H, triplet, CHZBr), 2.67 (4H, triplet, CHZSS). 2.30

(18H, triplet, CHZCO2 and submerged multiplet, six ring protons vicinal
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and trans to the ester), 1.87 (8H, quintet, CEECHzBr). 1.64 (16H,
multiplet, OZCCHZCE2 and CﬂZCHZSS), 1.45 (18 H, broad singlet, three
methylenes in each of six chaihs; partially obscured quartet, six ring
protons vicinal and cis to the ester).

MS(CI) gave a molecular ion (M + H)+ m/e= 1323, expected m/e =
1227. The isotopic pattern of the observed molecular ion showed
approximately the correct 1:4:6:4:1 intensity distribution at two mass
unit intervals. This is the intensity distribution expected for
molecules containing four bromine substituents. The origin of the
extra 96 mass units is unknown. The 1H NMR and chromatograpic
behaviour (before and after MS) of this compound support the 6C dimer
structure. Oxidation with TEA as the base and Na2503 extraction gave
the identical molecular ion and isotope distribution. The unusual
headgroup structure of the dimer may result in a gas phase

complexation of some type.

5.3.17 1° SH 11C Dimer

11C Dimer (14 mg, 8.5 umol) was dissolved in 1 mL of DMSO under
nitrogen. NaSH (5.1 umol) in 50 ul of DMSO was added dropwise to the
rapidly stirred dimer solution over the course of several minutes.
The reaction, under a blanket of nitrogen, was allowed to proceed for
ten minutes before extraction. The DMSO solution was extracted with
SO mL of ether and two portions of 15 mL pH 7.4 phosphate buffer. Thé

ethereal solution was dried with MgSO‘ and concentrated by rotary

evaporation. NaSH was added in a stoichiometric amount to convert



fifteen percent of the terminal bromines to thiols. 4 NMR showed

fourteen percent of the triplet at & = 3.39 ppm (CHaBr) was converted
to a quartet at & = 2.50 ppm (CEZSH). The ester and disulfide
linkages were unaffected by the substitution reaction. The yield of

1° SH 11C dimer, and related products, was 10 mg.

5.3.18 1° SH 8C Dimer

The 1° SH 8C dimer was prepared by the procedure used to
synthesize and isolate 1° SH 11C dimer. 8C Dimer (52 mg, 37 mumol) was
dissolved in 2 mL of DMSO under nitrogen. NaSH (15 umol) in 125 pL of
DMSO was added dropwise to the rapidly stirred dimer solution over the
course of several minutes. The reaction, under nitrogen, was allowed
to proceed for twelve minutes before extraction. NaSH was added in a
stoichiometric amount to convert ten percent of the terminal bromines
to thiols. 'H NMR showed ten percent of the triplet at 8 = 3.38 ppm
(CHzBr) was converted to a quartet at § = 2.50 ppm (CQZSH). The ester
and disulfide linkages were unaffected by the substitution reaction.

The yield of 1° SH 8C dimer, and related products, was 36 mg.

5.3.19 1° SH 6C Dimer

The 1° SH 6C dimer was prepared by the procedure used to
synthesize and isolate 1° SH 11C dimer. 6C Dimer (42 mg, 36 umol) was
dissolved in 1 mL of DMSO under nitrogen. NaSH (21 umol) in 180 uL of

DMSO was added dropwise to the rapidly stirred dimer solution over the




129

course of several minutes. The reaction, under nitrogen, was allowed
to proceed for ten minutes before extraction. NaSH was added in a
stoichiometric amount to convert fifteen percent of the terminal
bromines to thiols. 'H NMR showed sixteen percent of the triplet at &
= 3.39 ppm (CHZBr) was converted to a quartet at 6 = 2.50 ppm (CEZSH).
The ester and disulfide linkages were unaffected by the substitution
reaction. The yield of 1° SH 6C dimer, and related products, was

26 mg.

5.3.20 11C Tetramer

The title compound was prepared by iodine oxidation of a mixture
containing a small amount of 3° SH 11C monomer and a large excess of
1°SH 11C monomer. The oxidation and extraction were based on the
analogous preparation of 11C dimer. 1° SH 11C Monomer (354 mg, twenty
percent thiol conversion) and 3° SH 11C monomer (19 mg, 26 umol) were
oxidized with a slight excess of I2 (60 mg, 0.23 mmol) in 10 mL of
chloroform with two drops of added pyridine. The oxidation was
allowed to proceed for two hours before extraction. The reaction
mixture was then fractionated by GPC with chloroform elution. RPTLC
(70730 acetonitrile/tetrahydrofuran) showed four spots. The major

products were 11C monomer (R, = 0.51), 11C dimer (Rf = 0.25) and 11C

f

tetramer + oligomer (Rf = 0.0). A small spot at Rf = 0.11 was
probably due to 11C trimer. Fractionation of the mixture was
performed by GPC. A small amount of higher order oligomer (identified

as such by 'H NMR) eluted prior to 11C tetramer. The yield of 11C



tetramer (42 mg, 13 pmol) was fifty percent based on 3° SH 11C

monomer .
The 'H NMR spectrum was characterized based on the peaks resonant
above 2.0 ppm. v NMR [CDCla. 200 MHz, &(ppm)]: 4.79 (12H, triplet of
triplets, CHOZC). 3.39 (12H, triplet, CHzBr). 2.66 (12H, triplet,
CHZSS), 2.25 (36H, triplet, CHZCO2 and submerged multiplet, twelve ring

protons vicinal and trans to the ester).

5.3.21 6C Tetramer

The title compound was prepared by iodine oxidation of a mixture
containing a small amount of 3° SH 6C monomer and a large excess of
1°SH 6C monomer. The preparation is based on that of 11C dimer
described above. 1° SH 6C Monomer (454 mg, twenty percent thiol
conversion) and 3° SH 6C monomer (22 mg, 42 umol) were oxidized with
excess I2 (100 mg, 0.39 mmol) in 10 mL of chloroform with two drops of
added pyridine. The oxidation was allowed to proceed for
approximately two hours before extraction. RPTLC (methanol) showed
four spots. The major products were 6C monomer (Rf = 0.64), 6C dimer

(R. = 0.46) and 6C tetramer + oligomer (Rf = 0.0). A small spot at Rf

f
= 0.29 was probably 6C trimer. The mixiure was fractionated by GPC.

A small amount of higher order oligomer (identified as such by 'H NMR)
eluted prior to 6C tetramer. The yleld of 6C tetramer (31 mg, 13
pmol) was thirty-three percent based on 3° SH 6C monomer.

The ' NMR spectrum was characterized based on the peaks resonant

above 2.C ppm. 'H NMR (CDC1,, 200 MHz, 8(ppm)]: 4.79 (12H, triplet
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of triplets, CHOZC), 3.40 (12H, triplet, CHzBr). 2.65 (12H, triplet,
CHZSS). 2.28 (36H, multiplet, CHZCOZ and, twelve ring protons vicinal

and trans to the ester).

5.3.22 8C Tetramer

The title compound was prepared by iodine oxidation of a mixture
containing a small amount of 3° SH 8C monomer and a large excess of
1°SH 8C monomer. The preparation, but not isolation, was based on
that of 11C dimer described above. Pyridine was not used to
neutralize the hydrogen iodide produced by the oxidation. 1° SH 8C
Monomer (181 mg, twenty-five percent thiol conversion) and 3° SH 8C
monomer (13 mg, 21 umol) were oxidized with excess I2 (79 mg, 0.31
mmol) in 10 mL of chloroform. The oxidation was allowed to proceed
for fifty minutes before extraction. The chloroform solution (diluted
to 30 mL) was ex*racted with two portions of 20 mL pH 7.0 phosphate
buffer, 20 mL of 10 % aqueous Na25203, and a further 20 mL of pH 7.0
buffer. The chloroform extract was dried with MgSO4, then
concentrated by rotary evaporation. The chloroform residue, 174 mg,
was fractionated by elution through a preparative C18 SEP-PAK
cartridge. The sample was applied to the cartridge, attached to a
10 mL syringe, as a methanol/oil mixture. Elution required six 10 mL
portions of methanol, two 10 mL portions of ethanol and two 10 mL
portions of chloroform. The 8C tetramer eluted in the chloroform
fractions. The 8C tetramer has R. = 0.0 on RPTLC. The yield of 8C

f

tetramer (10 mg, 3.5 umol) was seventeen percent based on 3° SH 8C



monomer.

The 'H NMR spectrum was characterized based on the peaks resonant
above 2.0 ppm. 'H NMR [CDC1,, 200 MHz, S(ppm)]: 4.81 (12H, triplet of
triplets, CHOZC). 3.41 (12H, triplet, CHZBr). 2.67 (12H, triplet,
CHZSS). 2.28 (36H, triplet, CH2C02 and submerged multiplet, twelve

ring protons vicinal and trans to the ester).

5.3.23 1° NBD 11C Monomer

Thiol bearing surfactants prepared in this work were labelled with
a reactive haloacetyl derivative (IANBD) of NBD, Figure 4.1b. A 1° sH
11C monomer sample (53 mg, ten percent thiol conversion) was dissolved
in 3 mL of 2/1 dioxane/pH 7.4 phosphate buffer. Excess IANBD (15 mg,
37 umol) was added and the reaction, under nitrogen allowed to
proceed for two hours at which point cysteine {(Nutritional
Biochemicals), 15 mg, 124 umol, was added to quench the reaction.
After thirty minutes of further reaction, the solution was extracted
with 30 mL of ether and three portions of 15 mL of pH 7.4 phosphate
buffer. The ethereal extract, a brilliant fluorescent green, was
dried with MgSO4 and concentrated by rotary evaporation. Silica TLC
(90/10 ether/acetone) showed two dominant orange spots at R. = 0.64

f

and 0.40. 1° NBD 11C Monomer, R. = 0.64, was isolated with a

f
preparative silica gel column (30 g, 95/S ether/acetone). The title
compound elutes as the first colored band. Reverse phase HPLC (2.0

mL/min, acetonitrile) on this product showed one peak (470 nm) with a

retention time of 6.3 min. The yield13 (4 mg, twenty percent) was
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incorporate into a bilayer, should reside with their alkyl tails in
the bilayer interior. Tracer diffusion coefficients were measured for
NBD-citronellol, NBD-solanesol, and NBD-dolichol sequestered in liquid
crystal phase (29 °C) DMPC bilayers. NBD labelled
phosphatidylethanolamine (NBD-PE) was also measured in order to
provide a constant point of reference since, presumably, the diffusion
coefficient of NBD-PE reflects the self diffusion of the host lipid.

The results of these measurements are found in Table 6.1. The
same results are displayed graphically in Figure 6.1. Surprisingly,
all the labelled alcohols diffuse at the same rate. This rate, in
fact, is equal to that of the lipid self diffusion as measured by
NBD-PE. The means are equal according to the student t test at a
ninety-five percent confidence level. The diffusion coefficient of
the NBD-PE is 5.0 x 107'% n°s™". Vaz et. al® found NBD-PE diffused at
a rate of 5.7 x 1072 m%s™' in DMPC multibilayers at 30 °C.
Essentially all the incorporated fluorophore is mobile, as evidenced
by mobile fractions which approach one. The equivalence of the
diffusion coefficient for these probes is very surprising since the
largest probe, NBD-dolichol, has a hydrocarbon tail which is an order
of magnitude larger than NBD-citronellol, the smallest probe.

The lack of size discrimination observed for the NBD labelled
isoprenoids was unexpected. To further explore the size effect in
membranes, we measured the diffusion coefficient of the fluorescent
polyaromatic hydrocarbons tetracene and rubrene incorporated in DMPC
multibilayers. Both these molecules have a significant absorption at
476 nm which makes them amenable to diffusicn measurements by FPR.

They have, however, only recently been exploited for FPR diffusion
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The 'H NMR spectrum was characterized based on the peaks resonant
above 2.0 ppm. "H NMR [CDCIj, 200 MHz, &(ppm)l: 8.47 (1H, doublet,
ring proton a to the nitro), 6.21 (1H, doublet, ring proton B to the
nitro), 4.81 (3H, triplet of triplets, CHOZC), 4.51 (4H, singlet,
NC§2C3202C). 3.51 (3H, singlet, NCH3), 3.40 (4H, triplet, CHZBr), 3.15
(2H, singlet, OzCCst)’ 2.53 (2H, triplet, SCHZ). 2.27 (9H, triplet,
CH2C02; submerged multiplet, three ring protons vicinal and trans to

the ester).

5.3.25 1° NBD 6C Monomer

The 1° NBD 6C monomer was prepared and isolated using the same
methods outlined for 1° NBD 11C monomer. A 1° SH 6C monomer sample
(18 mg, sixteen percent thiol conversion) was dissolved in 3 mL of
2/1 dioxanes/pH 7.4 phosphate buffer. Excess IANBD (15 mg, 37 umol)
was added to the mixture. Following quenching and extraction, the
title compound was isolated by silica gel column chromatography (30 g,
90/10 ether/acetore). Silica TLC (90/10 ether/acetone) showed two
dominant orange spots at R. = 0.54 and 0.26. 1° NBD 6C Monomer,

f
R, = 0.54, was isolated with a preparative silica gel column (30 g,

f
90/10 ether/acetone). The title compound elutes as the first colored
band. Reverse phase HPLC (2.0 mlL/min, 75/25 acetonitrile/water) on
this product showed one peak (470 nm) with a retention time of 5.8
min. The yield13 (2 mg, ten percent) was determined spectroscopically

by the absorbance of the NBD chromophore.

The 1H NMR spectrum was characterized based on the peaks -esonant
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above 2.0 ppm. H NR [CDC13. 200 MHz, &(ppm)]: 8.46 (1H, doublet,
ring proton a to the nitro), 6.21 (1H, doublet, ring proton B to the
nitro), 4.80 (3H, triplet of triplets, CHOZC). 4.50 (4H, singlet,
Ncgzcg202C), 3.49 (3H, singlet, NCH3). 3.41 (4H, triplet, CHzBr). 3.11
(2H, singlet, 02CCH25)' 2.52 (2H, triplet, SCHz), 2.31 (9H, triplet,
CH2C02; submerged multiplet, three ring protons vicinal and trans to

the ester).

5.3.26 3° NBD 11C Monomer

3° SH 11C Monomer (7 mg, 9 umol) was allowed to react with excess
IANBD (15 mg, 37 umol) in 1.5 mL of dry dimethylformamide (DMF) which
(BDH, spectroscopic grade) was saturated with nitrogen and contained
28 umol of TEA. After thirty-five minutes, the reaction mixture was
extracted with 75 mL of ether and three 30 mL aliquots of pH 7.4
buffer. The ethereal solution was dried with MgSO4 and concentrated
by rotary evaporation. Mono- and di-labelled monomer was evident by
both silica TLC and reverse phase HPLC anaiyses. The triply labelled
material was isolated by column chromatography (50 g s’'ica, S50/50
ether/ethyl acetate). The title compound had Rf = 0.29 on silica TLC
with the ether/ethyl acetate solvent. Reverse phase HPLC showed one
peak (470 nm) (2.0 mL/min, acetonitrile) at 6.0 min for the pure 3°
NBD 11C monomer. RPTLC (methanol) of the pure triply labelled monomer
showed one orange spot Rf = 0.41. The yield (by weight) was
approximately 2 mg (1 umol). Based on starting material, the

percentage yield was approximately ten percent.
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The 'H NMR spectrum was characterized based on tihe peaks resonant
above 2.0 ppm. 1H NMR [CDC13. 200 MHz, &(ppm)]: 8.43 (3H, doublet,
ring proton a to the nitro), 6.17 (1H, doublet, ring proton B to the
nitro), 4.76 (3H, triplet of triplets, CHOZC). 4.47 (12H, singlet,
NCHzCHZOZC)' 3.48 (9H, singlet, NCH3), 3.10 (6H, singlet, OZCCst),
2.49 (6H, triplet, SCHZ). 2.31 (9H, triplet, CHZCOZ; submerged
multiplet, three ring protons vicinal and trans to the ester).

o

5.3.27 1 NBD 8C Dimer

1° SH 8C Dimer (18 mg, fifteen percent thiol conversion) was

dissolved in a 1 mL solution of 1 % TEA in DMF. Excess IANBD (15 mg,
37 umol) was added and the reaction, under nitrogen, allowed to
proceed for ninety minutes. The reaction mixture was extracted with
35S mL of ether and four 15 mL aliquots of pH 7.4 phosphate buffer.
The ethereal extract was dried with MgSO4 and concentrated by rotary
evaporation. Silica TLC (ether solvent) of the extract showed two
bright orange spots (IANBD and the title compound) and several dim

orange spots. The 1° NBD 8C dimer had R, = 0.48 on silica, with ether

f
as the solvent, while IANBD had Rf = (.28 under the same conditions.
The reaction mixture was fractionated on a silica gel column (30 g,
ether eluent) and the mono-labelled dimer isclated. The pure compound

eluted as one spot on silica TLC (above) and on RPTLC (methanol

eluent) with Rf = 0.21. The yield of 1° NBD 8C dimer was not

measured, however, it was very small.

The 'H NMR spectrum was characterized based on the peaks resonant
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above 2.0 ppm. 'H NMR [CDC13. 200 MHz, 8(ppm)]): 8.46 (1H, doublet,
ring proton a to the nitro), 6.20 (1H, doublet, ring proton B8 to the
nitro), 4.79 (6H, triplet of triplets, CHOZC), 4.48 (4H, singlet,
Ncﬂzcﬂ202C)’ 3.48 (3H, singlet, NCHS). 3.39 (6H, triplet, CHzBr). 3.10
(2H, singlet, 02CCHZS). 2.65 (4H, triplet, CHZSS). 2.50 (2H, triplet,
SCHZ). 2.26 (18H, triplet, CHZCOZ; submerged multiplet, six ring
protons vicinal and trans to the ester). A small triplet & = 3.17 ppm
was present in the spectrum. Control experime.its show it originated
from a small amount of terminal iodine contamination of the labelled
dimer. Presumably I~ generated by the labelling reaction displaced

some of the terminal bromine in the alkyl chains.

5.3.28 1° NBD 6C_Dimer

1° SH 6C Dimer (12 mg, fifteen percent thiol conversion) was
dissolved in a 1 mL solution of 1 % TEA in DMF. Excess IANBD (12 mg,
29 umol) was added and the reaction, under nitrogen, was allowed to
proceed for ninety minutes. The reaction mixture was extracted and
dried in a manner analogous to the 1° NBD 8C dimer preparation.
Silica TLC (ether solvent) of the extract showed two bright orange
spots (IANBD and the title compound) closely spaced together.
Cysteine (20 mg, 165 umecl) was added to the mixture as a solution in
10 mL of 50/50 dioxane/pH 7.4 buffer to facilitate extraction of the
residual IANBD. Further extraction with 35 mL of ether and three
aliquots of 15 mL pH 7.4 buffer removed the residual IANBD as a water

soluble cysteine adduct. The extract was fractionated on a silica gel



column (30 2, ether eluent) and the mono-labelled dimer isolated. A

very small amount of the doubly labelled dimer was present as a
contaminant. The pure compound eluted as one spot on silica TLC
(above) and on RPTLC (methanol eluent) with Rf = 0.48. The yield13 of
1° NBD 6C dimer (0.7 mg, one percent) was determined spectroscopically
by the absorbance of the NBD chromophore.

The 'H NMR spectrum was characterized based on the peaks resonant
above 2.0 ppm. 'H NMR [CDC1,, 200 MHz, S(ppm)]: 8.46 (1H, doublet,
ring proton a to the nitro), 6.20 (1H, doublet, ring proton B to the
nitro), 4.79 (6H, triplet of triplets, CHOZC). 4.48 (4H, singlet,
NCEZCHZOZC), 3.48 (3H, singlet, NCH3). 3.40 (6H, triplet, CHzBr), 3.10
(2H, singlet, 02CCHZS)' 2.65 (4H, triplet, CHZSS), 2.51 (2H, triplet,
SCHZ), 2.29 (18H, multiplet, CHZCOZ; six ring protons vicinal and

trans to the ester). As was the case for 1° NBD 8C dimer, a small

triplet 8 = 3.17 ppm (CHZI) is present in the spectrum.

5.3.29 1° NBD 11C Dimer

First degree thiol substituted 11C dimer was allowed to react
with IANBD using the procedures outlined above for the preparation of

o

17 NBD 8C dimer. While chromatographically it appeared labelled dimer
was formed, the yield was extremely meagre and the product could not
be isolated and identified spectroscopically. The yield for this
reaction, from the results outlined above, is known to be meagre. The

larger size of the 11C dimer may be related to our difficulty in

synthesizing this compound. FPR measurements were not performed using
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this probe because it could not be positively identified.

[+

5.3.30 1° NBD 11C Tetramer, 1° NBD 6C Tetramer

The first degree thiol substituted mixtures of both the 11C and
6C tetramers were synthesized using the principles outlined for
synthesis of the corresponding thiol dimers. The TANBD labelling
reaction, despite a great number of trials, did not produce labelled
tetramers of these compounds. The reason for the failure of this
reaction is uncertain. It may be due to a conformational effect of
the very large tetramers or it may simply be due to the inherently

pcor yields of the IANBD reaction (see above) in organic solution.
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CHAPTER SIX

DIFFUSION MEASUREMENTS

6.1 OQOverview

Lateral diffusion measurements were made in DMPC model membranes
using the fluorescently labelled molecules described in Chapter Four.
Additional diffusion measurements, with a subset of these probes, were
undertaken in viscous isotropic solution to understand their behavior
in more clearly defined model systems. Diffusion of the intrinsically
fluorescent hydrocarbons tetracene and rubrene was examined in both
model membranes and isotropic solution to aid in understanding the
dynamics of the membrane interior.

The diffusion measurements in this chapter are divided into three
sections. In the first section we consider the effect of probe chain
length on the rate of diffusion in model membranes. In the second
we examine the effect of probe chain length on the diffusion
coefficient in viscous solution. The third section considers the
effect on the diffusion coefficient of altering the headgroup area of

the probe.

6.2 Hydrodynamic Interactions in the Membrane Interior, DMPC Bilayers

6.2.1 Measurements in the Liquid Crystal State

The NBD labelled isoprenoid alcchols comprise an homologous
series of labelled hydrocarbon polymers which, since they will

e oA
y 4
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incorporate into a bilayer, should reside with their alkyl talls in
the bilayer interior. Tracer diffusion coefficients were measured for
NBD-citronellol, NBD-solanesol, and NBD-dolichol sequestered in liquid
crystal phase (29 °C) DMPC bilayers. NBD labelled
phosphatidylethanclamine (NBD-PE) was also measured in order to
provide a constant point of reference since, presumably, the diffusion
coefficient of NBD-PE reflects the self diffusion of the host lipid.

The results of these measurements are found in Table 6.1. The
same results are displayed graphically in Figure 6.1. Surprisingly,
all the labelled alcohols diffuse at the same rate. This rate, in
fact, is equal to that of the lipid self diffusion as measured by
NBD-PE. The means are equal according to the student t test at a
ninety-five percent confidence level. The diffusion coefficient of
the NBD-PE is 5.0 x 107'% n®s™". Vaz et. al! found NBD-PE diffused at
a rate of 5.7 x 10°'% n®s™! in DMPC multibilayers at 30 °C.
Essentially all the incorporated fluorophore is mobile, as evidenced
by mobile fractions which approach one. The equivalence of the
diffusion coefficient for these probes is very surprising since the
largest probe, NBD-dolichol, has a hydrocarbon tail which is an order
of magnitude larger than NBD-citronellol, the smallest probe.

The lack of size discrimination observed for the NBD labelled
isoprenoids was unexpected. To further explore the size effect in
membranes, we measured the diffusion coefficient of the fluorescent
polyaromatic hydrocarbons tetracene and rubrene incorporated in DMPC
multibilayers. Both these molecules have a significant absorption at
476 nm which makes them amenable to diffusicn measurements by FPR.

They have, however, only recently been exploited for FPR diffusion



Table 6.1: Probe Diffusion in DMPC Multibilayers
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Probe 1ipid/label D (103 n2 s)® Xm® N®
Liquid Crystal Phase 29 °C
NBD-PE? 1200° 50 + 2 0.97 38
NBD-citronellol 1500 48 + 3 1.01f 24
NBD-solanesol 2000 S3 £ 2 0.97 24
NBD-dolichol® 2000 46 + 2 0.98 39
Tetracene 1200 110 # 0.86 15
Rubrene 3300 58 £ 3 0.89 20
Gel Phase 19 °C

NBD-PE 1500 0.32 £ 0.01 0.66 20
NBD-citronellol 1500 1.00 £ 0.05 0.83 18
NBD-solanesol® 2000 0.14 + 0.02 0.40 22
NBD-dolichol 2000 0.08 % 0.01 0.70 5
Tetracene’ 1200 - - -
Rubrene? 3300 - - -

Diffusion coefficient, standard error of the mean.
Mobile fraction.

Number of measurements.

Aggregate of two sample preparations.

Second preparation has lipid/label = 1500.

Mobile fractions larger than 1.0 are physically impossible.
This is the fitted value.

beam photobleaching.

Diffusion measurements proved impossible due to extreme monitor



Figure 6.1: Tracer diffusion coefficients of NBD labelled isoprenoid
alcohols, and PE, rubrene and tetracene in the liquid crystal phase.

The labelled isoprenoid alcohols are NBD-citronellol, NBD-solanesol,

and NBD-dolichol. The measurements were made on liquid ~rystal phase
DMPC multibilayers at 29 °C. Error bars represent standard errors of

the mean.
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measurements?’3 These molecules were not employed as labelling agents,
but as intrinsically fluorescent non-polar probes. Their iack of
polarity suggests they should reside in the hydrocarbon interior of
the bilayer. Results cf our diffusion measurements with rubrene and
tetracene are shown in Table 6.1 and Figure 6.1. Rubrene, which is
approximately twice as large as tetracene, moves substantially slower.
Both move faster than NBD-PE as evidenced by the student t test at a
ninety-five percent confidence level. The mobile fractions for both
these probes are less than one, due to a small amount of monitor beam
photobleaching. The molecular structures of rubrene and tetracene 2
shown in Figure 6.2.

Diffusion coefficients of the labelled isoprenoid alcohol probes
were also measured as a function of unlabelled alcohol concentration
in the membrane preparation. The isoprenoid alcohols are incorporated
into the dry lipid film prior to swelling and formation of vesicles.
in the case of added citronellol and solanesol, trace amounts of the
corresponding labelled alcohols diffuse at rates faster than found in
the abseice of unlabelled alcohol. It appears that the two smaller
alcohols may have a 'fluidizing’ effect on ’'ie membrane at low alcohoul
concentrations. This effect is observed because of disordering in the
host matrix caused by the additive. Disrupting the packing of the
host lipid will result in faster probe diffusion. Added doiichol, in
contrast, appears to have little effect on the membrane; NBD-dolichol
and NBD-PE ditfuse at rates slightly slower than found in the absence
cf free dolichol. Other experimental techniques, however, have
indicated dolichol has a ’fluidizing’ effect on the membrane®’ >

Schroeder et. al?, however, have found that the fluidizing effect of




Figure 6.2: Fluorescent polyaromatic hydrocarbons rubrene and
tetracene. Both tetracene (a) ard rubrene {(b) are well suited to FPR

diffusion measurements.
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dolichol does not extend to the surface of the bilayer. Ubiquinone, a
polyisoprenoid quinone with a tail group similar to the isoprenoid
alcohols, is knewn to alter the fluidity of model membranes? Altering
the fluidity of the membrane, by whatever means, should change the
rate of probe diffusion in the membrane |

Previous investigators have postulated that dolichol will

® If labelled dolichol

aggregate at high concentrations in the bilayer?’
were able to join in these aggregates, one might expect the diffusion
coefficient to decrease. Our diffusion results provide no evidence
of this behavior. The results of our work on the free alcohol

dependence of the diffusion coefficient are found in Table 6.2 and

Figure 6.3.

6.2.2 Measurements in the Gel State

The liquid crystal to gel phase transition in a phospholipid
bilayer is characterized by a melting of the ordered, rigid

9,10
hydrocarbon chains.’

In the liquid crystal phase the hydrocarbon
chains are disordered and the interior viscosity decreases with
increasing temperature?l FPR diffusion measurements were undertaken in
the gel phase (19 °C) of DMPC membranes. The rigid interiors would
suggest that a probe’s hydrocarbon tail length should have a
significant effect on lateral diffusion in this phase. Diffusion
measurements were undertaken utilizing the NBD labelled probes

mentioned previously, as well as tetracene and rubrene. Not

surprisingly, diffusion in the gel phase of the membrane does depend

on the size of the probe. NBD-citronellol, in accord with its smaller
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Table 6.2: Concentration Effects Unlabelled Alcohol
DMPC Multibilayers 29 °C

Alcohol alcohol/lipid p (10'3 n? 5)° Xm® N°
Citronellol® 0.002 66 * 4 0.98 20
0.004 62 + 4 1.00 19

0.025 58 + 5 0.97 20

0.050 _ 55 + 3 0.99 20

0.020 66 + 5 1.00 14

0.000 48 + 3 1.01° 24

Solanesol® 0.033 63 ¢ 0.98 17
0.003 70 ¢ 6 0.98 17

0.000 53 + 2 0.97 24

Dolichol? 0.003 42 + 3 0.98 19
0.017 49 + 2 0.97 17

0.017" 42 + 2 0.97 20

c.o00' 46 + 2 0.98 39

Diffusion coefficient, standard error of the mean.
Mobile fraction.

Number of measurements.

Probe NBD-citronellol. Lipid/NBD-citronellol = 1500.

Mobile fractions larger than 1.0 are physically impcssible.
Tnis is the fitted value.

Probe NBD-solanesol. Lipid/NBD-solanesol = 2000.
9 Probe NBD-dolichol. Lipid/NBD-delichol = 2000.
Probe NBD-PE. Lipid/NBD-PE = 1200.

Aggregate of two sample preparations.




Figure 6.3: Lateral diffusion coefficients of labelled isoprenoid
alcohols in model membranes as a function of unlabelled alcohol
concentration. The measurements were performed on liquid crystal
phase DMPC multibilayers at 29 °C. The unlabelled alcohols correspond
to the labelled probe used. NBD-citronellol (o), NBD-solanesol (e),
and NBD-dolichol (A). Diffusion of NBD-PE (A) was measured in the
presence of free dolichol. Error bars represent standard errors of

the mean.
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size, diffuses faster than the labelled lipid (NBD-PE) in the gel
phase. NBD-PE diffuses at a rate of 3.2 x 10™'* n®s™! in the gel
phase. The student t test, ninety-five percent confidence interval,
shows that all three labelled alcohols diffuse at rates different from
that of NBD-PE and each other. The diffusion coefficlents measured in
the gel state, Table 6.1 and Figure 6.4, were lower by factors of
approximately fifty for NBD-citronellol and five hundred for
NBD-dolichol versus their diffusion rates in liquid crystal membranes.
Observation of dif.usion coefficients which depend on size, in the
expected manner, strongly suggest that we are measuring motion of the
labelled probes and not an artifact.

Our diffusion results in the gel phase are characterized by
mobile fractions of less than one. This probably relates to the
mechanism of diffusion in the gel phase. This mechanism is uncertain,
but has been related to probe movement along cracks or fissures in the
bilayer assembly?2 Probes which are not accessible to these defect
structures will not appear mobile on the time scale of the experiment:
Uncertainty in the mechanism, however, does not prevent the general
observation that molecules with longer hydrocarbon tails should move
slower due to the rigidification of the hydrocarbon interior. This is
what we observe experimentally. Our value for the gel phase diffusion

2s-l) is in qualitative agreement

coefficient of NBD-PE (3.2 x 107 m
with the results of Derzko and Jacobson?2
Curiously, the diffusion coefficient of the polyaromatic

hydrocarbons rubrene and tetracene could not be measured below the

main phase transition. Monitor photobleaching was so extreme for these

probes that it proved impossible to focus the laser on the surface of




Figure 6.4: Tracer diffusion coefficients of NBD labelled isoprenoid
alcohols, and PE in the gel phase. The labelled isoprenoid alcohols
are NBD-citronellol, NBD-solanesol, and NBD-dolichol. The
measurements were made on gel phase DMPC multibilayers at 19 °c.

Error bars represent standard errors of the mean.




Figure 6.5: Lateral diifusion coefficients of trace amounts of NBD

labelled isoprenoid alcchols in paraffin oil as a function of
temperature. The probes employed were NBD-citronellol (o) and
NBD-solanesol (A). The diffusion coefficients have units of

1o 2 -
10 ms . Error bars represent standard errors of the mean.
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the bilayer. Alteration of the microscope's plane of focus produced a
brief flare of fluorescence which was extinguished in less than one
second.

This is a potentially significant observation that has two
possible explanations. The first is that tetracene and rubrene
aggregate in the gel phase bilayer. Dimerization of tetracene is
known to render it nonfluorescent (476 nm irradiation) and is believed
to be an important mode of photobleaching:."13 The high local
concentration of tetracene or rubrene in these postulated aggregates
would surely speed the dimerization and thereby increase the
photobleaching rate. This presumes that rubrene has a similar,
self-catalyzed, mode of decay.

The second, more interesting, possibility is that the flat
board-like structure of these molecules might resul. in their
sequestering in the gel phase with a conformation amenable to
efficient excitation by the incident laser beam. Increasing the
efficiency of excitation will surely increase the rate of
photobleaching as well. The intriguing idea has been raised
that if the second explanation is true, it may be possible to map
fluid and gel regions of a real cell or complicated vesicle by
irradiation with a very low power laser beam. Those regions in the
bilayer with a favorable probe orientation (gel phase) should emit
more fluorescence than the corresponding liquid crystal regions.
Further studies are contemplated to examine the origin of this effect‘
and to exploit the tetracene and rubrene probes should case two above
prevall.

Trissll‘ has reported that rubrene will not incorporate into a
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black lipid membrane. As in our experiment, fluorescence was used as
a means of detection. It seems likely that, in fact, rubrene did
incorporate but was bleached to such an extent that minimal
fluorescence was observed. Our experiments clearly show that

rubrene will incorporate into DMPC bilayers.

6.3 Three-Dimensional Diffusion - Chain Length Effect

While the size dependent diffusion of the NBD labelled isoprenoid
alcohols in the gel phase is reassuring, the non-dependence of the
diffusion coefficient in the liquid crystal phase is disquieting. In
an effort to better understand the diffusive behavior of the NBD
labelled isoprencid alcohols in general, a series of studies in
three-dimensional viscous solution was undertaken. We performed
these experiments to answer a simple question: Can the diffusion of
various NBD labelled alcohols be distinguished by FPR in simple
solvent systems which are analogous to the membrane interior?

The theory behind the FPR technique, discussed in Chapter Three,
assumes that recovery of the observed fluorescent signal occurs due
to lateral diffusive motion. One might ask how the FPR technique can
presume to measure isotropic diffusion coefficients when the recovery
is clearly not solely due to lateral diffusion. Motion of
fluorophores along the direction of the optical axis will contribute
to the recovery signal. The question is, to what extent will this
corrupt the diffusion measurement. A detailed analysis of this
contribution to the signal has not yet been published. A common

assumption, however, 1s that the observed sample region approximates



158

a three-dimensional Gaussian function'® The excitation profile in this
case is given by Equation 6.1.

2 2 2 2 .
I{r,z) = I° exp [ -2r / W ] exp [ -2 z /'wz ] (6.1)

In Equation 6.1, z is the distance along the optical axis from the
focal plane and W, is the 'width’ of the profile, defined as per

Chapter Three, in the z direction. If ., > W., as is usually the
casef5 the contribution of motion in the z domain to the observed
recovery will be small. Calculations by Qian and Elson}6 however,

suggest that, for our experimental geometry, the measured diffusion

coefficient will be underestimated in three-.dimensional solution.
6.3.1 Measurements in Paraffin 0il

Diffusion measurements were undertaken for the labelled alcohols
citronellol and solanesol in paraffin oil. Paraffin oil was chosen as
the solvent since it is a hydrocarbon chain medium with a viscosity
(65 cP at 25 °C) within the range estimated for the bilayer interior.
The data shown in Table 6.3 and Figure 6.5 illustrate that tracer
diffusion coefficients of NBD-citronellol and NBD-solanesol are
distinguishable in this model system. As expected, NBD-citronellol
moves faster than NBD-solanesol. More extensive measurements were not
pursued in this system due to binding of the NBD labelled alcohols to
the inner surface of the glass capillary. The fluorescence intensity,
Jjudged by eye, originating from the glass surface was larger than the

intensity observed in the center of the capillary. Diffusion




Table 6.3: Probe Diffusion in Paraffin Oil
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Probe T ™) D (10'* n% 5)° Xm N
NBD-citronellol® 304 55 + 4 1.00 8
299 58 t 4 0.99 10
297 54 ¢ 2 0.98 10
293 42 + 3 0.98 10
291 35 ¢ 2 0.98 9
300 49 + 3 0.97 17
310 80 + 9 0.96 8
293 38 + 2 .98
NBD-solanesol® 296 17 £ 2 0.96 10
304 28 + 1 0.89 15
297 18 + 1 0.85 10
291 15 + 1 0.87 7

-4

© Number of measurements.

1.4 x 10°° mo1 L.

5.7 x 107> mol L™', first two data points.
1

-9

Diffusion coefficient, standard error of the mean.

Mobile fraction.

[NBD-citronellol]
® [NBD-solanesol]}

[NBD-s0. anesol]

.4 x 10°° mol L™', second two data points.



Figure 6.5: Lateral diifusion coefficients of trace amounts of NBD
labelled isoprenoid alcchols in paraffin oil as a function of
temperature. The probes employed were NBD-citronellol (o) and
NBD-solanesol (A). The diffusion coefficients have units of

-5 2 -1
10 ms . Error bars represent standard errors of the mean.
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coefficients of the labelled alcohols measured at the glass surface
were approximately fourfold slower than diffusion coefficlients
measured in the center of the capillary tube. Presumably, surface
aggregation occurs because of the polarity of the NBD moiety and/or
its ester link. The non-polar paraffin oil will have difficulty

solubilizing probes that have significaut polarity.

6.3.2 Measurements in G!ycerol/Water

More extensive diffusion measurements were undertaken in
glycerol/water solution. Tracer diffusion coefficients, as a function
of temperature in 80/20 glycerol/water, ave given in Table 6.4 (Figure
6.6) for NBLC-citronellol and NBD-solanesol. Once again the probes are
clearly distinguishable. Figure 5.7 shows a plot of the product (D *
u / T) versus temperature, for each probe. The viscosi.y of the
glycerol/water medium, as a function of temperature, is known from the
literature'’ The slope of zero for each probe, over the narrow
temperature range examined, suggests the Stokes-Einstein Equation
(Equation 6.2) is obeyed and the small glycerol and water molecules

appear a5 a continuum to the diffusing chains.

2k
D = < wnd (6.2)

In Equation 6.2, k is Boltzman’'s constant, T is the Kelvin
temperature, pu is the viscosity, and d is the particle diameter. D,
of course, is the diffusion coefficient. If the Stokes-Einstein

Equation holds, the radius of the diffusing particle is better



Table 6.4: Probe Diffusion in 8C/20 Giycerol/Water

"6 3

T (K'Y u (cP™h) D (103 m % s)° Xm® N
NBD-citronellol®
300 39 41 +5 0.99
297 46 33+2 0.97
295 52 29 + 2 0.98 10
291 67 23 * 1 0.99 10
NBD-solanesol®
301 37 25 + 3 0.94 10
298 44 18 ¢ 1 0.94 10
295 54 16 + 1 0.94 10
291 67 14 + 1 0.94 10

® Mobile fraction.

© Number of measurements.
[NBD-citronellol] = 9.3 x 10" % mol L™ .
[NBD-solanesol] = 7.0 x 107% mo1 L™'.

=Y

Diffusion coefficient, standard error of the mean.



Figure 6.6: Lateral diffusion coefficients of trace amounts of NBD
labelled isoprenoid alcohols in 80/20 glycerol/water as a function of
temperature. The probes employed were NBD-citronellol (o) and
NBD-solanescl (A). The diffusion coefficients have units of

-13 2 -1
10 m's . Error bars represent standard errcrs of the mean.
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Figure 6.7: Examination of Stokes-Einstein be'avior in 80/20

glycerol/water. Plots of D * u / T versus T should yield straight
lines with a slope of zero if Stokes-Einstein behavior is observed.
The probes employed were NBD-citronellol (o) and NBD-solanesol (A).

Error bars represent standard errors of the mean.
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represented as the radius of an equivalent hydrodynamic spheref8 This
equivalent radius is related to the radius of gyration of the chain
molecules.

The labelled alcohols were quite soluble in glycerol/water
mixtures and n« surface aggregation was observed. Glycerol/water
solvent mixtures may be used to sample a wide range of viscosities
postulated for the interior of the bilayer, however, their viscosity
is very sensitive to water content and glycerol is quite hygroscopic.
Our methodology for sample preparation requires heating the glycerol
~olutions and exposure to the atmosphere for not less than ten
minutes. Reproducible results, under these conditions, proved very
elusive in samples with less than twenty percent added water due to
the hygroscopic nature of glycerol. Glycerol/water is a poor
approximation, other than in bulk viscosity, to the interior of the
membrane. Experiments were therefore undertaken in a third model

system.

6.3.3 Measurements in Poly(propylene glycol)

The final model system investigated, poly(p.opylene glycol)
ethers (PPG), displayed the advantages qf the previous two systems
without their disadvantages. The PPG ethers are linear chain media
commercially available in a variety of average chain lengths. The
variable chain length results in a series of solvents with different
viscosities at room temperature. The NBD lab=lled isoprenoid alcohols
dissolved freely in these polymers with no surface binding. The

polymers are not hygroscopic and our diffusion measurements are very
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reproducible. The results of our diffusion measurements in the PPG
polymers, including rubrene and tetracene, are shown in Table 6.5 and
in an abridged form in Figure 6.8. The approximate viscosity range of
the bilayer interior is shown by the boxed region of Figure 6.8.

Once again there is a measurable difference between diffusion
coefficients of the various labelled alcohols. Contrary to the
results in glycerol/water mixtures, the PPG solvents did not reflect
Stokes-Einstein behavior. Plots (Figure 6.9) of (D * u / T) versus p
yield straight lines of positive slope. Stokes-Einstein behavior
would result in a slope of zero for each probe. The observed slopes
are depend.nt on the size of the diffusing molecule and vary by a
factor of approximately five. Diffusion measurements of tetracene and
rubrene in these polymers are difficult to perform due to the ease of
monitor beam photobleaching. Rubrene, however, diffuses more slowly
than tetracene as outlined in Table 6.5.

Diffusion coefficients in polvmer systems are frequently
interpreted in terms of reptation theory introduced by de Gennes in
1971% The solvent and probe molecules in our sv: tem, however, are of
insufficient length to display the highly entangled behavior required
for reptation?o The critical exponent for the length dependence of the
diffusion coefficient varies between -0.40 and -0.75, dependent on
solvert, rather than -0.50 predicted for diffusion with a reptation
mechanism. The complicated behavior of the diffusion coefficient ’'n
this chain media is not at present amenable to theoretical treatment.
Within a particular solvent, however, it appears the critical feature
is the hydrodynamic length of the diffusing probe. Flgure 6.10 shows a

comparison of the diffusion coefficient of NBD labelled poly(ethyler=



Notes to Table 6.5

® Diffusion coefficient, standard error of the mean.

-4

® [tetracene]
f [tetracene]
9 [rubrene] =

® [rubrene] =

Mobile fraction.

[+
Number of meas.rements.

4 Probe conceutration = 3.5 x 10 mol L}.

9.6 x 10°° mol L',
5.7 x 107> mol L™,
.8 x 10°° mol L™,
7% 107° mo1 L™*.
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Table 6.5: Probe Diffusion in Poly(propylene glycol) at 2%

2

Solvent (mol/g) u (cP™ 1) D (10" m'? 5)° Xm N
NBD-methanold
425 80 85 = 10 0.99 10
1000 150 64 + 8 1.00 18
2000 300 63 + 7 0.98 9
3000 600 S35 0.98 10
4000 930 59 + 5§ 0.98 8
NBD-citronellold
425 80 70 + 7 0.99 19
1000 150 44 + 3 1.00 18
2000 300 38 2 0.97 17
3000 600 36 2 0.98 16
4000 930 39 + 3 0.98 10
d
NBD-solanesol

425 80 41 * 2 0.97 10
1000 150 34 £ 2 0.96 10
2000 300 20 ¢+ 1 0.95 10
3000 600 16 £ 1 0.95 10
4000 930 14 ¢+ 1 0.93 10

(continued)
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Table 6.5 (continued)

Solvent (mol/g) u (cP™!) D (10"% n? 5)° Xn®
NBD-dolichol®
425 80 33+ 4 0.99 10
1000 150 24 £ 2 0.95 9
2000 300 14 £ 1 0.93 10
3000 600 12 £ 1 Q.92 10
4000 930 11 £ 1 0.93 10
Tetracene
2000 300 53 0.94
4000 930 54 + 2 0.93 4
Rubrene
2000 300 26 £ 2 0.81 10
4000 930 22 £ 2 0.78 7




Figure 6.8: Lateral diffusion coefficients of trace amounts of NBD
labelled isoprenoid alcohols in neat PPG polymer solutions as a
function of polymer size. The larger PPG polymers are more viscous.
The probes employed were NBD-citronellol (o), NBD-solanesol (e), and
NBD-dolichol (A). The approximate viscosity range of the bilayer
interior is shown by the boxed region. Error bars represeni standard

errors of the mean.
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Figure 6.9: Examination of Stokes-Einstein behavior in PPG polymers.
Plots of D * u / T versus u should yield straight lines with a slope
of zero if Stokes-Einstein behavior is observed. The probes employed
were, NBC-methanol (o), NBD-citronellol (e), NBD-solanesol {A), and

NBD-dolichol (A). Error bars represent standard errors of the mean.
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Figure 6.10: Comparison of the diffusion coefficients of (o) NBD-
solanesol and (A) NBD labelled poly(ethylene glycol) methyl ether in
PPG polymer. The average molecular weight of the unlabelled glycol is
750 g/mel. The two labelled probes have approximately the same

length. Error bars represent standard errors of the mean.
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glycol) methyl ether of average molecular weight 750 g/mol and NBD
labelled solanesol®' The labelled polyether probe and labelled
solanesol have approximately the same length. They display nearly
identical diffusion coefficients over the range of solvents
investigated. Few investigators have considered FPR as a means of
measuring lateral diffusion coefficients in polymer melts?z’23 The

ease of the experiment and current interest in polymer diffusion,

sugge.ts this may be a fruitful area of future endeavor.
6.4 Variation in Probe Headgroup Area, DMPC Bilayers
6.4.1 Measurements in the Liquid Crystal State
Lateral diffusion coefficients of labelled monomers and dimers,
based on the triester structure outlined in Chapter Four, were

measured in DMPC membranes. These measurements were performed, at a

tracer level, in both liquid crystal (29 °C) and gel (19 °C) phase
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membranes. Unfortunately, synthetic difficulties precluded measurenments

on the 1° NBD 11C dimer and the corresponding labelled tetramers.
The results of our measurements, in the liquid crystal phase,
for labelled monomers with alkyl chains of six, eight, and eleven
carbons are displayed in Table 6.6 and Figure 6.11. Included for
comparison purposes are the diffusion measurements for NBD-PE
in DMPC bilayers. Once again we observe mobile fractions of
approximately one. There appears to be little dependence of the
diffusion coefficient on hydrocarbon length or degree of labelling.

Similar results, Table 6.6 and Figure 6.11, are observed for the



Table 6.6: Probe Diffusion in DMPC Multibilayers

180

Probe liptd/label D (10'? n™% §)® ¥n® N®
Liquid Crystal Phase 29 °C
1° NBD 6C monomer 1500 50 ¢ 5 1.019 20
1° NBD 8C monomer 1500 65 ¢+ S 0.96 21
1° NBD 11C monomer 1500 47 + 4 0.97 17
3° NBD 11C monomer 1000° 46 + 4 0.98 17
1° NBD 6C diner 2000 52 + 0.98 21
1° NBD 8C dimer 1500 61 + S 1.00 21
NBD-PE' 1200 50 £ 2 0.97 38
Gel Phase 19 °C

1° NBD 6C monomer 1500 0.18 + 0.04 0.64 12
1° NBD 8C monomer 1500 0.11 + 0.02 0.52 10
1° NBD 11C monomer 1500 0.14 + 0.01 0.42
3° NBD 11C monomer 1000° -9 -
1° NBD 6C dimer 2000 0.35 + 0.21 0.50
1° NBD 8C dimer 1500 0.38 + 0.08 0.41
NBD-PE 1500 0.32 + 0.01 0.66 20

Mobile fraction.

Mobile fractions larger than 1.0 are physically impossible.

Diffusion coefficient, standard

Number of measurements.

This is the fitted value.

Lipid/probe = 3000.
Aggregate of two preparations. One has lipid/label = 1500.

error of the mean.

Diffusion measurements proved impossible due to negligible
recovery.




Figure 6.11: Tracer diffusion coefficients of NBD labelled triester
monomers and dimers, and PE in the liquid crystal phase. The labelled
monomers are 1° NBD 6C monomer (6M), 1° NBD 8C monomer (8M), 1° NBL
11C monomer (11M), and 3° NBD 11C monomer (11M3). The labelled dimers
are 1° NBD 6C dimer (6D) and 1° NBD 8C dimer (8D). PE of course
refers to the NBD labelled analogue. The measurements were made on
liquid crystal phase DMPC multibilayers at 29 °C. Error bars

represent standard errors of the mean.
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labelled dimers. All the probes except 1° NBD 8C monomer and 1° NBD
8C dimer have ihe same diffusion coefficient as NBD-PE. The
comparison of means was made with the student t test at a ninety-five
percent confidence level. Both the elght carbon triester monomer and
dimer diffuse somewhat faster than NBP-PE. It seems unlikely this is
more than an artifact since both 11C monomer derivatives diffuse at

the same rate as NBD-PE.

6.4.2 Measurements in the Gel State

Diffusion measurements (Table 6.6) were performed on DMPC
bilayers below the main phase transition temperature for the labelled
triester monomers and dimers mentioned previously. The results are
displayed graphically in Figure 6.12. As expected, one observes
greatly decreased diffusion coefficients and mobile fractions which
are substantially less than one. In the case of the triply labelled
3° NBD 11C monomer, there is essentially no recovery and, therefore,
no measurable diffusion coefficient. Evidently, the presence of three
bulky NBD labels in the frozen matrix effectively immobilizes this
probe.

The three singly labelled monomers diffuse at similar rates and
are significantly slower than NBD-PE under identical conditions. The
labelled dimers, however, diffuse at the same rate as NBD-PE as judged
by the student t test at a ninety-five percent confidence level. The
error in the measurement of 1° NBD 6C dimer is quite large. Diffusion
of the dimer specles faster than the corresponding monomer is

contrary to expectation.
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fixed frame of reference.

The observed recovery of the fluorescence In a spot
photobleaching experiment is due to the flux observed through the
microscope optics. This is the flux with respect to the laboratory,
or area, fixed frame of reference. To measure a true diffusion
coefficient, the second term of Equation 7.1 must be zero, or
insignificant, with respect to the first term. As discussed above,
the multibilayers themselves do not move during the course of an
experiment. Therefore, gross displacement of the vesicle structure
does not cause the observed recovery. Alternate systems, investigated
before the ’'lipid sandwich’ method was developed, invariably suffered
from flow of the multibilayer assemblies.

The absence of gross displacement of the multibilayer, however,
does not ensure that the second term of Equation 7.1 is insignificant.
One must still examine the contribution to the observed recovery of
convective flow of the host lipid in the multibilayer. Theoretical
treatments of flow and diffusive recovery of the fluorescent signal
after photobleaching suggest a functional form for the recovery which
differs for diffusion and flow. The statistical nature of the
experiment, however, means that in a practical sense, it is impossible
to discriminate between the two. The conditions of mechanical and
thermal equilibrium, however, still apply. Convective flow will occur
only in the presence of an active stimuli such as a pressure or
temperature gradient. To the best of our knowledge, convective lipid
flow has not been observed in model membrane systems. Convective flow

has been postulated to occur in eukaryotic cell membranes with an

unknown driving force®
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Diffusion measurements of labelled monomers and dimers were not
pursued in model viscous isotropic solutions. These measurements were
not undertaken because the isotropic solution does not mimic the
liquid crystal ordering of our probes in the membrane. Examination of
a headgroup effect presumably requires this ordering. Isotropic
solution studies to investigate the hydrocarbon chain length effect,
as discussed earlier, are valid since the head group and its

interaction with neighboring lipids are not of primary concern for

these probes.
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CHAPTER SEVEN

DISCUSSION

7.1 Validity of the Measurements

Fluorescence Photobleaching Recovery Measurements of diffusion
are subject to large statistical errors. The meagre light intensities
and small observation areas give rise to a significant uncertainty in
the measured light intensity, resulting in a poorly measured
diffusion coefficient. The unexpected results for the labelled
isoprenoid alcohols and the triester dimers mean that a consideration
of the random and systematic errors of our measurements takes on an
added importance.

A great deal of time and effort was expended in developing the
"1ipid sandwich’ technique for preparing vesicles, as described in
Chapter Three. Our intention was to reproducibly generate
phospholipid bilayers incorporating the probe of interest. This goal-
was achieved with NBD-PE and NBD-citronellol serving as the trial
probes. Diffusion coefficients measured from separate multibilayer
preparations generally differed by less than the standard deviation
associated with a series of measurements on one preparation. In the
liquid crystal phase membranes, the typical population standard
deviation of the diffusion coefficient was thirty percent of the mean.
This is a large relative error which necessitates a large number of
experiments to accurately measure the diffusion coefficient. The
population standard deviation associated with measurements in

three-dimensional solution was typically twenty percent, or less, of
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the mean. Presumably the bilayer results are less precise due to a
small natural variation in the vesicles.

The ’'1lipid sandwich’ technique has the advantage that the swollen
multibilayers develop from the lipid film forming the top layer of the
assembly. Diffusion measurements are performed with this structure
inverted so there are no obstructions between the multibilayers chosen
for diffusion measurements and the top coverslip. In addition, this
arrangement permits the multibilayers to sit, in mechanical
equilibrium, on the glass coverslip forming the bottom of the sandwich
structure. Situating the wax-sealed sandwich structure in a
water~-filled, temperature controlled, copper disk ensures that the
system 1s also in thermal equilibrium.

Multibilayers resting on the bottom coverslip of this structure
do not move over the time course of the experiment. A typlcal
measurement with three bleach/recovery sequences requires
approximately thirty seconds in the liquid crystal phase. Frequent
checks were made using the microscope eyepiece and assocliated cross
hairs to ensure that the multibilayers do not move or change shape.

Concern with the mechanical stability of the multibilayer
assembly relates to the measured diffusion coefficient through

Equation 7.1.

(7.1)

In Equation 7.1, n1 is the flux of material relative to the laboratory

frame of reference, while J: is the flux due to diffusion and civa

describes the convective flow of the system with respect to the area
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fixed frame of reference.

The observed recovery of the fluorescence in a spot
photobleaching experiment is due to the flux observed through the
microscope optics. This is the flux with respect to the laboratory,
or area, fixed frame of reference. To measure a true diffusion
coefficient, the second term of Equation 7.1 must be zero, or
insignificant, with respect to the first term. As discussed above,
the multibilayers themselves do not move during the course of an
experiment. Therefore, gross displacement of the vesicle structure
does not cause the observed recovery. Alternate systems, investigated
before the 'lipid sandwich’ method was developed, invariably suffered
from flow of the multibilayer assemblies.

The absence of gross displacement of the multibilayer, however,
does not ensure that the second term of Equation 7.1 is insignificant.
One must still examine the contribution to the observed recovery of
convective flow of the host lipid in the multibilayer. Theoretical
treatments of flow and diffusive recovery of the fluorescent signal
after photobleaching suggest a functional form for the recovery which
differs for diffusion and flow. The statistical nature of the
experiment, however, means that in a practical sense, it is impossible
to discriminate between the two. The conditions of mechanical and
thermal equilibrium, however, still apply. Convective flow will occur
only in the presence of an active stimuli such as a pressure or
temperature gradient. To the best of our knowledge, convective lipid
flow has not been observed in model membrane systems. Convective flow
has been postulated to occur in eukaryotic cell membranes with an

unknown driving force®



192

The observation of a constant diffusion coefficient in the liquid
crystal phase, for all the NBD labelled species, suggests we could be
measuring an artifact and not true diffusion coefficients. Such an
artifact could be caused by reversible photobleaching. If the
recovery of the fluorescence signal is not due to diffusive mction,

but instead occurs due to reversible photobleaching, then the reccvery

would reflect the kinetics of the reverse reaction. Scalettar et. al?

have recently proposed that reversible photobleaching can occur due to

depletion of the ground state by intersystem crossing to the triplet
state. This is a short-lived effect and is unlikely to occur on the
millisecond time scale of our diffusion measurements. Bleaching an
entire vesicle showed there was negligible recovery due to reversible
photobleaching. This is a control experiment described in Chapter
Three.

If flow does not cause the observed recovery, and if
photobleaching is irreversible, then perhaps we are measuring the same
diffusing entity in all our membrane experiments. This entity need
not be the labelled molecule of interest. This could occur since it
is fluorescence we observe, presumably due to NBD, not necessarily the
labelled species. Phospholipid multibilayers prepared in the absence
of NBD label are not fluorescent. Therefore an impurity, if present,
does not originate in the bilayer preparation. Another possible
source of contamination could be free NBD from chemically impure
samples. For this reason great care was taken in the synthesis,
purification, and stability analysis of all our labelled compounds.

If an impurity is present, it is unlikely to be significant compared

to the true labelled compound. Diffusion coefficients measured in the
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gel state show distinctly different size dependencies for all our
labelled compounds. Had our measurements reflected the motion of a
common impurity in our preparations, one would expect to observe an
invariant diffusion coefficient in our gel phase experiments.

Microscopic observation of our multibllayers reveals no anomalous
structure in the presence of fluorophore. Altering the plane of focus
of the microscope under laser illumination reveals that the
fluorescence originates only from the lamella of the bilayer
structure. Focusing the laser beam on the interior or exterior of a
unilamellar vesicle reveals minimal fluorescence. The small amount of
signal detected by eye is very diffuse and originates primarily from
out of focus membranes. Changing the plane of focus to the dorsel or
ventral surfaces of the membrane reveals a bright spot of
fluorescence. This is true in both the liquid crystal and gel phase
membranes. It indicates that the fluorophore is not water soluble,
and therefore aqueous diffusion is not responsible for the observed
recovery. This observation, however, must be tempered by the
knowledge that NBD fluorescence is quenched by water.

Examination of the structure of our labelled probes reveals they
are, in any case, too hydrophobic to reside as individual entities in
the aqueous medium surrounding the vesicle. The synthesis of all our
labelled compounds involved aqueous extraction. Minimal color was
observed in the aqueous phase for extractions of the nearly pure
materials. This indicates they are not water soluble. Control
experiments indicate that the pure, unlabelled triesters have little
tendency to form micelles or reverse micelles in aqueous solutlon.

The significant losses observed in the syntheses of triester based
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species probably depends on the presence of organic solvents such as
DMSO in the aqueous phase. The labels themselves, NBD-acid and IANBD,
are not water soluble although (vide infra) they have significant
polarity.

Thus it appears that the result of our FPR measurements on cell
membranes is a true measure of lateral diffusion coefficients. This
idea is supported by the close agreement found between our measurement
of the rate of diffusion of NBD-PE in DMPC multibilayers and a
measurement on the same system by Vaz et. al? We measure the
12 2 -1

diffusion coefficient to be 5.0 x 10 at 29 °C while Vaz et.

al. measure 5.7 x 10" '% m%s™! at 30 °C.

7.2 Hydrodynamic Interactions in the Membrane Interior

The preceding discussion reveals that the invariance of our
measured diffusion coefficients with molecular size and shape, in the
liquid crystal phase, does not result from systematic error in the
performance of our experiments. If one accepts this conclusion, then
the consistency of the results suggests a common mechanism for both
labelled phospholipids and our series of labelled isoprenoid alcohols.

The common feature in the isoprenoid alcohol series, other than
the fundamental isoprene unit, is the NBD label. Fluorescence
quenching studies have shown shown that NBD in the terminal position
of flexible phospholipid acyl chains, has sufficient polarity to ]oop'
back toward the aqueous tnterface>’® NBD attached to the terminus of
rigid steroids such as cholesterol will not loop back to the surface?‘6

Indirect evidence for the polarity of NBD comes from observations
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made earlier in this thesis. The chromatographic behavior of the NBD
labelled isoprenold alcohols and triesters depended to a large extent,
with silica gel, on the NBD label. For example, the Rf for NBD
labelled citronellol, solanesol, and dolichol is essentially the same
for all three molecules. Separations on silica gel are primarily
based on polar interactions with the silica surface? Diffusion
measurements in paraffin oil, a totally hydrocarbon medium, were
marred by surface aggregation. This aggregation was presumed to occur
due to the polarity of the NBD moiety or its ester linkage.

If the NBD label is sufficiently polar to reside somewhere near
the vicirity of the bilayer/water interface it appears likely that the
rate of lateral diffusion of the labelled isoprenoid alcohols is
limited by the free area fluctuations at the surface. NBD need not
reside at the interface to experience this effect. The alkyl chains
of the host phospholipid are quite ordered near the aqueous surface
but are more random in their motion near the interior of the

8,9
membrane.

If NBD resides in the vicinity of the ordered portion of
the alkyl chains, its motion will be limited by their lateral motion
according to the Free Area Theory. If the bulk of the probe chain
resides in the interior of the membrane, and the interior is quite
fluid, one might anticipate little or no dependence of the diffusion
coefficient on probe chain length.
Companion diffusion mcasurements with non-polar fluorophores

support this interpretation. Tetracene and rubrene have no tendency
to reside near the aqueous surface because they are non-polar. They

diffuse faster than NBD-PE and the labelled isoprenoid alcohols.

Free Area Theory suggests that diffusion faster than the host lipid is
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not possible. Violation of this basic tenet of the theory suggests
that the rate of diffusive motion for tetracene and rubrene is not
controlled by the surface behavior of the bilayer assembly. Rather,
they must move in the hydrocarbon interior of the membrane although,
presumably, there will be some coupling to the rate of host lipid
diffusion.

Diffusion measurements of the labelled alcohols in the gel phase
also support this mechanism. As discussed previously, the hydrocarbon
chains in the gel phase are packed in a crystalline state. The alkyl

chains of the labelled alcohols should have an effect on the diffusion

coefficient if the membrane interior becomes more restrictive to
lateral motion. This effect 1is observed experimentally.

Not only do the labelled isoprenoid alcohols span an order of
magnitude in length but they vary by approximately a factor of four in
mass. Clearly this variation in mass is unimportant, as is the
variation in size. Molecular dynamics studies of impurity diffusion
in two-dimensional hard disk systems suggest that there should be a
mass dependence of the diffusion coefficientfo We do not observe this
behavior. Presumably this occurs because the restricting feature of
NBD labelled alcohol diffusion is the NBD headgroup itself, and the
alkyl chains are unimportant. This view, promulgated earlier in the
chapter, essentially views the labelled alcohols as a ball and chain
system. The ball restricts the long range motion while the chain is
permitted a great deal of dynamic freedom. Increasing the length of
chain in this analogy does not alter the long range motion but does
increase the overall dimensions of the molecule. This analogy is not

exact since the cross-sectional area of the NBD label is not vastly
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different from that of the isoprene chains.

A continuum mechanics interpretation of the non-dependence of the
diffusion coefficient on size would hold that the membrane has a high
Reynolds number and so viscous, not inertial, effects on the diffusion
coefficient are of paramount importance. Our model of the system
would suggest that the hydrodynamic restriction on motion is the NBD
label itself.

The experiments in three-dimensional solutions were intended to
explore what might have been expected to occur if the NBD labelled
alcohols diffused in the disordered region of the membrane interior.
Our experiments indicate that had this been true, diffusion of the
labelled alcohols should have been distinguishable, based on their
length, in the liquid crystal phase. The model systems are not a true
rendering of the membrane interior, since unquestionably the membrane
interior must retain some residual order perpendicular to the aqueous
interface. The PPG matrices, however, are random media with all
manner of interacting chains.

Diffusion coefficients measured in three-dimensional solution,
although they approximate the viscosity of the membrane interior, are
not directly comparable to those measured in the membrane. Direct
comparisons are not appropriate because, as mentioned above, the alkyl
chains of the membrane possess some residual order while the polymers
do not. Comparing viscosities based on assigning a three-dimensional
tensor viscosity to the thin anisotropic membrane sheet is fraught
with difficulty due to the restrictive geometry of the membrane.
Systematic error in the three-dimensional diffusion coefficient, due

to relaxation of the concentration gradient in the z dimensionf1 also
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precludes direct comparison of diffusion coefficients in the two
media.

Recently Rajarathnam et. a1'? measured the rate of lateral
diffusion of headgroup labelled ubiquinone in model membranes and
mitochondrial membranes. Ubiquinone is an integral component of the
electron transfer chain that mediates the transfer of electrons in the

mitochondrial membranef3

It possesses a quinone headgroup and a
linear chain made up of ten unsaturated isoprene units. Their
diffusion measurements with relatively large probe concentrations
using a variant of the basic FPR technique, confirmed our results with

the structurally similar isoprenoid alcohols. They found that the

labelled ubiquinone diffused, in both types of membranes, at the same

rate as NBD-PE. They suggest, as do we, that the NBD label is
sufficiently polar to penetrate to some degree into the region of the
more rigid phospholipid acyl chains. Figure 7.1 illustrates the NBD
location suggested by our experiments. Based on thls mechanism for
lateral diffusion of the labelled isoprenoid alcohols, one coulu
predict that the apparent activation energy for these probes should be
equal to the four to eight kcal per mole observed for NBD-PE.

Steady state fluorescence quenching experiments were performed in
an effort to confirm the location of the NBD molety assoclated with
our labelled alcohols sequestered in bilayers. Small unilamellar
vesicles, formed from DMPC with lipid/label ratios of approximately
500/1 were used for these experiments. The set of labels investigated
comprised three NBD labelled molecules (NBD-PE, NBD-cholesterol, NBD-

PC), for which the probe location in the membrane is known and two,

NBD-citronellol and NBD-solanesol, which have an uncertain probe




Figure 7.1: Cross-section of a membrane bilayer illustrating the
proposed location of the NBD probe (dark circle)} for our labelled
isoprenoid alcohols. This location is .inferred by a variety of
diffusion measurements and steady state fluorescence quenching

experiments.
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location. NBD-PE is known to localize the NBD label near the aqueous
interface,s’6 while NBD-cholesterol, due to the rigid steroid ring
structure, submerges the NBD label in the membrane interior§'6 The NBD
label in NBD-PC has been shown to loop back toward the aqueous
interface>'® The quenching agent, Coz'. is known to quench NBD
fluorescence with a collision quenching mechanism'®

An important distinction should be drawn at this point between
the two sets of molecules described above. The first group are known
surfactants to which a fluorescent probe has been added. Whatever the
orientational tendency of the second group, their hydrophilic
contribution to the orienting force is provided solely by the NBD
label and its associated ester linkage.

The results of the steady state quenching experiments are shown
in Figure 7.2 as a Stern-Volmer plot. The slope of such plots cannot
be interpreted as true quenching rate constants since the system is
anisotropic and the quencher and fluorophore are physically separated.
Non-1linear behavior of the Stern-Volmer plot in this context has been

interpreted as an indication that quencher bound to the surface of the

vesicle is the effective quenching species, and surface saturation has
occurred.8 Chattopadyay and London6 interpret the slope as an
indication of the degree of exposure of the NBD group to the aqueous
quencher. Fluorophores sequestered in the interior of the membrane
will be quenched less effectively than those at the surface.

The results displayed in Figure 7.2 demonstrate the NBD probe

does not reside at the bilayer surface. Weak quenching with the

surface bound cobalt indicates only that the NBD label is not within

the critical quenching distance of the cobalt ion. The measurement




Figure 7.2: Stern-Volmer plot of fluorescence quenching of NBD
"labelled molecules in DMPC bilayers by aqueous Co®*. The labelled

probes are NBD-PE (o), NBD-PC (o), NBD-cholesterol (A), NBD-

citronellol (o), and NBD-solanescl (Aj].
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does not indicate how deep the probe resides in the membrane. A more

precise interpretation of these results is clouded by uncertainty about

% to the bllayer surface and by possible

possible binding of the o
differential lifetime eftects of the various NBD species?

Nitroxyl spin labels are efficient contact quenchers of NBD
fluorescence. Spin labels attached to phosphelipids at various points
alorg the hydrocarbon chain have been used to identify NBD at several
different depths in odel membrane system? This ’parallax’
measurement, althougl. conceptually simple, proved difficult in our
hands. Reproducibility was elusive although initial results indicatgd
the NBD labelled isoprencid alcohols were poorly quenched by nitroxyl
spin labels attached to the five and ten carbon positions in the
phospholipid acyl chains.

Steady state fluorescence anisotropy measurements in small
unilamellar vesicles were performed to examine the short time scale
"mobility’ of the various NBD labelled species. Our results, Table
7.1, show that the NBD labelled alcohols reorient to a lesser extent
than the controls during the fluorescence lifetime of the probe. This
probably occurs because the structural feature orienting these

molecules is the label itself. Therefore it will reorient less

during its lifetime.




Table 7.1: Fluorescence Anisotropy Measurements in DMPC Bilayers

lipid/label

Liquid Crystal Phase 31 °C

NBD-PE 576
NBD-PC 392
NBD-cholesterol 569
NBD-citronellol 440

NBD-solanesol 373

® The anisotropy was calculated according to the equation

r = (Ivv -G Ivh) / (Ivv +20G Ivh)

I refers to the fluorescence intensity detected by the fluorimeter.
Subscripts vv and vh refer to the polarization of the excitation
and emission optics. G is an instrumental correction factor.




7.3 Varlation in Headgroup Size

Diffusion measurements of the labelled monomers and dimers
described in the previous chapter show no effect of the headgroup size
on the diffusion coefficient in liquid crystal phase membranes. This
result is both intriguing and confusing. The surfactant nature of our
triesters, discussed in Appendix Three, requires fewer companion
measurements since the diffusive motion may be considered in terms of
oriented molecular motion.

The three labelled monomers appear to dif.use at rates

independent of their hydrocarbon length. This is expec’' -1 based on
analogous experiments performed on labelled NBD-PE of different chain
lengths? The differences in chain length for the 6C, 8C, and 11C
monomers are trivial compared to the differences encountered with the
labelled alcohols.

The NBD probe is of significant size compared to the triester
monomers. In order to investigate possible putative effects of the
probe on the motion of the triester unit, FPR measurements were
performed with the triply labelled 11C monomer. No difference in
diffusion coefficient was observed in the liquid crystal phase.
Therefore, one may conclude that, although the probe may loop back to
the surface, this does not alter its diffusive motion. Support for
the looping behavior in our other mono-labelled triesters comes from a
qualitative lack of significant fiuorescence quenching by
intramolecular bromine. Bromine is known to be an efficient -
fluorescence quencher?s Had the NBD label localized in the membrane

interior, the Intramolecular quenching by two resident bromines would




have been extreme.

Monolayer studies (Appendix Three) have shown that the triesters
will incorporate in the bilayer with a 'closed’, all axial,
conformation. The projected area of the closed conformation is
approximately that of the host phosphelipid. Therefore agreemenf with
Free Area Theory is to be expected. The apparent activation energy
for diffusion is also predicted to be four to eight kcal per mole as
observed for NBD-PE.

In the gel state, all three mono-labelled probes move at the
same rate which is slower than NBD-PE, despite the similar projected
area in the liquid crystal phase. Presumably, the inherently
different nature of these surfactants accounts for the difference.
Molecular interpretations of this discrepancy are impossible at
present.

No discrepancy in diffusion coefficient amongst the labelled
monomers and NBD-PE in the liquid crystal phase was expected.
Diffusion of the labelled dimer species also at the same rate, or
slightly faster, in the liquid crystal phase was surprising. Two
possible explanations account for this behavior. (1) The dimer may
diffuse through discrete movements of the individual monomer units,
making up the dimer, by pivoting on the disulfide linkage. The dimer,
under this mechanism, will not move as a discrete unit. Presumably,
however, the motion of the individual monomers will be highly
correlated. Since the FPR diffusion measurement 1is made over an area
(=1 umz) much larger than the monomer dimensions, this correlation
may not be observable as an alteration of the diffusion coefficlent.

(2) The Free Area Theory may be a poor approximation to the lateral
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diffusion of test molecules slightly larger than the host lipid.
Certainly the sharp drop in the diffusion coefficient with size,
larger than phospholipids, is unrealistic. Clifford and Dickinson16
have suggested, based on computer simulation, that lateral diffusion
based on molecular jumps into free area voids is not the mechanism of
two-dimensional lateral diffusion at moderate to high densities.

It seems likely that both explanations outlined above contain a
modicum of truth. At this point our inability to label the trlester
tetramers is particularly galling. These molecules would be the ideal
means to discriminate between the explanations. Four monomers
covalently linked would be more highly correlated in their motion and
large scale diffusion by discrete monomeric jumps would be less likely
to masquerade as true monomer diffusion.

The precision iIn our data does not permit detailed commentary on
the effect of changing the dimeric point of attachment. Presumably
the deeper the disulfide bond in the bilayer, the more freedom the
dimer unit will possess to move by correlated jumps of the individual
monomers. One would not expect, however, the dimer to move faster
than the host phosphollipid as suggested by the diffusion measurements
for the 8C dimer. Once more inability to label the 11C dimer clouds
our consideration of this point.

Results from the laboratory of Harden McConnell at Stanford
University support, with qualification, the first mechanism outlined

17-19

above. McConnell and coworkers have measured the lateral

diffusion coefficient of lipids bound to labelled antibodies in

phospholipid bilayers and supported monolayers. The macromolecular

antibody will bind, due to its flexible Y shape, two haptenated lipids

R
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wldely separated on the vesicle or monolayer surface. For thls system
one expects large scale diffusive motion of the individual monomeric
phospholipids to be correlated with the corresponding monomer only
over large distances. Unlike our dimers, the antibody linked lipids
will diffuse as individual units on a molecular scale. Diffusion
measurements on the supported monolayers reveal that the bound
phospholipids diffuse at half the rate of unbound labelled

18,19 This result has been interpreted in terms of a frictional

lipids.
coefficient for the aggregate which is twice that of the isolated
lipids. Similar experiments with vesicles, however, have revealed no
difference in the diffusion of the antibody bound species and free
1ipid’”’

It is difficult to reconcile these two results. Our experiments,
however, resemble the second case where no difference is observed.
Differences in lateral density may account for the different behavior
in the vesicle and supported monolayer systems.

In the gel state both labelled dimer probes diffuse faster then
the corresponding monomers. Their rates of motion are equal to that
of NBD-PE. It is difficult to interpret these results in terms of a
molecular mechanism. Diffusion measurements which systematically

differ, although not in the manner expected, between labelled monomer,

dimer and PE, help confirm the integrity of the measurement.

7.4 Summation

We have demonstrated that valid diffusion measurements may be

performed with a series of NBD labelled polymers in DMPC model
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membranes. Surprisingly, all the labelled probes diffuse at rates
equal to that of the host lipld's self-diffusion. The non-polar
fluorophores, tetracene and rubrene, diffus. at rates faster than
lipid self-diffusion in the same model system. Systematic differences
are observed between the NBD labelled species in the condensed, gel
state of the DMPC bilayers.

These results indicate that hydrodynamic interactions in the
interior of the bilayer have an insignificant effect on the rate of
probe diffusion in the liquid crystal phase. In the gel phase,
however, the condensed state of the hydrocarbon chains significantly
retards the rate of probe diffusion. The rate in the gel state also
depends on the chain length of the diffusing molecule. The liquid
crystal results may be interpreted in terms of the Free Area Theory.
Fluorescence quenching results indicate, however, that the polar
headgroup of our NBD labelled alcohols is not located at the
water/bilayer interface. Diffusion measurements for our labelled
triester dimers indicate that a sharp drop in rate with increasing
diffusant radius, predicted by Equation 2.11, may be physically

unrealistic.




Figure Al1.1: DCC reaction with NBD-acid. This scheme shows the
formation of the C-acylisourea intermediate (1). the undesirable

N-acylurea (2) and the synthetically useful anhydride (2). The

N-acylurea forms via an O » N acyl migration.




(19) Subramian, S.; Seul, M.; McConnell, H. M. Proc. Natl. Acad. Sci.
1986, 83, 1169.




CHAPTER EIGHT

CONCLUSION

We have successfully undertaken a systematic examination of the
size dependence of lateral diffusion coefficients in model
phospholipid membranes. This study, of necessity, involved a

multi-disciplinary strategy. Key to this strategy was the synthesis

of an homologous serlies of probe molecules with defined structural
differences in two discrete dimensions. The first series of probe
molecules differed systematlically in length while the second series
differed in radius. The fundamental synthetic goal was achieved
although the entire series proved difficult to assemble. Lateral
diffusion coefficients of the labelled probes, in trace amounts, were
measured in DMPC multibilayers.

Fluorescence Photobleaching Recovery diffusion measurements in
liquid crystal phase bilayers revealed a surprising lack of dependence
on the depth of the probe penetration in the bilayer. Insignificant
effects were observed, even for probes which were an order of magnitude
longer than the smallest probe used. The labelled isoprencid alcohols
citronellol, solanesol, and dolichol diffuse at the rate of lipid
12 2 -1

self~-diffusion which is S x 10 Companion experiments with

model polymer systems, non-polar fluorescent aromatics and
measurements of gel phase diffusion indicate the diffusive behavior
of our NBD labelled isoprenoid alcohols may be described by Free Area
Theory in the liquid crystal phase. The polarity of the NBD label
itself seems to be sufficient to localize it in proximity to the

bilayer/water interface. Fluorescence quenching experiments, however,

<13




indicate it is not at the interface. Lateral diffusion of the
labelled probes is nevertheless controlled by the lateral density of
the host phospholipids.

Related Fluorescence Photobleaching Recovery diffusion
measurements in DMPC multibilayers examined the effect of altering the
radii of the diffusing probe molecules. Labelled surfactant dimers,
with a novel triester structure, diffuse at rates comparable to that
of the host lipid. This suggests that the dependence of D on probe
radii Is not as severe as the inverse exponential dependence predicted
by Free Area Theory! Our inability, however, to measure diffusion
coefficients of probes with radii larger than the labelled dimers
precludes develcpment of a new diffusion model.

Both series of probes indicate the lateral diffusion coefficient
has less dependence on molecular size and shape than one might
anticipate. This permits us to make a few generalizations about the
lateral diffusion coefficient of biological molecules in model
membranes. Unlabelled polyisoprenoid azlcohols will probably diffuse
at the rate of lipid self-diffusion. Surfactant biological molecules
such as vitamin A, a-tocopherol, vitamin K1' and ubiquinol will also
diffuse at this rate. This presumes the molecules will orient, to
some extent, in a bilayer. A large number of related molecules, one
may also predict, will diffuse at this rate. The key structural
feature, controlling the rate of diffusion, appears to be orientation,
not the details of molecular architecture. Thus in biophysical
calculations involving long range diffusive transport of non-protein
biomolecules, the lipid self-diffusion coefficient is likely an

excellent estimate of the molecules’ rate of motion.




Future studies suggested by these results include the following.
(1) An attempt should be made, once again, to determine the depth of
the NBD label attached to our isoprenoid alcohols in phospholipid
bilayers. (2) It would be worthwhile to attempt labelling the
triester dimers and tetramers with an acetamide analog of IANBD. This
probe, under development by Molecular Probes? may help improve the
yield of the labelling reaction sufficiently to lsolate the labelled
material. (3) It would be illuminating as well to crosslink, and
label, the triester monomers, dimers, and tetramers nearer the
triester headgroup. Such probes will result in more correlated motion
of the constituent monomers and will help answer the questions raised
in Chapter 7.3 about interpreting our dimer diffusion results. The
synthesis of said molecules, however, will be more difficult than
the syntheses described here.

Our synthetic strategy reaped significant benefits from an
Organic Chemistry point of view. The solvent dependence of the DCC
coupling reaction (Appendix One) was shown to result from hydrogen
bonding to the solvent molecules and not carboxylic acid dimer
formation as previously postulated? We observed, and quantified, an
intramolecular singlet oxygen 'ene’ reaction (Appendix Two) with our
labelled isoprenoid alcoheols. This is an intriguing system with
potential for further theoretical and experimental examination.
Finally, and perhaps most significantly, the surfactant triesters
based on cis,cis-1,3,5S-cyclohexanetriol are a novel, radially
symmetric surfactant with very interesting surface behavior. The

terminal thiol analogs should form a two-dimensional, hexagonal,

molecular net when oxidized in the form of a monolayer. Future
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studlies will examine the surface behavior of these molecules as a

function of hydrocarbon chain length and extent of polymerization.
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APPENDIX ONE

SOLVENT DEPENDENCE OF CARBOXYLIC ACID quDENSATIONS WITH
DICYCLOHEXYLCARBODIIMIDE

Al.1 Introduction

Dicyclohexylcarbodiimide (DCC) has, over the past twenty-five
years, proven to be an exceptionally useful reagent?-4 The
carbodiimide coupling reaction we have investigated is widely used in

the fields of synthetic organic chemistry? ® enzymolo;_:,y:"”'17

4,9-12

peptide synthesis,’ 4,18-22

and polymer chemistry.
The reaction mechanism (Figure Al.1) was proposed by Khorana®in
1958, Results of subsequent investigators, based mostly on product
data, have supported this proposal. Although the O-acylisourea (1)
intermediate has not been isolated, (an O-acylisourea has been
observed in solution23and in a peptide synthesisz4) studies on model
intramolecular O-acylisoureas have supported its existence?5
The major imperfection in the reaction is a significant side
reaction which ylelds, via an intramolecular O - N acyl migration, the
undesirable N-acylurea (g) rroduct. Additives such as
N-hydroxysuccinimide, which trap the O-acylisourea, have ameliorated
the problem of this rearrangement in certain cases. From a synthetic
point of view, however, one still wishes the anhydride to effectively
compete with this rearrangement. Figure Al1.1 shows that the
efficiency of anhydride production is dependent on acid concentration.
Our origina) intent was to derivatize rare, biologically
significant, isoprenoid alcohols using DCC and N-methyl-N-(7-nitrobenz-
2-oxa-1,3,-diazol-4-yl)-6-aminohexanoic acid (NBD-acid), a fluorescent

- 4




Figure A1.1: DCC reaction with NBD-acid. This scheme shows the
formation of the C-acylisourea intermediate (1), the undesirable

N-acylurea (2) and the synthetically useful anhydride (2)- The

N-acylurea forms via an O 5> N acyl migration.
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carboxylic acid ( 'COZH. Figure Al.1). Proceeding through the
anhydride and utilizing a 4-pyrrolidinopyridine catalyst? we hoped to
produce these delicate esters in high yleld and purity. Unfortunately,
NBD-acid proved to have limited solublility in most of the organic
solvents suggested in the literature.

Initial experiments indicated a striking dependence of the
reaction efficiency on both the acid concentration and the nature of
the solvent. Through a systematic evaluation of the solvent dependence
we hoped to learn more about the fundamental nature of the reaction,
thereby permitting a rational choice of the best solvent for synthetic
purposes.

Environmental effects on the DCC condensation reaction have taken
on an added importance with the increasing use of DCC, and other
carbodiimides, to modify or inhibit the function of carboxylic acid
residues in proteinsls'l7and polymer resins?o'zz The final product in
most cases is uncertain and may be sensitive to the location of the
carboxylic acid residue.

Using reverse phase HPLC and a programmable sample
injector/dilutor, we observed the redistribution of the NBD probe
amongst the acid, N-acylurea, and anhydride as a function of time and
solvent. The intense absorption of the NBD moiety>® (A = 476 nm,

€ ax" 3.44 x 104mol-1L cm-l) makes it a convenient tag to follow the

course of the reaction.
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Al.2 Results

Figure Al.2 shows an example of the disappearance of NBD-acid
(A), with concommitant appearance of both anhydride (AA) and
N-acylurea (NA), as the reactlon proceeds. Concentrations are
determined by the UV/VIS absorption of NBD present in each species.

The rate of aclid decay is analyzed in terms of the mechanism
outlined in Figure Al1.1. If one presumes formation of O-acylisourea
(AD.) is the rate limiting step and DCC (D) is present in large

excess, the result is -

dlA]l _ _ - *
=t = kllA][Dl k3[A][AD 1 (A1.1)

»
With a steady state concentration of AD, one integrates to yield -

In {A]l = InT"? 4 In (Al - k, [DIt (A1.2)
In this equation the variable [ is -
r = (k2 + 2k3[A]) / (k2 + 2k3[A]0) (A1.3)

From Equation (Al1.2) it is possible to determine k,, the second

1
order rate constant, by plotting the natural log of acid concentration
versus time. A summary of these results is found in Table Al.1 for
all solvents at a varlety of initial concentrations. Good pseudo
first order kinetics (r2 > 0.98) are found for all scivents. Using

independently determined values of the ratio k (vide infra), one

3%,

may calculate the value of the In l'”2 term. This term has no effect

on the observed slope and intercept of the experimental ln {A] versus




Figure A1.2: Time course of a sample reaction in acetonitrile.
Concentrations are o - [NBD-acid], o - [N-acylureal and A -
(Anhydride]. The sum of [NBD-acid], [N-acylurea] and twice
[Anhydride] is a constant, independent of time. The factor of two
allows for the two NBD-acid molecules which form each anhydride

molecule. Initial conditions [NBD-aCidlo = 2.89 x 10”3

5.26 x 10 2 M.

M, [DCC]0 =

I T

T, S T T
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Notes to Table Al.1

Solvents arranged in order of NBD-acid solubility.

Average values. Methylene Chioride 41, Nitrobenzene 23,
Nitropropane 15, Acetonitrile 2.8, Acetone 0.97,

Tetrahydrofuran 0.4S.

Average values. Methylene Chloride 6.8 x 10? Nitrobenzene 3.2 x 10?
Nitropropane 2.3 x 10? Acetonitrile 73, Acetone 19,

Tetrahydrofuran 9. 3.

Anhydride yield too meagre to allow determination of (ka/kz).
Average of six experiments, [NBD-acid]0 identical.

Average of flive experiments, [NBD-acid]0 identical.

Average of two experiments, [NBD-acid]0 identical.



226

Table Al1.1: Rate Constants as a Function of Solvent and Concentration

Solvent® [NBD-Acid]; (10° M) k, (10° M 5)° ky/k, (M)°
Methylene
Chloride a
0.59 34.5 _—
1.18 41.8 691
1.62 ' 38.0 624
1.77° 42.4 697
2.30 37.5 590
2.35 42.0 758
Nitrobenzene
6.6 22.0 324
13.2 22.4 306
19.8 24.4 324
26.4 23.6 320
Nitropropane
2.36 15.1 223
4.73 15.1 234
7.09 14.0 236
9.45 14.4 235
Acetonitrile
14.4 2.64 635.7
17.4° 2.83 72.4
28.9 2.1 73.9
43.4 2.97 73.1
57.8 2.95 77.8

(continued)
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Table A1.1 (continued)

Solvent® [NBD-Acid], (10° M) k, (10° M )" kyrk, (M)°

Acetone
4.8 0.75 —1
11.3 1.03 15.9
11.5 0.52 -
23.0 0.95 17.0
33.8 1.20 15.9
37.6° 0.74 18.2
45.0 1.21 17.8
26.07 1.00 21.2
47.2° 0.94 18.7
69.0 0.91 19.6
92.0 0.89 20.0

Tetrahydrofuran

27.7 0.45 9.3
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time plots for decays of three half lives.
Since the reaction pathway branches after the rate limiting step,

it is impossible to measure independently the rate constants k3 and

k However, by following the growth of anhydride (AA) relative to

2

N-acylurea (NA) one may determine their ratio since

d[AA] _ (A1.4)
m = (kB/kZ)[A]
Because the NBD absorbance is conserved (Figure A1.2) one knows -
{A) = [A]o - 2[AA] - [NA]} (A1.5)

Substituting Equation (A1.5) into Equation (A1.4) yields, after

applying an integrating factor -

(AA] =

ﬂz (ky/ky) (A1 + 1) (exp (-2 (ky/k,) [NAD) - 1)

- - [NAl/2 (Al1.6)
Tk /K,)

Expanding the exponential and regrouping by powers of (k3/k2) gives

[AA] =

2, 2 3 2
(ky/k, ) ([AGVINATZ2) + (ky/k,)(INAIZ/3 ~ [AJTINAIS) + .. (A1.7)

The k3/k2 ratio (Table Al.1) is determined by a fit to this
equation using a single variable, nonlinear, least squares algorithm27
keeping up to the seventh power of ka/kz. The power series expansion

accurately reproduces the experimental curve of anhydride versus

N-acylurea (Figure Al.3) when the appropriate value of k3/k2 is




Figure A1.3: Growth of anhydride concentration relative to N-acylurea
concentration for the sample reacticn in Figure nl1.2. These
concentrations are implicit functions of time. The slope of the
experimental curve is governed by Equation {A1.4). As the reaction
progresses, less available NBD-acid means the pathway producing
anhydride becomes progressively less competitive. The solid line is

the best fit result to Equation (A1.7).
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determined.

The major source of error in this study appears to be the day to
day handling and preparation of samples. Values of k1 and k3/k2
determined from a common set of solutions on the same day generally
showed relative uncertainties of less than five percent. When a
larger number of experiments were attempted over several days,
relative uncertainties increased to somewhat over ten percent. Hence,
error bars which reflect relative errors of ten percent were assigned
to the kinetic results in all solvents.

Additives had minimal effects on the reaction. Equimolar amounts
(with respect to acid) of either water, triethyl amine or pyridine
were added at a number of initial acid concentrations with no
deviation from the kinetics observed in their absence. A large
excess, relative to acid, of triethyl amine or pyridine was required
to slow the reaction to any measurable extent.

Control experiments exclude the possibility that the NBD molety
is affecting the kinetics of the reaction. Addition of NBD-amine, up
to equimolar acid, did not change the rate or extent of acid decay in

a series of reactlions in methylene chloride.

Al1.3 Discussion

Few investigations have considered the effect of solvent on the
DCC coupling reaction. DeTar and Silverstein28 examined the DCC and
acetic acid reaction in acetonitrile and carbon tetrachloride. They
postulated the reaction in carbon tetrachloride was faster due to

reactive acetic acid dimers in this solvent. Less reactive monomers,
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they belleved, predominated in acetonitrile. Similarly the higher
k3/k2 ratio, and therefore larger anhydride yield, was attributed to a
“cellular effect” of the dimer in carbon tetrachloride. That is, the
local concentration of acid in the vicinity of the O-acylisourea is
higher because of the residual acid molecule from the just disrupted
dimer. Despite a dissenting report from Mironova et. al?? these
results have been widely quoted.

DeTar and Silverstein> chose to analyze their experimental
information with a kinetic scheme which required fitting to many rate

constants at once. We simplify the analysis by making the k, step

1
pseudo first order with respect to acid and working at acid
concentrations which minimize dimer concentration {vide infra). This
permits us to use analytic rate equations (Equations (A1.2) and
(A1.7)) which require fits to only one variable, k1 and k3/k2
respectively.

The results in Table Al.1 show that, even with minimal dimer
concentration, ' large range of kl and k3/k2 values are possible. We
therefore attempted to correlate the rate constants with a variety of
empirical and semi-empirical solvent scales3°“n and found, except
with parameters which measured the solvent’'s hydrogen bond accepter
ability?o'32 poor or no correlation. The hydrogen bond accepter
ability refers to the ease with which a Lewis base solvent accepts a
hydrogen bond from a donor Lewis acid. One common measure of this is
the wavenumber difference between the OD stretching vibration of
deuterated methanol (MeOD) in a test solvent and a reference solvent

or MeOD in the gas phase. As shown in Figure Al.4 the correlation of

in (kl) versus B, the Shorter>’ hydrogen bonding parameter, is very




Figure A1.4: Correlation of ln (kl) with Shorter’s B parameter.

Solvents are numbered as follows: (1) methylene chloride;

(2) nitrobenzene; (3) nitropropane; (4) acetonitrile; (5) acetone and
(6) tetrahydrofuran. The B value for nitropropane is approximated by
the literature value for nitromethane. The best fit result is
indicated by the solid line. The error bars, relative uncertainties

of ten percent, are smaller than the data symbols.
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good (r2 = 0.99).

Correlation of 1ln (kl) with IR absorbance shifts relates changes
in reactivity to changes in the acidic OH bond. One might argue,
however, such changes are not solely due to the hydrogen bond
’basicity’ of the solvents. To clarify this point we plotted the
natural logarithms of the k, rate constants versus the Taft et.

1

?2'34’3Shydrogen bond accepter basicity (Figure A1.5). Unlike most

al
other solvent property scales which are based on changes of some
indicator with solvent, the parameter B is arrived at by averaging
multiple normalized solvent effects on a variety of properties
involving many diverse types of indicators.

The correiation, except for nitrobenzene, is excellent (r2 =
0.96). The B value for nitrobenzene, however, is based solely on the
UV/VIS absorbance of one indicator>®and therefore is not as reliable
as averaging many experimental cases. Since nitrobenzene clearly
falls on the regression line for Shorter’s B value, we believe the
value given by Taft et. al?‘may be in error. The results of our
kinetic experiments (Figure A1.5) suggest a B value of approximately
0.15, not 0.39 as reported?6

Based on equilibrium constants for carboxylic acids in
nitrobenzene?7acetone?8 and acetonitrile?eplus the fact that monomer-
dimer equilibrium constants change little in the hierarchy of linear

39one may calculate that in the

aliphatic carboxylic acids?T’
concentration ranges studied, little of the acid will exist as dimer
(Table A1.2). An equilibrium constant for carboxylic acids in

methylene chloride is not available in the literature. Consistent

kinetic results, however, suggest that even in methylene chloride an



Figure A1.5: Correlation of In (kl) with Taft's B parameter. Solvent
numbering as in Figure Al.4. Nitrobenzene from two sources gave
identical values for kl' The nitropropane 8 value is approximated by
the literature value for nitromethane. The solid line is the best

fit result excluding nitrobenzene. The error bars, relative

uncertainties of ten percent, are smaller than the data symbols.
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insignificant portion of the acid will be in dimer form. Equilibrium
constants for carboxylic acids in a related solvent more favourable to
dimer, carbon tetrachloride?o"1suggest that at most twenty-five
percent of the acld in our concentration range is dimerized.

Since acid dimerization is likely to be a function of solvent
basicity one might argue that the linearity of the ln (kl) versus
basicity plots merely reflects the extent, however limited, of
dimerization in the different solvents. Kinetlic arguments, however,
show that the initial rate of acid decay in such a system should not
be simply proportional to the starting acid concentration.

The equilibrium between monomer and dimer is governed by the
equilibrium constant Keq' If one presumes the "cell»lar effect” is
operational then the rate of acid decay will be -

d(A]
dt

2

-2 kd Keq [A) (A1.8)

In Equation (Al1.8) kd is the bimolecular rate constant for reaction of
NBD-acid dimer and DCC.
If the "cellular effect” is not operational but dimer is the

active species in the second stage of reaction, then Equation {(A1.8)

contains a second term which has a fourth power dependence on monomer
concentration. Thus, for either mechanism, the initial rate of acid
decay should depend on the initial NBD-acid concentration, thereby

reflecting the different relative amounts of dimer in solution (Table.

A1.2). This is contrary to our experimental evidence. We observe a

simple first order dependence on acid?2 and rate constants independent

of concentration, in all solvents at all concentrations.
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Table Al1.2: Dimer Mole Fractlons

Solvent K:q(M) [NBD-Acid] | (10* M™!)  Mole Fraction Dimer®®
Acetone 3¢ 4.84 0.003
92.0 0.05
Acetonitrile 0.5° 57.8 0.006
17.4 0.002
Nitrobenzene 5.8° 26.4 0.03
6.60 0.007

* These numbers should be considered estimates only.

-2

Mole fraction estimate calculated as [monomers in form of dimer] /
[total monomers].

° Ref. 38

Ref. 28

Ref. 37

a
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The k3/k2 ratio (Table Al1.1) determined from Equation (A1.7)

shows a dependence, similar to kl’ on solvent basicity. In fact, if
one plots kl versus the ratio k3/k2 for all solvents (Figure A1.6), a
straight line with intercept zero is obtained.

The linear relationship between k, and k./k, is best explained by

1 32
postulating that k3 and k1 depend in similar ways on solvent basicity
while k. is independent of solverit. Since addition of acid to DCC

2

resembles addition to the O-acylisourea species, a priori one might

expect similar solvent dependencies of the rate constants k1 and k3.

If the dominant effect of solvent on k, and k. is the change in

1 3

strength of the acid to solvent hydrogen bond, a precise consideration

of their mechanisms is unnecessary. [t suffices to say they are
similar and that breaking the hydrogen bond is involved in the rate
limiting step for each. Its contribution, therefore, to their free
energies of activation will be identical and k1 and k3 will be a
constant multiple in all solvents. This contention is supported by
the observation that NBD-acid solubility correlates qualitatively with
the solvent basicity indicating specific binding of the acid to a
basic solvent. The lack of solvent dependence of k2 is reasonable
since this represents an intramolecular rearrangement.

The alternative explanation of Figure A1.6, that k2 and k1 are

dependent in inverse ways on the solvent while k., is independent of

3
it, 1s unreasonable because the zero intercept of Figure Al1.6 would
suggest that k2 must become infinjtely fast in a strongly binding

solvent. This is not likely to be true for an intramolecular

rearrangement. Finally, we consider it unlikely that both k2 and k3

are solvent dependent in mutually compensating manners so as to




Figure A1.6 Correlation of k1 with (kslkz). Solvent numbering as in
Figure Al1.4. The solid line gives the best fit result. Error bars
reflect relative uncertainties of ten percent. Solvents (5) and (6)

(unlabelled) have error bars smaller than the data symbols used.
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maintain the linear relationship. The variety of solvent properties
is too great to expect such a coincidence.

Our conclusions are consistent with those of Mironova et. al®®
who argued that a specific interaction between solvent and acid
controlled the kinetics. They did not, however, determine the nature
of this interaction nor did they attempt to treat it quantitatively.

The rate constant k, +« known to increase with acid strengthl.l3 By

1
analogy, k3 should also increase with acid strength. In our system
one decreases the effective acid strength versus DCC by binding to
solvent. While Hegarty et. alf‘have found, in aqueous solution, a pH

dependence of the k2 rate constant for model O-acylisoureas, such does

not appear to be the case here.

Al.4 Conclusion

The second order rate constants k, and k3 are related to the

1

solvent basicity. Desolvation of the acid, for steps k1 and k3, is
the energetic restriction which results in a free energy of activation
dependent on the strength of the hydrogen bond between solvent and

acid. The rate constant k_, for intramolecular N » O acyl trarsfer is

2
solvent independent.

The cellular effect of DeTar and Silverstein’ is not the basis
for enhanced anhydride yields in solvents such as methylene chloride
and carbon tetrachioride. While extensive acid dimerization may
complicate the kinetics in a higher concentration range, changes in

the ratio k,/k, do not require dimerization. The extent of acid

32

aimerization and values of k3/k2 appear to be independent
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manifestations of the solvent’'s hydrogen bonding ability. While this
may be a subtle distinction it is fundamental to the nature of this
reaction.

Synthetic work requires a compromise between acid solublility and
retardation of the k, and k, rate constants. Solvents in which the

1 3
acid is the most soluble are those with the slowest k1 and k3 rate
constants. This relation between solubjlity and rate constants
suggests a useful rule of thumb. Fer a given DCC and acid
concentration, other things being equal, the reaction will be faster

and the anhydride yield better in the solvent for which the acid is

least soluble.

Al.5 Experimental

HPLC / Reaction Conditions

The HPLC system comprised two Waters 510 pumps controlled by a
Waters Autcmatued Gradient Controller. The reaction was followed at
480 nm and 210 nm with a Waters 490 multiwavelength detector. Peak
areas at 480 nm were quantified with a Waters 740 integrator. A
Gilson 231 progi:ammable sample injector and dilutor were interfaced to
the Waters system.

For HPLC analyses we used a Waters C,_ reverse phase radial

18
compression column. Elucion required a 70/30 mixture of acetonitrile
and water with a flow rate of 2.0 mL/min. These conditions gave

retention times of 1.3 minutes for NBD-acid, 4.3 minutes for

anhydride, and 5.6 minutes for N-acylurea. Integrated NBD intensity

remained constant with time, only the distribution changed.




Concentrations were calculated by multiplying the normalized intensity
for each species by the initial concentration of NBD-acid present.
Allowance was made for the two NBD species present in each anhydride
molecule.

The dilutor/injector was programmed to initiate the reaction by
mixing suitabie aliquots of pure solvent and solutions of DCC and
NBD-acid. 1In all cases DCC concentration was maintained in ten fold
excess. The dilutor/injector automatically sampled the reaction
mixture at appropriate intervals and injected these samples onto the
column. Reactions took place in a 2 mL screw top vial sealed with a
septum and were quenched upon injection by dilution and separation on
the column. No hydrolysis or other reaction of t*e products occurs
while on the column. Mixtures were stirred during reaction with a
small stir bar. Temperatures were controlled to within #1 °C of

(o)

30 C.

Chemicals

NBD-acid was prepared by reacting N-methyl-6-aminohexanoic acid
and 4-chloro-7-nitrobenz-2-oxa-1,3-diazole (NBD-Cl) as previously
described’”

The NBD-acid analogue N-(nitrobenz-2-oxa-1,3-diazol-4-yl)-
S-pentyl amine (NBD-amine) was prepared'by the direct reaction of
NBD-C1 and pentyl amine in methanol*® The resulting solutio: was

washed with acidic and basic buffers then extracted with ethyl acetate

to isolate NBD-amine.

The rearranged N-acylurea product was isolated by column
chromatography. The N-acylurea eluted from silica gel with a 75/25
mixture of methylene chloride and ethyl acetate. Recrystallized from

R
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hot ethanol/water mixture, its m.p. was 148-150 °C (uncorrected) on a
Gallznkamp melting point apparatus. Identity of this product was
confirmed by 1H, 13C NMR and high resolution mass spectroscopy.

The anhydride product was not isolated. However, in the presence
of a catalyst and 1-undecanol (esterification conditions), one observes
quantitative conversion of the presumed anhydride to the ester
product. This product was isolated by column chromatography (previous
conditions) and recrystallized from hot petroleum ether. Its m.p.
was 63-64 °C {uncorrected) as measured on a Gallenkamp melting point
apparatus. It was identified by 1H. 13C NMR and high resolution mass
spectroscopy. This confirms the identity of the carboxylic acid
anhydride.

Solvents methylere chloride, tetrahydrofuran, and nitrobenzene
(Baker), nitropropane (Kodak), acetone and acetonitrile (BDH) were
distilled or vacuum distilled and stored over molecular sieves in

sealed vessels.

DCC and pentyl amine were purchased from Kodak. NBD-Cl was

purchased from Sigma.
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APPENDIX TWO

SELF SENSITIZED SINGLET OXYGEN 'ENE' REACTION

Al.1 Introduction

The linear hydrophobic polymers, based on polyisoprenoid
alcohols, used in our diffusion measurements displayed an unexpected
instability when conjugated with the fluorescent label NBM-acid. The
need for a well-defined, coherent series of probes prompted us to

investigate the origin of this instability in some detall.

A2.2 Experimental

The simplest isoprenoid alcohol, citronellol, was esterified with
NBD-acid according to the procedure outlined in Chapter Five.
NBD-undecanol was similarily prepared. These two probes were chosen
as model systems due to the simplicity of their alkyl chains and their
relative abundance. The decomposition reaction was monitored by
silica TLC (75/25 methylene chloride/ethyl acetate) and reverse phase
HPLC (2.0 mL/min 70/30 acetonitrile/water). The decomposition product
retained the orange color characteristic of the NBD label. This made
visualization on TLC plates and observation (480 nm) by HPLC
particularly easy. NBD-undecanol and NBD-citronellol had Rf values on
silica of 0.85 and 0.87 respectively. The decomposition product of
NBD-citronellol had an Rf on silica of 0.75. NBD-citronellol eluted

on reverse phase HPLC with a retention time of 14.3 min. The

decomposition product of NBD-citronellol eluted with a retention time
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of 4.8 min.
A2.3 Results

Control experiments with methylene chloride solutions of
NBD-citronellol and NBD-undecancl, analyzed by silica TLC, quickly
revealed four critical features of the decomposition reaction. (1)
NBD-citronz1lol decomposes whereas NBD-undecanol is stable. (2) The
NBD-citronellol decomposition requires oxygen. (3) The decomposition
does not occur without direct sunlight or irradiation by an intense
lamp. Cutoff filters (400 nm) do not hinder the reaction. (4) The
decomposition product is more polar than the original ester.

This evidence suggests a photochemical reaction involving the NBD
chromophore, oxygen, and the isoprene double bond. The singlet
oxygen 'ene’ fulfills these criteria and is likely responsible for the
product degradatlon? Ground state triplet oxygen is known to undergo
triplet-triplet annihilation with varied dye sensitizers to produce the
very reactive 102 species? The isoprene moiety is vulne:.able to the
'ene’ reaction because of the trisubstituted double bond’ In fact,
citronellol is oxidized, intermolecularly, to rose oxide on an
industrial scale by the singlet oxygen 'ene’ reaction' In 1975 it was
estimated that two tons of 102 per year were used in this reaction for
the perfume industryf The singlet oxygen ’'ene’ reaction yields
hydroperoxides as shown in Figure A2.1.

To our knowledge, the NBD chromophore has not previous'y been
used as a singlet oxygen sensitizer. It is not surprising, however,

that it could so function. While the quantum yield of intersystem



Figure A2.1: Illustration of the singlet oxygen 'ene’ reaction.
Electronically excited singlet oxygen abstracts a proton from a

neighboring CH bond as it oxidizes the double bond.
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crossing is unknown for NBD, the low quantum yleld of fluorescence
(only five percents) suggests there could be substantial production of
triplet state NBD.

The singlet oxygen 'ene’ reaction has a very low activation
energy and little direct solvent dependencef There is an indirect
solvent dependence, however, due to the widely variant lifetimes of
singlet oxygen in solution' The lifetime is very long in halogenated
or deuterated solvents and thus singlet oxygen is very reactive in
these environments. Hydroxyl or hydrocarbon solvents yleld much
shorter singlet oxygen lifetimes. Therefore singlet oxygen is much
less reactive in these solvents.

The solvent lifetime effect was observed qualitatively with
NBD-citronellol. Exposure of NBD-citronellol in ethanol (T = 20
usec)? to intense light in an oxygen rich environment resulted in no
oxidation. Samples of NBD-citronellol in CDCl3 (r = 300 usec)6
invariably degraded quite quickly.

The kinetics of the singlet oxygen ’ene’ reaction, with
NBD-citronellol as the substrate, have been examined by time dependent
HPLC analysis7'B (480 nm) of samples irradiated with a xenon lamp.
Based on the methodology developed in this thesls, these experiments
revealed several significant, quantitative features of the reaction.
(1) The reaction was zero order with respect to NBD-citronellol’’®
This was interpreted to mean the reaction observed was intramolecular.
(2) A one-to-one correspondence was observed between NBD-citronellol
loss (480 nm) and oxidized NBD-citronellol productlon?'e This showed
the NBD chromophore was unaltered in the transformation. (3) The

ratio of the reaction rates for NBD-citronellol in acetonitrile and
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methylene chloride is simply the ratio of their respective singlet
oxygen lifetimes’ This quantitatively confirmed the singlet oxygen
lifetime effect mentioned above.

'H NMR of the light exposed and reacted NBD-citronellol supports
the l02 oxldation mechanism. The light reacted material was difficult
to purify; M MR of the crude product, however, showed a disruption
of the isoprene double bond structure. This is most evident from the
disappearance of the terminal methyl singlets (4 = 1.68 and 1.60 ppm)

a to the double bond in the original citronellol.

A2.4 Discusszion

To the best of our knowledge this is the first direct observation
of singlet oxygen sensitized by the NBD chromophore. The pseudo-
intramolecular reaction of NBD-citronellol is an intriguing model
system. It is pseudc-intramolecular because the generator site (NBD)
and the target site (double bond) interact only through the transient,
mobile, singlet oxygen species. As discussed in Appendix One, the
presence, and relative stability, of the NBD chromophore result in
facile kinetics experiments.

The rate equation for the reacticn (Equation A2.1) may be written
in terms of the rate of photon absorbance (IA). the quantum yield of
intersystem crossing (@isc). and the quantum yield of singlet oxygen

production (Qo ).
2



256

d [NBD-cit]

k
i
at = IA ¢l‘c @02 { ] (A2.1)

ko * ki

Equation A2.1 also relates the rate of reaction of the NBD linked
citronellol to the rate constant, ko. for relaxation of l02 to the
ground state 302. The rate constant kl is the bimolecular rate
constant for intramolecular reaction. We have incorporated the lccal
concentration of the double bopd into this rate constant, making it
pseudo first order. If ko is much faster than ki. then the rate will
be simply proportional to the lifetime of 102 in the solvent under

study. This has been confirmed experimentally? It suggests there is

little solvent effect on @lsc and ¢0.
2

The form of the rate constant k‘ is non~-trivial. It must
incorporate the non-homogeneity of the singlet concentration about the
sensitizer and it must also allow for the concentration of the double
bond. Since the reaction is zero order with respect to
NBD-citronellol, the intramolecular nature of the reaction obscures
these details.

If one presumes the rate constant k1 is proportional to the local
concentration of lO2 in the region of the double bond, the form of ki
may be examined in more detail. At low concentrations the
intermolecular reaction of NBD-citronellol will be suppressed and the
rate of reaction will be dependent on the average distance of the
double bond from the NBD sensjtizer.

The concentration gradient of 102 about individual NBD

chromophores may be expressed in terms of the oxygen diffusion

coefficient (D) and the singlet oxygen lifetime (T).




e (A2.2)

The gradient operator ¥ 2 in Equation A2.2 is the Laplacian ‘n three
dimensions with spherical symmetry. The spherical symmetry of the
system means that the concentration, C, is a function only of

the distance, r, from the sensitizer. In the steady state, 3 C/8t = 0O,

Equation A2.2 may be rewritten as shown in Equation AZ2.3.

D 118 9 [r2 :f ] -0 (A2.3)

Ecuation A2.3 is a second order linear differential equation,
honogenecus, with variable coefficients. Rearranged to the standard
form of Equation A2.4, the system may be solved using the method of

supressirg the first derivative®

8 ¢

2
r

+ (2/r) 8C/8r - T C = O (A2.4)

[»3]

In Equation A2.4, T combines the diffusion coefficient D and the
lifetime T as (D).
The concentration of lO2 as a function of r, with the appropriate

bouncary conditions, is expressed by Equation A2.5.
C = (1/r) (C R expl VT R)) expl -V T r)} (A2.5)

In Equation A2.5, R is the finite radius of the sensitizer and Co is

the concentration of sirglet oxygen at R. Realistic values of the

oxrgen diffusion coefficient in organic solvents (2 x 10™° m’s™')*°

and the lifetime of singlet oxygen in a typical organic solvent
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(S8 usec)ll show that the concentration profile of Equation A2.5 is
determined almost entirely by the 1/r term. In physical terms, this
suggests the decrease in the singiet oxygen concentration as a
function r is due te the effect of dilution at larger r rather than
the finite lifetime .

Fifjure A2.2 shows the normalized concentration plotted as a
function nf radial distance from the sensitizer of radius R.
Citronellol has been conjugated with an NBD bearing acid analogous to
Figure 4.1a but with eleven, rather than five, methylenes separating
the carboxylic acid function from the amine. Under identical reaction
conditions, the longer citronellol ester decays only half as fast as
the shorter (five methylenes) NBD-citronellol. Molecular mechanics
studies of the NBD conjugated esters are underway. The goal is to
relate the observed rate of reaction to the average separation of the
NBD chromophore and the isoprene double bond. The separation distance
predicted by Equation A2.5 should closely approximate that determined
through molecular mechanics simulation if kl is proportional to the

local concentration of 102.
A2.5 Conclusion

The NBD-citronellol system represents an intriguing example of an
unusual in.ramolecular reaction. Singlet oxygen will oxidize the
isoprene double bond in NBD-citronellol when exposed to direct
sunlight or a high intensity xeron lamp in solvents which have a long

singlet oxygen lifetime The singlet oxygen is likely produced by

triplet-triplet annihilation of triplet state NBD and ground state




Figure A2.2: Normalized coscentration profile of 102 about the NBD

sensitizer. This profile is calculated according to Equation A2.5 with

the finite sensitizer radius chosen to be 10 A. The oxygen diffusion
-1

coefficient is 2 x 10° mzs . ..ae singlet oxygen lifetime was chosen

to be 58 usec.
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oxygen. The short singlet oxygen lifetimes in water and hydrocarbons,
plus the feeble intensity of the monitor beam, probably means the singlet
oxygen reaction is unllkely to be a problem in FPR. During the bleach
pulse, however, there will almost certainly be significant singlet

oxygen production.
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APPENDIX THREE

MONGLAYER STUDIES - TRIESTERS OF CIS,CIS-1,3,5-CYCLOHEXANETRIOL

A3.1 Introduction

The radially symmetric triesters considered in Chapter Four were
designed to be surfactant molecules. They have the required
amphiphilic structure because of their three closely spaced ester
functions and long alkyl chains. The potential usefulness of these
symmetri- novel surfactants and the importance of their orientation
for Interpreting FPR experiments, prompted a more detalled examination

of their surfactant nature.

A3.2 Experimentai

Qualitative monolayer spreading experiments were undertaken with
four surfactant probes. They were 6C monomer, 8C monomer,
11C monomer, and cis,cis~1,3,5~(tristearoyl)-cyclonexanetriol. Stock
solutions of the four triesters were prepared at concentrations of
1 mg/mL in chloroform (BDH, spectroscopic grade). The qualitative
spreading behavior was examined by depesiting 10, 20, and 30 uL
aliquots of each test solution on the aqueous surface of a Largmuir
trough lightly dusted with talcum powder or ground pepper. Tue
Langmuir trough, 14 cm x 49 cm, was made from stainless steel and
filled with triply distilled water. The surface area of the Langmuir

trough was controlled by a movable teflon coated barrier and a teflon
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float attached to a torsion balance. Qualitative experiments were
performed at room temperature.

Quantitative pressure-area isotherms were measured using the four
surfactant probes mentioned above. Professor J. Bolton of this
Department kindly provided the Langmuir trough located in his
laboratory for these studies. The trough (13 cm x 60 cm), machined
from a solid block of teflon, was mounted on a vibration isolation
table and operated under partial computer control. The surface area
of the monolayer was regulated by a computer controlled,
teflon-wrapped, square iron bar which rode along the top of the sides
of the trough. The surface pressure was monitored by a teflon float,

instalied at one end of the trough, which is sealed to the sldes of

the trough by teflon tape. The float is attached to the lower arms of
a torsion balance. The core from a lirear transducer is hung from a
horizontal arm of the balance and extends into the core of the
transducer. Changing the surface pressure of the monolayer will move
the float and thereby, through the torsion balance, change the depth
of the metal core in the transducer. This alters the output voltage
of the transducer and provides a very sensitive measure of the surface
pressure. The subphase of this system was alsu triply distilled
water. The apparatus and computer interfacing have recently been
described in more detail.’

Small aliquots (10, 20, 40 ul) of the test soluticns were applied
to the surface of the subphase with a syringe, maintaining a minimum of

three seconds .etween drops. Compression of the monolayer, at room

temperature, began several minutes after deposition.
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A3.3 Results

The qualitative tests of surface spreading indicate that all four
molecules examined are surfactants. Adding a small drop of stock
solution to the aqueous surface results in a rapid displacement and
agitation of the talcum powder or pepper on the surface. This
behavior is characteristic of surfactant-® A non-surfactant added to
the aqueous phase, in the same manner, will form a static lens or drop
on the surface without displacement of the surrounding powder.

The behavior amongst the four molecules tested, however, was not
uniform. Upon addition to the surface, the tristearoyl derivative
spread and formed a stable layer from which all the talcum powder or
pepper was excluded. All three of the terminal bromine triesters
spread but did not form a stable layer. The cleared area reached a
maximum dilation, then seemed to fragment as fingers of talcum powder or
pepper surged bacit into the cleared area. The origin of this
’breathing mod~’ is uncertain but may be reiated to the fact that all
three are olls, in the pure state, at room temperature. In the case
of 11C monomer, the oil is a metastable state. By contrast, the
tristearoyl derivative is a solid as the pure substance.

Quantitative pressure-area curves were measured for all four
probes. The terminal bromine triesters did not form a stable
monolayer, however, and compress’on of a spread layer did not result
in an observable lateral pressure. The stearic acid derivative formed
stable monolayers from which reproducible pressure-area
isotherms were measured, Figure A3.1. The stearic acld derivative was

applied at very low densities due to the large area of the fully



Figure A3.1: Compression curve, lateral pressure versus molecular
area, recorded for the stearic acid derivative of cis,cis-1,3,5-
cyclohexanetriol on a Langmuir trough. The sharp drop at
appioximately 10 A per molecule represents the end of the data

record. Thils drop has no experimental significance.
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extended triester. Figure A3.1 is notable from several respects.
There is a phase transition at approximately 100 A® per molecule which
has a very low plateau (= 3 mN/m). The close-packed area per molecule
is approximately 60 Az. Further compression of the monolayer results
in a collapse of the surface structure at approximately 23 mN/m.
Molecular models of the headgroup show that an all equatorial
conformation will have a projected area of approximately 100 Az.
Significantly, a conformation of the cyclohexane ring with all three
esters axial will have a projected area of approximately 60 Az.

1H NMR indicates that, at least in solution, the triesters adopt a

conformation with all three chains in the equatorial position.

A3.4 Discussion

Observation of a reproducible pressure-area isotherm for the
stearic acid derivative confirms the novel surfactant structure of the
cyclic triester headgroup. The fatty acid triesters are an
interesting system worthy of further study for at least two reasons.
The first concerns the lateral asymmetry of the ring. A priori it is
difficult to assign an orientational preference of the fully extended
triester upon deposition. Energetically, is there a significant
difference between the molecule deposited with one side of the ring at
the water interface versus the other side? Certainly one side is
distinct from the other, due to the all cis substitution. Further, it
is difficult to imagine interconversion between the two orientations
occurring readily. The distinction becomes apparent as the layer is

compressed. Only one ring orientation will permit an equatorial to
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axial conformational change of the ester functions in the headgroup
(Figure A3.2) without exposing the cyclohexane ring to the aqueous
phase. That such a conformational change must occur is shown
by area calculations based on molecular models. The triester must be
all axial to reach a close packed area of 60 A® per molecule. Further
monolayer studies are planned to examine this behavior in detail.

The crigin of the phase change observed at 100 A2 per molecule is
open to interpretation. The conventional liquid expanded to liquid

3,

condensed transition frequently observed in monolayer studies * has a
structure very similar to that observed here. Nevertheless, the
experimental results suggest a conformational change in the headgroup
that closely approximates the observed areas. Further studies are
also planned to examine this phenomena.

Malthete et. al? have recently observed compression isotherms
from a monolayer of crown ether based surfactants with radial
symmetry. They do not, however, observe the phase behavior examined
here.

Small angle X-ray scattering studies are in progress to determine
the depth, in a model membrane system, of the terminal bromines for
each of the monomer triester species. These studies, in collaboration
with Professor Robert Stinson of The University of Guelph, should show
different electron density profiles for the membrane depending on the
presence of the triester? Membranes containing the 11C monomer will

possess relatively more electron density in the interior of the

membrane than the corresponding 6C monomer if they orient as expected.



Figure A3.2: The molecular structures, a) and b), represent the two
possible triester ring orientations possible at the aqueous interface
in a monolayer experiment. Only conformation a) can undergo the
equatorial to axial transition without submerging the cyclohexane ring

in the aqueous phase. The hydrocarbon tails are represented by the

symbol R.
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A3.5 Conclusion

The novel structure of our triesters suggests several new avenues
of fruitful investigation. There is also, however, clear relevance
to the diffusion measurements discussed in the body of this thesis.

While the terminal bromine triesters examined here do not form
stable monolayers, they possess the triester headgrsup in common with
the stearic acid derivative. Information on the headgroup area of the
stearic acid triester may be used for the other liplds as well. The
bilayer ’'equivalent’ surface pressure in a monolayer is approximately
50 mN/m’  The collapse pressure of the monolayer (23 mN/m) is less
than this figure. The collapse pressure, however, is a measure of the
collective instability of the monolayer, not the orientation of
individual molecules. The collapse pressure for long chain
triglycerides in the liquid state (14 mN/m)® and a~tocopherol (23 mN/m)°
are both less than the 'equivalent’ bilayer pressure, yet they are known
to incorporate into phospholipid bilayers with their polar head groups
near the aqueous interface: %' !} Similar results are anticipated for our
triester probes.

At the ’'bil yer equivalent pressure’ the triester will be forced
to undergo the equatorial to axiai transition. Therefore the close
packed area of our triesters in the bilayer will be approximately 60
A° per molecule. This is approximately the close packed area assigned
to phospholipids (65 A® per molecule) in a bilayer>’’ )
The triesters considered here are surfactants and will orijent in

the bilayer. Energetic considerations alone suggest this. The surface

tension of a liquid crystal phase bilayer has been estimated to be
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18 mN/m? The free energy penalty for opening a vold of 60 Az in such
a bilayer may be approximatea by the product of the surface tension
and the area. The free energy is approximately 6.5 kcal/mole.

Although the calculation neglects the line tension of the void, this
is roughly a factor of ten less than the free energy penalty for
submerging the triester headgroup of a triglyceride in the hydrocarbon
portion of a bilayer}2 The similarity, discussed in Chapter Four,

between triglycerides and our triesters suggest this is probably an

accurate estimate for our triesters as well, and they will therefore
orient in a bilayer. Similar considerations apply for the dimer and

tetramer moieties.
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