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From the bocks of Bokonon:

We do, doodley do, doocdley do, doodley do, :

What we must, muddily must, muddily must, muddily mst;
Muddily do, muddily do, muddily do, muddily do,

Until we bust, bodily bust, bodily bust, bodily bust.

- Kurt Vonnegut, Jr.
in "Cat's Cradle"
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A

ABSTRACT

The study présented here deals with the properties of
magnetic resonance probes used in the study of the structure
and dynamics of phOSphOllpld membranes, Emphasis is placed
on the utility of the various probes as reporters of membrane
properties.

The reliabilify of the widely used nitroxide spin probes
is examined. Since these probes are not natural membrane
components, it cannot be assumed that the spin probe.data
'accurately reflect the true state of the memﬁrane. The
reliability of the spin probes is tested by ?ompqgison.of
data derived from EPR spectroscopy of nitroxide spin proges
and 2H NMR spectroscopy of deuterium-labelled analogé. The
deuterium‘nucleus is a non-perturbing reporter of the state of
the membrane, so that the 2H NMR.results serve as a calibration
reference for ﬁhe.spin probe EPR results. Several discrepancies
are noted between for the spectral behaviour of each type of
probe.j For labelled fatty acid probes, the most severe
discrepancies are noted for spin probes bearing nitroxide
labels at positions 5-9 of the fatty acid chain. For these
label positions, the spin probe data o;s‘not show even guali-
tative agreement with the reference 2H NMR data. For nitroxide
labels at positions 12-16 of the fatty acid, the spin probes
display qualitatively reliable behaviour, although poor gquanti-

tative agreement with the 2H NMR results is found as in the

iv



case of the nitroxides labelled at positibns 5-9. In contrast,
good qualitative-and guantitative agreement is found in the
comparison of nitroxide- and deuterium-labelled steroids.
Further studies examine the feasibilify of employing
nitroxide spin probes in the study of the bulk phase behaviour
of phospholipids which exhibit mesomorphic phase transitions.

'y
In this work, the spin probe behaviour is compared with that

of the non-perturbing 31? and 2H NMR probes. It 1s sh?wn that
problems associated with the time scale resolutions of the
different magnetic resonance probes rule out the use of nitroxide
spin probes in such studies.

The anomalous behaviour of the nitroxide pfobes is in-
vestigated in greater detail using 2H'NMR of .specifically
~deuterium-labelled nitroxides. 2H NMR provides a closer exami-
nation of the properties of the spin probes. These data,
combined with the results of the comparison studies suggest
that the details of the geometry of the nitroxide spin probes
intercalated in phospholipid membranes seriously contribute
to the anomalous behaviour noted for the nitroxides. Although
it is not po=sible to determine'concluéjvely all the sources
of aqomalies due to the multiplicity of factors governing
magnetic resonance spectra, some suggestions are made for the
choice 6f spin probes to obtain reliable inforﬁation in

membrane studies.



2H NMR is also used to probe the behaviour of choles-

terol in membranes. The amplitude and symmetry of the
anisotropic motion of cholesterol is examined with the

measurement of residual guadrupole splittings for several
.
deuterium label s%tes on the sterol. These studies yield the,

orientation of Ehélesterol in the membrane and provide infor-

Ay

mation on the motibnal behaviour of different regions of the

molecule. The dynamic aspects of the motion of the probe are

2

investigated using measurements of the “H nuclear spin

relaxation times.

vi



ACKNOWLEDGEMENTS

It is a pleasure to thank the many individuals who
provided assistance in the course of my studies. In particular
I wish to thank Drs. A.P. Tulloch and T. Akiyama for their
generous gifts of compounds; Dr. Harold Jarrell, without whdse
advice concerning synthetic organic procedures, even lower
ylelds would have been obtained; Dr. R. Andrew Byfd, Whose
home-built 2H NMR probe, software modifications and advice
conéerning operation of the spectrometer aided in the NMR
studies; Dr. Keith Butler for his assistance in the EPR studies
Sand Mrs. Lise Bramall whose encyclopedic knowledge of the IBM/
TSS system and inexhaustible supply of patience aided greatly
in the writing of computer programs. I would also like to
exbress my gratitude to all the members of the Molecular
Biophysics group. The congenial atmosphere, diversity of
interests and excellent technical support in the group provided
a unigque learning experience. Comic relief was graciously
supplied by my fellow graduate students. I am gratefﬁl to
the National Research Cog&cil for allowing me to use facilities
-through the Guest Worker program and to the Natural Sciences
and Engineering Research Council for financial support. The
manuscript was expertly typed by Mrs. Yvonne Rowe.

Finally, I wish to express my gratitude to my supervisor,
Dr. Ian C.P. Smith for providing advice, support, and most

-~

importantly, a chailenge during our association.

vii



{
TABLE OF CONTENTS

Page
ABSTRACT ....-..- cenoas e e 4t et an ececmreanne v
ACKNOWLEDGEMENTS ..... ceserrr e ciesannn cee.. vii
TABLE OF .CONTENTS ..ccuccecccnracncaronsssncacssscnas vill
ABBREVIATIONS ..cciceccsanacansas EEEEE te et ecacana xi
FIGURE CAPTIONS ..cveveveocannn et aeaaaan - xii
LIST OF TABLES «vvvvvuceenconnnncanacans et xviii
CHAPTER I ~ INTRODUCTION .uvevecacncocenomnns erecena 1
I.1l Phospholipid@ Membranes ......... ceeceen 1
I.2 Magnetic Resonance in Membranes ....... 4
I.2. Tensor Representation and Motlonal
AVEYAGiNG eeevececacanenn- e e resaseaana | 5
I.2.2 Electron Paramagnetic ResoOnance ....... 9
I.2.3 Deuterium Nuclear Magnetic Resonance .. 9
- I.2.4 Phosphorus-31 Nuclear Magnetic
RESONANCE viesececacococacasannsasassnas 11 .
.2.5 Spectra in Non—orlented SamplesS ...-.... 11
.2.6 Order ParameterS .e.eeeeeveseseconn- .- 16
CHAPTER II - SCOPE OF THE STUDIES s.veevenevennsenn 19
CHAPTER III - MATERIALS AND METHODS ...c.evecece-a- 2l
I1I.1 SYNtheses ..c.veececenanncennnnn e 21
III.1.1 Phosphatidylcholine .....c.cceiceeacenn 21
I1II.1.2 Lysolecithin from Egg PC ........ ceares 23
ITII.1.3 Methyl-5-0OXOStearate .....e.eeececeacens 24
III.1.4 Methyl-l2-Oxostearate ....... cheraeaaan 25
II7.1.5 Spin Labelled Stearic ACidS ...e-eee-e- 26

II1.1.6 2-amino-2-methyl-l-propanol-1l,1-dz .... 28
III.1.7 Methyl-5-oxostearate-2,2,4,4,6,6-dg ... - 29
II7.1.8 Spin Labelled Phospholipids ..veveece.s 30
ITII.1.9 Hydroxylamine Derivatives of Spin

Labelled Phospholipids .....ccvcececa-e 31

III.1.10 Deuterated Ethanclamine ......ccce.e... - 32
III.1.11 Phosphatidylethanolamine-d4 .....c.c... 33
I1X.1.12 Cholesterol-2,2,4,4,6-85 ..evccecocaca- 34 .

viii



Page.
) . e

II1.2 Sample Preparatidn ....i......... ceeee. 37
IIT.2.1 Spin Probe StUdiesS .ue.eeeeceecenacneenn 37
I1X.2.2 NMR Studies ....eievencccconanncncacana 38
II1.3 'Spectroscopic Methods ........ cee-e-s-. 39
III.3.1 Spin Probe Studies ........ crececenanen 39
ITT.3.2 NMR StudieS ...ve.v... ctectcecnanaas .ee- 40
II1.4 Computations and Spectral Simulations . 43

CHAPTER IV - EXPERIMENTAL RESULTS AND DISCUSSION .. 44

iv.l Reliability of Fatty Acid Spln

Probes .......... crecetacenanie eenseeas 44
Iv.1l.1l Introduction .......-. et tactcesncenenen 44
IV.1.2 Results and DisSCUSSION eviinivewconenan 49
IV.1.3 COnCluSiONS cvee™cevecevaconaanean ees. B4
Iv.2 Comparison of Nitroxide- and

Deuterium-Labelled Steroids ..........-. 65
IV.2.1 Introduction ........ ettt esctrecaaeran 65
IVv.2.2 Results and Discussion ...... feeeaeen .. 68
IV.2.3 Conclusions .....ceev.. crececenecan ‘e 79
IV.3 Comparison of Spin Probe EPR, 31

and 2H-NMR in the Study of Hexagonal

Phase Lipids...vcececevunn. teeeeces cees 8l
IV.3.1 Introduction .....c.c.oe... crecscacoacanan 8l
IV.3.2 Results and Discussion ........ creracan 83
IV.3.3 Conclusions .....cececn... ceecaaas c-e-s. 104
Iv.4  Deuterium\NMR of Spec1f1cally Deute-

rated Nitrgxide Spin Probes .......... . 105
IV.4.1l IntroductioN .e.eceeecenacanas ciase-e-s 105
IV.4.2 Results and DisSCUSSION .v.evevecasan .ea 107
IV.4.3 Conclusions ........ ceecaannas cencan e.. 124
IV.5 Determination of the Axis of Motional

Averaging of Cholesterol .............. 125
IV.5.1 Introduction ......... P etesseaens eeess 125
IY.5.2 Results and Discussion .......e.cceee.. 127
IV.5.3 COnClUSiONS c.ecovevenncnnnnnn ceseas ... l44
IV.6 Molecular Dynamics of Deuterated Cho-

. lesterol in Egg Phosphatldylchollne

Membranes .......c-ceciinacnanan ececeseses 145
IV.6.1 Introduction ........ cceiececneanan eee. 145
IV.6.2 Results and Discussion ...... ccerecaan. L46
IV.6.3

Conclusions ..... cestsrtecscecenanasa.a. 180

ix



-l
-
.

CHAPTER V -

Saad
W N

APPENDIX I
APPENDIX II
APPENDIX TIII

APPENDIX IV

REFERENCES e vvvveanas Ceecrrsrececnceeeaaan

L=

)

CONCLUDING REMARKS AND SUGGESTIONS
FOR FUTURE WORK ...... e erereiaenaans

Nitroxide Spin Probes-...............
Deuterated Cholesterol ......c.0eeee.
Hexagonal Phase Lipids ..c.eieeecacoecs

SIMULATION OF THE EPR SPECTRA OF SPIN
PROBES IN THE HEXAGONAL PHASE ...... .

CALCULATION OF THE ORIENTATION OF THE
AXIS OF ROTATION OF CHOLESTEROL .....

SIMULATION OF DELAYED START OF THE
FOURIER TRANSFORM .u.vevvvcenecccnson

LISTINGS OF FORTRAN COMPUTER -

PROGRAMS ...} ue.ieuiccnca-n. srevns

Page

182
182°

183
185

186

193

197

200

219



CSA
CSL

Doxyl

EPR
FID
T

Lyso PC

NMR

PC

PC—n-—-SASL-d2

PE

PE-d,
ppm

n—~SASL

-

n-SASL—d2

5—SASL—d6

'Acid12,2cﬁi4,6,6-d

ABBREVIATIONS o

Chemical Shift (Shielding) Anisotropy
Doxyl Derivative of Cholestan-3-one
Trivial Name for the N-oxyl-4',4'-
Dimethyloxazolidinyl Derivatives

of Ketones

Electron Paramaghetic Resonance

Free Induction Decay

-Fourier Transform

-

Lysolecithin, l-acyl-sn-glycero-3-

phosphocholine .

Nuclear Magnetic Resonance

Phosphatidylcholine,1,2—diécyl—§g:1
glycero-3-phosphocholine

PC Derived by Acylation of Lyso PC with
n-SASL-dzl

Phosﬁhatidylethanolamine,l,2-diacyl-§§—
glycero-3-phosphoethanolamine

PE Derived by Transphophatidylation of
egg PC with Ethanolamine—l_,2,2,2-—d4

Parts per Million .

Stearic Acid Spin Label, the Doxyl
Derivative of n-oxostearic Acid

Spin Label Deriyed from Condensation of
n-oxostearic Acid and 2-aminc-2-methyl-
l—propanol-l,l-d2

Doxyl Derivative of S5-oxostearic

6

Order Parameter Referenced to the Axis of

Motional Averaging of a Molecule

Order Parameter Referenced to the Z-axis
of a Label

xi

"



FIGURE CAPTIONS

Figure 1. A. Schematic representation of the molecular
structure of the phospholipids. B. Structure of the lamellar
bilayer phase adopted by lipids dispersed in water. The
lamellae are separated by agueous layers. C. Structure of
the Hy hexagonal phase. The cylinders form hexagonally packed
assemblies.

Figure 2. vVariation of the EPR spectra observed for different
orientations of a nitroxide. The angle & is between the
.mag?etic field and the axis of motional averaging of the.probe.

Figure 3. Variation of the 2H NMR spectra observed for dif-
ferent orientations of a deuterium-labelled fragment. The
angle @ is between the field and the axis of motional averaging.
Figure 4. Varilation of the 31? spectra observed for different
orientations of a phosphate group. The angle’6 1s between, the
field ané the axis of motional averaging.

Figure 5. Angular distribution function for spherical sym-
metry. The axes of motional averaging are oriented with egual
probability over the sphere. All axes falling on the indicated
circle are at angle & to the field.  The lower portion illus-
trates the powder spectra observed in EPR, 31P- and 2H-NMR.

Figure 6. Order parameter description of anisotropic motion.
The rectangle represents a molecule in the membrane with a
magnetic resonance reporter group.

rigure 7. Structures of nitroxide spin probes employed.

Figure 8. Structure of the 12-SASL spin probe, illustrating
the components of, the static hyperfine .coupling tensor.

Figure 9. Representative EPR spectra for fatty acid spin
probes in oriented lipid samples. Sdlid line spectra taken
with the field parallel to the phospholipid long axes. Broken
line spectra taken with the field perpendicular to the long
axes.

Figure 10. Representative spin probe EPR spectra for liposome
samples.

Figure 1I. variation of molecular order parameters derived
from EPR and 2H NMR measurements with increasing cholesterol
concentration in egg PC bilayers. , The label position for each
probe is indicated on the Figure.
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Figure 12. Order parameter label position profiles for 2H

NMR and EPR of labelled stearic acid probes for zero (c1rcles)
and 30 mole % cholesterol {sgquares).

Figure 13. Ratio of the spin probe and 2H NMR order parameters
at zerc (circles) and 30 mole % cholesterol (squares). .

Figure 14. Cholesterol respoﬁse profiles for 2H NMR and EPR
probes. A is 1000 X the slope of the S vs.- cholesterol con-
\centratlon line in Figure 11. For the.EPR profile, the solid:
line is for oriented £films and the broken line is for liposomes.

Figure 15. Ratio of the A parameter for EPR and 2H probes.
The solid line is for ratios ¢alculated for oriented film

EPR experiments and the broken line is derived from liposome
samples.

Figure l6. Schematic representation of the interaction between
cholesterol and a nitroxide-labelled fatty acid. The rectangle
represents cholesterol and the ellipse on the fatty acid chain
represents the area occupied by the nitroxide group.

Figure 17. Structure of the cholestane spin label (CSL)
showing the components of the hyperflne coupling tensor

’

Figure 18. A. EPR spectrum of CSL in an oriented-film. B. 2H

NMR spectrum of cholesterol-3a-d] in bilayers. Both spectra are
for 40 mole % cholesterol in egg PC. The measurements of the
spectral parameters for calculatlons of order parameters are
shown.

Figure 19. Temperature dependence of the order paramerers
derived from CSL (triangles) and cholesterol 3o- dl (sguares)
for 30 mole % cholesterol.

Figure 20. Variation of order parameters with cholesterol
concentration for CSL (triangles) and cholesterol—3a—dl
{squares). Sample temperatures: CSL, 25°C; choles-—
terol—3a—dl, 30°C.

Figure 21. Angular dependence of the hyperfine splittings
for CSL (squares), 5-SASL (triangles) and 14-SASL (crosses).
The angle & was measured Between the direction of the static
-magnetic field and the normal to the flat cell surface.

Figure 22. Temperature variation of EPR spectra’in equlmolar
cholesterol-Egg PE for A. 5- SASL and B. 12 -SASL.

Figure 23. End view of single cyllnder representing hexagonal
phase lipids. The long axes of the probes radiate from the

, 4
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centre of the circle. The angle 8 is between field dlrectlon
and the probe s director. :

Figure 24. Simulated EPR spectra for CSL in a single cylinder. .
.The angle o is between the field and the c¥linder long axis.
Spectral simulation parameters are given in Appendix I,

?igure 25. Simulated EPR spectra for CSL in an ensemble of
.cylinders oriented on a flat surface. The long axes of the.
cylinder are randomly distributed in the plane of the surface.
The angle ¢ is between the field anéd the normal to the flat
surface.

Figure 26. Experimental EPR spectra for CSL in equimolar

cholesterol-Egg PE at 35°C oriented in a flat cell. The

measured angle is between the field and the normal to the
flat cell surface.

Figure 27. Temperature variation of the EPR spectra of CSL
in equimolar cholesterocl-Egg PE taken with the field parallel
(solid line) and perpendicular (broken line) to the normal

to the flat cell surface.

Flgure 28. Simulated EPR spectra for CSL for two types of

lipid organization in oriented systems. A. Planar distribution
of cylinders. B.. Summation of spectra for oriented bilayers 3
(10 mole %) plus random dispersions (90 mole %). In A and B,
the field is parallel (solid line) and perpendicular (broken
line}) to the normal to the flat cell surface.

Figure 29. Temperature-dependence of the 3lP and 2H spectra

‘'of an equimolar mixture of cholesterol and PE derived from

eig PC via transphosphatidylation with deuterated ethanclamine.
3lp spectra; 125 KHz sweep width, 0.17 s. recycle time, 1500-
5000 transients: <H spectra; 250 KHz sweep width, 0.1 s. recvcle

time, 6000 transients. The sample contained 150 mg total lipids
in 0.5 ml buffer.

Figure 30. 2H NMR spectra of 5-SASL-2,2,4,4,6,6,~ d6 in egg PC
membranes with the indicated cholesterol concentratlons at 30°C.
Spectra were recorded with a recycle time of 0.1 s. acguiring
72,000 scans.

Figure 31. Variation of observed guadrupole splittings with
cholesterol concentration for the 2-10 positions of stearic

acid (squarqs), the 2 position of 5-SASL=dg (triangles), and
the 4, 6 positions of 5- SASL—d6 (diamonds) .
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Figure 32. 2H NMR spectra of the phospﬁollpld spin probes
deuterated at' the methylene carbon of the oxozalidine ring
for position 5 (a), and 12 (B). The probes were incorporated
at 5 mole % in egq.PC bilayers at 25°C. Spectra were accu-
mulated using a recycle time of 0.1 seconds with a total
accumulation time of 8-10 hours.

Figure 33. ZH NMR spectra of the hydroxylaminé derivatives
of the phospholipid spin probes deuterated at the methylene
carbon of the oxozalidine ring for position 5 (&), and 12
(B). Sample conditions as in Figure 32.

Figure 34. High resolution 2H NMR spectrum, (46.1 MHz), of
cholesterol-2,2,4,4,6,-ds in CCly at 25°C and a concentration
of approximately 50 mg/ml. Continuous broad-band 1lH decoupling
was applied. 1,500 transients were collected with a recycle
time of 4 seconds.

Figure 35. 2H NMR spectrum, (46.1 MHz), of cholesterol-2,2,4,
4,6-ds in egg phosphatidylcholine liposomes at 50 mole %
concentration and 25°C. 150,000 transients were collected

with a recycle time of 0.1 seconds.

Fiqure 36. 2y NMR spectra, (46.1 MHEz) of cholesterols, stereo-
specifically labelled as indicated at position 7 in egg phos-
phatidylcholine liposomes at 50 mole % concentration and 25°C.
50,000 transients were collected with a recycle time of 0.1
seconds.

Figure 37. Stereoc plot of the A-D ring system of cholesterol
The small filled circles are the deuteron label positions

used in this study. The straight line which passes through

the oxygen atom represents the calculated orlentatlon of the
rotatlon axis.

Figure 38. Temperature dependence for observed guadrupocle
splittings for cholesterol-3e-d; (squares) and cholesterol-7,
7-&9 (triangles) in bilayers consisting of 30 mole % cholesterol
in egg 2C. ‘ :

Figure 39. Variation of guadrupole splittings with cholesterol
concentration for cholesterol-3a-d; and cholesterol- -7,7=-dy in
egg PC bilayers at 30°C.

Figure 40. Variation with temperature (triangles) and choles-

tercl concentration (squares) of the derived mdblecular order
parameters for cholesterol in egg PC.
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Figure 41. 2H NMR spectra of -cholesterol-26,27-dg in egg PC
at the indicated concentrations at 25°C. Spectra were collected
with a recycle time of 1 second, acquiring 600 transients.

Figure 42. Effect of dead time on the Fourier transform
spectra of 10 mole % cholesterol-26,27-dg in egg PC bilayers.
A. Experimental spectra. B. Simulated spectra. The dead
time used is shown for each spectrumn.

Figure 43. oOutline of method used in simulating free induction
decavs and Fourier transform spectra as discussed in Appendix III.

Figure 44. Simulated 2H powder patterns for a single guadrupole
splitting using different display modes. The Lorentzian line-
widths are indicated for the absolute value spectra. Freguencies
and linewidths are expressed in reduced fregquency units (1

unit = guadrupole splitting).

Figure 45. Experimental and simulated spectra for 10 mole %
cholesterol-dg using different display modes.

Figure 46. Variation of quadrupole splittings with cholesterol
concentration for cholesterol-26,26-dg in egg PC bilayers.
Quadrupole splittings were measured from absolute value spectra.
Above 30 mole % cholesterol, the splittings are only slightly
resclved.

Figure 47. Temperature variation of the quadrupole splittings
for 20 mole % cholesterol-26,27-d. in egg PC bilayers.

Figure 48. Experimental spectra for inversion-recovery T3
experiment using 10 mole % cholesterol-26,27-dg. The times
indicated are between the inverting 180° pulse and the guadru-
pole echo seguence in milliseconds.

Figure 49. Experimental spectra for écho decay Tj. experiment
‘using 10 mole % cholesterol-26,27-dg. The indicated times

are twice the delay times between the 90° pulses of the
gquadrupole echo seguence.

Figure 50. Semi-logarithmic plots of the time dependence of
intensities in the T] and Tpe experiments for variable concen-—
trations of cholesterol-7,7-d2 and cholesterol-26,27-dg in

egg PC bilayers. For each plot, cholesterol concentrations
are: 10 - mole % (squares); ‘30 mole % (triangles):; 50 mole %
{diamonds). Intensities, in arbitrary units, were measured

as peak heights in the experimental absorption spectra.
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Figure 51. Temperature dependence of the Ty relaxation tlme
for cholesterol-7,7-ds (50 mole % in egg PC).

Figure 52. Axis system for single cylinder model. ~The cylinder
long axis is along Z.- I, J and K represent the nitroxide

principal axis system. HO represents the external magnetic
field.

" Figure 53. Axis system for planar distribution of cylinders.
The x-y plane represents the flat surface of the cell. K is
the long axis of one of the cylinders radially distributed in
the plane.

Flgure 54. BAxis system used for calculations. The frame has
origin at C3 and is oriented with respect to the A rlng of
cholesterol as shown. .
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CHAPTER I

INTRODUCTION

- I.1 Phospholipid Membranes

-

The phospholipids are a large class of naturé ly
occurring molecules. They are widely studied due to their
role in the formation of cell membranes (l). Figure 1A
shows the general formula of a Phospholipid. The general
features of the ghospholipids are: 1) a glycerol "backbone",

2) fatty acids ester linked to the 1 and 2 positions of

glycerol, and 3) a phosphate éster at position 3 of glycerol.

In natural phospholipids, a variety of fatty acids is found
with differing chain lengths and degrees of unsaturation.
In addition, the phosphate is usually esterified bg a second
alcohol to give different sub-classes of phospholipids.
Thus, the general features _of a phospholipid are a long,
apolar hydrocarbon "tail" and a2 strongly polar “"head group."
This combination of polar and apolar regions in the molecule
causes special solubility properties for the phospholipicds.
The polar head groups-are readily hydrated but the apola;
tails have low aqueous solubilities. Wﬁen dispersed in water,
the phospholipids may adopt a variety of structures which
compensate for this solubility difference (2).

Figure 1B shows one of the phases available to hydrated

phospholipids. 1In this lamellar bilayer phase, the polar
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Figure 1. A. Schematic representation of the molecular

structure of the phospholipids. B. Structure of the lamellar
bilaver rhase. The larmellae are serarated bv aqueocus lavers.
C. Structure of the H, hexagonal nhase. Adaonted from F.B. -
Rosevar, J. Soc. Cosmétic Chem., 19,581-94, (1968). '



‘head groups are exposeé to water while the apolar hydro-

carbon tails have been removed from the agueous medium.

This phase is spontaneously-formed.by-a_large number of -the
.Sub—classes of phospholipids. Such a structure is very

well suited to form a membrane between two‘aqueous compéftments
in a cell or organelle. Species present in the agueous regions
on either side of the membrane may not readily diffuse through )
the region of low dielectric constant in the hydrécarbon
region.

A second phase available to the phospholipids is illus-
trated in in Figure 1C. In this phase, the*lipids pack in
long cylindrical rods with the polar head groups and associated
water along the surface of the cylinder ana the tails oriented
perpendicular to the cylinder long axis. These cylindrical
assemblies tend to associate with hexagonal packing into
larger structures. This phase, with the head groups at the
surface of the cylinder, is referred to aslthe Hy Hexagonal
phase.

The phase adopted by a particular phospholipid is
-determined by its concentration in water and the temperature.
In the work presented here, two phospholipids were emploved.
éhé first, phosphatidylcholine derived from egg yolk (Egg PC),
forms tﬂe lamellar bilayer phasé. The second, phoesphatidyle-
thanolaﬁine derived from egg volk (Egg PE), exists in the

lamellar bilayer phase at low temperature and undergoes a



transition to the Hig hexagonal phase as the temperature

is increased. The HII phase is similar to H except that

IJ’
the polar head groups are located along cvlindrical, water channels
- in the interior of the lipid-water assemblies. ) \\

These liguid crystalline systems have been séﬁdleaxgy

a wide variety of physical techniques (3). Interest has

been centred on their bulk phase behaviour, structure and

-l

conformation at the molecular level, and the dynamics of the TN
-/

lipid molecules. In the next section, the application of

magnetic resonance techniques to the study of membrane systems

will be discussed.

I.2 Magnetic Resonance in Membranes

The membrane phases described above are anisotropic
strUCtures;“fifhifgiiffii/:;\;5¢iOn of a molecule in the
membrane phase is réstricted to a'limited range about its
eguilibriudm position.. Such a molecule can best be studied
by employing an experimental technique which 1is cépable of
exhibiting an anisotropic response in one of its proﬁertiesn
There are several such properties available £for the maghetic
resonance technigques. In the fqllowing discussion, the
general feaﬁures of these prope;%ﬁes will be treated followed
by specific examples for each of the magnetic rescnance

technigues employed in this work.



I.2.1 Tensor Representation and Motional Averaging

The properties discussed below may all be represented
in the form of second rank tensors (4). An arbitrary

property, P, may be described by the 3x3 matrix:

P P

xx xv Pz
P P P
VX Yy vz
Pox P v zZZ

In order to use this representation, it is necessary to
specify an axis system for the molecule, as shown below for

a fragment, ¥, in the molecule.

In this axis system, a measurement of P along the X axis
will result 'in an observed value of Pxx and similarily for
the other two axes. For a measurement along a arbitrary

orientation, the observed value of the property is given by:

2 2 2

P = PxxCos ex + PyyCos ey + PzzCos 82 (1)



e

where the angles, &, are between the direction along which

" the measurement is made and the axis indicated by the

i .
subscript. This treatment is appropriate for a static

single crystal system.

e

Mdlecules in the membrane have a dynamic rather than

static, nature and the presence of motion has a strong

‘effect on the strengths of the observed anisotropic inter-

actions (5, 6, 7). Ig a non~viscous liquid, rapid molecular
rumbling allows the molecuie, {and the reference axis system
attached to a frégmept), to rotate through all possible
angles. This isotropic tumbling completely averages the
anisotropic portion of the property P so that a measurement.
yields only the isotropic value of P. 1In ﬁhe membrane,
molecﬁlar motion is restricted ih amplitude so that the
magnetic resonance properties are not ful{y averaged.
Motional averaging in a membrane is likely to be complicated,
since membrane components have several degrees of rotational
freedom. 1In general, the components ©of the motionally
averaged tensor will reflect contributions froﬁ each of the

three principal components of the static tensor. For an

elongated, rod-like molecule such as a phospholipid, rotation

- about the long axis is expected to be much more facile than

rotations perpendicular to the long axis. 1If the long axis
rotation is of three-fold, or higher, svmmetrv, the static

tensor is averaged to the axially-svimetric form (4):

-
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P 0 0
L
0 P 0
L
0 0 B

where P“ is the a&eréged component along the rotation axis
and/PL is the component in the plane perpendicular to the
rotation axis. As a simple example, if the molecule can
rotate about‘only the 2 axis, the components of the averaged

tensor would be gl= Pz

2 and PL = l/Z(Pxx + Pyy)' If this

example were modified by allowing additional, restricted

motion perpéndicular to the long axis, the component P,

would then assume contributions from the static X and Y

components as P‘L would take on a contribution from the 2
component. As the émplitude of this restricted motion increases,

the values of %I and ?l tend toicqnverge and finally become
equal at the isotropic tumbling limit where each of the static
components makes equal contribution Forthe averaged tensor.
Thus, the différence between P” and PL can indicate the
amplitude of res;ricted motion in the membrane.

An observation of the property P in a motionally averaged
§ystem has the same charaéteristics as one made in the static'ﬁ;'
system. Thus, measurement parallel to the axis of motional
averaging, (which is also referred to as the director), yields

the value P, and similarily measurement perpendicular to this

axis vields Pl. For such an axially symme%ric tensor, the

N



following simplification can be used. The tensor, P, can be
} \\// . . .
replaced by an isotropic scalar part EISO which is observed
for iéotropic tumbling (and may be equél to zero), and an
anisotropic scalar part Ppuscoq which is egual to 2/3(%I-PL).

In this case, the observed value of P for an arbitrary

orientation is given by (7):

. 2 :
_ 7, 3C0s%8-1 .
P = Prso * Panrso —5 (2)

where 6 is the- angle between the measurement axis and the
axis of motional averaging of the molecule. There are three
noteworthy values of the angle 8. At 8=0°, the anisotropic

contribution to P is P At 6=90° the contribution is

ANISO®

-0.5 P When & is equal to .one half the tetrahedral

ANISO®
angle (~54.7"), the so-called "magic angle", the function

(3Cos2

8-1) /2 is equal to zero and thelanisotropic part of P
disappears. Thus, for this orientation, the value of P ié
equaltto its isotropic value, PISO'
With this general introduction, the particular properties

of the technique employed in this work caﬂ be discussed. Each
type of spectroscopy will be discussed in terms of the spectra
expected for an oriented, axially éymmetric phase. Such a

system can be achievea by orienting multilayers of the lamellar

bilayer phase (Figure 1B) on a planar surface. In this phase,

the axis of motional averaging, 2Z' in this discussion, is



along the long axis of the phospholipid. \\\\

I.2.2 Electron Paramagnetic Resonance (EDR)

i

Much of the work presented here deals with the EPR
spectroscopy of nitroxide free radical spin probes. For
these probes, the anisotropic hyperfine coupling betwgen the
free electron and the nitrogen atom of the nitroxide system
1s exploited in membrane studies (8). The Coupling of the
electron with the spin=1 14N nucleus sp;its.the EPR resonance
into a 1:1:1 triplet. This coupling is inherently anisotropic
due to the anisotropic circulation of the electron about the

14N hucleus, particularly in the 14N p orbital. The angular

>
dependence of the hyperfine splitting, A, in an axially
symmetric environment is shown in Figure 2. The hyperfine
splitting is measured as one-half the separation of the outer-
most lines in the spectrum which is recorded in first derivative
mode in order to enhance sensitivity. .The hyperfine‘interaction
has a non-zero isotfopic part'which is observed for a probe

oriented at the magic angle with respect to the field or

freefy tumbling in solution.

I.2.3 Deuterium Nuclear Mégnetic Resonance (2H NMR)

The anisotropic interaction used in the 2H NMR experiment

is the coupling betﬁeen the quadruéole moment of the nucleus

« and the anisotropic electric field gradient surrounding the
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HYPERFINE SPLITTING IN ESR

A
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A=A  +A * 1/2(3cos? 8 _ 1)

SO ANISO

Figure 2. Variation of the EPR spectra observed for different
orientations ¢f a nitroxide. The angle § is between the
magnetic field and the axis of motional averaging of the probe.
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deuterium nucleus (6, 9). This interaction splits the

deuterium resonance into a 1:1 doublet. The magnitude of
= .

Ehe splitting depends on the orientation of the electric

fie‘g gradient with respect to the magnetic field in the
) .

fashion illustrated in Figure 3. The isotropic part of

the interaction is zero, so that a single line is observed

for a molecule at the magic angle or in free solution

1.2.4 Phosbhorus =31 Nuclear Magnetic Resonance (3lP NMR)

The chemical shift anisotropy, (CSA), of the 31P nucleus

of a phospholipid can be used to study the motional state of e
. :
a membrane phospholipid. The chemical shift of a 3lP nucleus
is influenced by the distribution of electrons ahout the nucleus
In a phosphate group, the electron distribution about the
lP nucleus is spatially anisotropic, resulting in an

orientation-dependent chemical shift {7). Figure 4 illustrates
the orientation dependence of the shift for an axially
symmetric environment. As for the other technigques described
above, ‘the isotropic value is observed at the magic angle.
Since chemical shifts are relative values, the isotropic shift
value is often used as a reference and is thus assigned a

chemical shift of zero.

I.2.5 Spectra in Non-oriented Samples

The discussion above is appropriate for the description

of samples which are oriented with a known direction for the
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QUADRUPOLE SPLITTING IN %H NMR
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4
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Q=Q +Q * 1/2(3cos? 8 — 1)
SO ANISO ,f

Figure 3. Variation of the 2H NMR spectra observed for dif-
Torent orientations of a deuterium-labelled fragment. The
e & is between the field and the axis of motional averaging.

angl
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CHEMICAL SHIFT ANISOTROPY IN P NMR

ZZAXIS

w )
. L

' S=S  +S * 1/2(3cos? § — 1)
SO ANISO |

Figure 4. Variation of the 31? spectra observed for different
orientations ¢f a phosphate group. The angle & 1s between the
field and the axis of motional averaging.
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axis of motional averaging. It is not always possible to
prepare membrane samples in which the phospholipids share

a common orientatioh. In such cases, random dispersons of
phospholipids, usually referred to as liposomes, may -be

used. 1In such a sample, the Z; axes of the phospholipids

are oriented with equal probability over the surface of a
sphere. In the magnetic resonance'experiment, these axeé
.are oriented wiéh all possible angles, 8, with respect to

the magnetic fiéld. Spectra obsefved for these systems
consist of a superposition of the sub-spectra expected for
each value of 9. The various sub-spéctra do not make equal
contributions in intensity to the to;al lineshape. 1In

Figure 5 the distribution of the Z' axes in a spherical
sample is illustrated. For the indicated value of 8,-a}l
molecules with Z' axes oriented along the circumference of
the circle indicated will contribute to £he summed "powder"
lineshape the value of the measured interaction for that value
of 6. It is clear that as the value of ‘6 is increased, the -
number of molecules oriented at 8 will increase. Thus, there
is a pgobabi;ity distribution p(8) for finding a molecule
oriented with Z' axis at 8 which is given by: p(8)=(1/27m)siné
for a system with spherical symmetry (4). At the bottom of
Figure 5, examples of the powder lineshapes for the three
methods employed here are ‘illustrated. .In each case, comparison
‘with the appropriate illustration for the oriented system

(Figures 2, 3, 4) indicates that the greatest intensity in the
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powder spectrum is associated with molecules oriented with'

Z' close to 90 . Thus, the components %‘,

PANISQ = 2/3(P“—PL)-can be measured from either a set of

Pl or the associated

spectra for an oriented system at a vériety of angles or a

. ©
powder spectrum for a random dispersion sample.

I.2.6 Order Parameters

It was pointed out above that the restricted motion of a
molecule in a membrane phase partially averages the anisotropic
magnetic resonance properties. The extent to which a static
anisotropy is averaged is indicative of the nature of the
motion present in the membrane. For the EPR and 2H NMR
experiments discussed here, the degree of motional averaging
éan readily be expressed in quantitative form using the order

parameter. The drder parameter Si for a reference axis, i,

1s defined as (6):

- * 2 _ .
Si =5 < 3 Cos Y 1> (3)

where Ys is the anglg between‘the axis of motional averaging.
and the instanténeous orientation of the i reference axis.

The angular brackets indicate that a time average is taken
over tbe fluctuations of the reference axis. The angle Y3

can be expressed in terms of two angles, o and B as shown in
Figure 6. The angle B measures the fluctuations of the
molecule about its equilibrium position. The angle a measures

the angle between the reference axis and the director axis.

1y
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MOTIONAL AVERAGING AND ORDER PARAMETERS

Lfl4 DIRECTOR

THE DIRECTOR AXIS

THE ANGLE o IS FIXED v
BY THE GEOMETRY OF THE R
LABEL ON THE MOLECULE 'S =
: A
THE ANGLE B FLUCTUATES { —
IN TIME AS THE MOLECULE ~N& | ABEL
UNDERGOES ANISOTROPIC : >L__’Z—AXIS
REORIENTATION ABOUT |
I
I

S.=1/2 (3cos® « —-1) X 1/2 Bcos® g 1)

S, .= S

MOL Z

1/2 (3cos® a —1)

figure 6. Order pargmeter description of anisotropic motion.
The rectangle represents a molecule in the membrane wi*h a
Tagnellc resonzance reporter group.
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.

The angle o is fixed by the geometf& of the reporter group’

with respect to the molecule. For the case shown in

Figure 6, the order parameter for the 2 axis is given by:

S =

. (3 cos®a-1) . L ¢ 3 cosZaoy » (4)

2

o

Thds, the orxder parameter depends on both the random
fluctuations of the molecule (B term) and the particular
orientation of the label under observation (& term). Since
the angle, o, is fixed,jité‘effect on the order parameter can
be removed to allow calculation of an order parameter for the

molecule. This molecular order parameter, smol' is given by
(6} :

S.

’ e
) = (%)
mol (3 Coszai-l)

[NTJS

where oy is the angle between the referenée axis and the
motional averaging axis. Smol represents only the fluctuation
of the molecule and is independent of the geometry of the
reporter group used. The magnitude of Smol varies from 1

for the perfectly ordered system and decreases as the amplitude
of fluctuations increases. For a system uhdergoing isotropic
reorientation, Smol is egual to 0. Th? calculation of order

parameters is described in detail in the Results Sections.
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CHAPTER IXI

SCOPE OF THE STUDIES

Magnetic resonance techniques have been widely applied
to the study of model and biological membrane systems.
Excellent reviews are available for the applications of

nitroxide spin probe EPR (8, 10), 2H NMR (6, 9, 11) and >1p

ﬁﬁg (7, 12) in membrahés. ‘

Two main subjects are dealt with in this work. Firstly,
the reliability of the nitroxide spin probes as reporters of
membrane properties was e;amined. The validity of the inter-
pretation of the EPR spectra of the spin probes in terms of
the properties of membranes is guestionable since the probes
are not natural membrane constitudents. The possible problems
associated with the use of spin probes were investigated
through comparison of the data derived_from EPR spip probe
studies and parallel studies employing the non-perturbing NMR
probes. Order parameter trends for variation of label position,
cholesterol concentration and temperature were compared for
nitroxide- and deuterium-labelled fatty acids and steroids
intercalated in egg phosphatidylcholine membranes. The EPR
spectral behavicur of the spin probes in a phospholipid system
which undergoes a lamellar to hexagonal phase transition was

31

compared with-the bghaﬁiour of 2H and P NMR probes. Finally,

the spin probes were examined in greater detail using 2H NMR



ir

20

of specificallyndeuterium—labelled nitroxide;.

Secondly, the propeities of'cholésterol in egg phos-
phatidylcholine were examined uging 2H NMR of a series of
specifically deuterium-labelled pébbes. The orientation
of cholesterol in the membrane was determinéd'ﬁhrough:analysis -
of the residuél guadrupole splittings of probes with different
label positions. Knowleége of ‘the orientation of the probe:
allowed an analysis of tﬂe-amplitude of motion of choiesterol
im terms oflmoleculaé.order parameters for variation of tem-

perature or cholesterol concentration. Differences in motional

- properties for different regions®of the cholesterol molecule

were examined using various labelling sites. Finally, dynamic

aspects of the motion of the sterol were.probed through the

‘measurement of nuclear spin relaxation times.



CHAPTER III

MATERIALS AND METHODS

III.1 Syntheses
'III.1l.1' Phosphatidylcholine

The method of Singleton et al. (13) was slightlg
modified. The yolks of 30 extra large eggs (~600 g) were
homogeniééd in 1 £ acetone. The suspension was then filtered
through Whatman No. 1 paper with suction. The solids were
then treated as above three ﬁore times. The resulting
precipitate from the fourth acetone treatment was homogenized
in 1 2 95% ethanoi.' The filtrateiﬁgs stored and the pFecipitate
re-homogenized with 500 ml 95% etganol. The combined ethanol
fitrates were evaporated to dryness at 30°C and then placed
under high vacuum. The resulting yellow syrup was diésolved
in 200 ml ether. The ether solution was viéorously stirred
ﬁnder N2 and 800 ml acetone was added. The suspension was
then stirred in~the refrigerator for 10 minutes. \The pre-
cipitate was alldwed to settle and the solvent was decanted.
The precipitate was treatea with.éther and acetgne as above
'fwice more. After tﬁe finalotreatment, the solids were dried
under vacuum and ?hen dissolved in 100 ml CHC13.
Column chfomatography was carried oﬁt on gOO-g alumina
(Wqélm.Activity I). The column was packed in CHCl3 and

allowed to settle. After washing the column.with CHC1 the

3!



lipids were loaded onto the column in CHCl Elution was

3~
started with CHC13 at a flow rate of 10 ml/min. A rapidly
moving yvellow band was fi}st eluted completely. The solvent
was then changed to: CHC13/CH30H‘(9/1). Fractions, (250 ml),
were collected under N2 and were.tesﬁeq by thin layer
chromatography on silica gel plates in the solvent system:
CHC13/CH30H/H20 (65/25/4). The first fractions contained
neutral lipids (Rf ~.9). Subsequent fractions contained
phosphatidylcholine at high concentration. ﬁlution

was continued until the appearance of sphingomeylin or lyéo—
phosphatidylcholine. Fractions containing phosphatidylcholine
were combined and evaporated .to dryness. The product was
dissolved in re-distilled hexane and 1500 ml re-distilled
acetone was added under N, with vigorous stirring. The
suspension was then stirred in the refrigerator for 15
minutes. ﬁmhefpéecipitaﬁe was then rapidly filtered with
suction and transferred while still moist to a beaker where

2
CHC13/CH3OH (1/1, re-distilled) ané centrifuged 10 min at

it was flushed with N,. The product was dissolved in 50 ml

5000 x gto remove alumina particles. The.supernatant was
stored tightly sﬁopperd under N2 at —ZOOC, The_final product
was colourless and chromatogfaphically homogeneous. Yields )
vari€d to a maximum of ~14 g. The dis£ribution of fatty acids,
as determined by gas-liquid chroﬁatogréphv,coresponded to

reworted distributions.
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III.1.2 Lysolecithin From Egg PC

Egé pC (11 g) was dissolved in 1 & diethyl ether
containing 25.ml methanol. Lvonhilized Crotaleus adamanteus
frenom (50 mg, Sigma) was dissolved in 10 ml buffer (14)

(0.22 M NaCl, 0.02 M CaCl,, 1 mM EDTA, PH 7.5). The ether
solution was vigorously stirrxed and the buffered enzyme
solution was added. Addition of enzyme was repeated after

5 and 10 minutes of reaction (15). Precipitate appeared

after addition of the second aliquot. Stirring was continued
for 20 minutes after all the enzyme had been added. Solvents
were then removed under reduced pressure. The residue was
taken up in 250 ml methanol and centrifuged 10 min at 500 rpm.
The methanol supernatant was evaporated and solids were
‘dissolved in chloroform (~25 ml). The lysolecithin was
purified by column chromatography on 400 g silicic acid
(Biosil, 100-200 mesh). The column was prepared in chloroform
and lipids were washed onto the qolumn in chloroform. Elution
was carried out using methanol in chloré}orm in the following

proportions and volumes:

% methanol . volume
in chloroform L -
0 1.
25 1
37.5 1
50 1
75 2
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The'lysolécithin began to elute after the 75% methanol and
elution was continued with this solvent until lysolecithin
was removed. Elution of the lysolecithin from the column

was monitored via thin layer chromatography. Fractions
containing lysolecithin were pooled and evaporated to dryness.
The solid was dissolved in absolute ethanol and precipitated
with diethyl ether.“ The‘precipitate was filtereé and dried
under wvacuum to yvield 3.2 g lysolecithin. Lysolecithin from
another source appeared to contain alcohol which interferes
in ‘the acylation of lysolecithin. To avoid this problem,

the lysolecithin wa§ lvophilised twice from 100 ml water.
This procedure has a secondary advantage, in that the freezeT
dried material is very finely divided and can thus be readily

dispersed in the organic solvents used in subsequent acylations.

III.1.3 Metﬁyl—S—Oxostearate

~ The procedure for 5-oxcopalmitate (16} was ado;ted.
Magnesium turnings (4.8 g) were covered with 100 ml anhydrous
diethyl ether. B2An ether solution (100 ml) of l-bromotridecane
(50 g} was added siowly to the magnesium. After. addition 6¢
approximately 25 ml of the bromide, a crystal of iodine was
added. After initiation of the reaction, the remaining bromide
was added at a rate whicg maintained a géntle reflux «(~20 min.).

Efter the addition was complete, the solution was refluxed a

further 20 minutes so that little unreacted magnesium remained.
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The ether solution was then cooled in an ice bath and
anhfdrous CdCl2 (18 g) was added in a single portion withl
vigorous stirring. The ice bath was removed and the solution
was stirred for 30 minutes. Ether was almost completely
removed by distillation under water aspirator vacuum. Dry
benzene (300 ml) was added and the suspension was broken

dp with vigorous stirring. A solution of methyl-4-(chloro-
formyl)-butyrate (33 g) in benzene (70 ﬁl) was added over 10
minutes. The solution was stirred rapidly and heated to
rgflux. After 10 minutes, a gel-like precipitate formed so
that the solution could not be stirred efficiently. In order
€;:avoid charring, heating was-removed and the suépension was
stirred for an additional 40 minutes. The mixture was then
cooled in an ice bath and 100 ml water was added over 10
minutes. The mixture was transferred to a separatory funnel
and 200 ml 0.1 N sto ‘was added. The agueous layer was

4

removed and the benzene layef was washed with 500 ml H.,0. The

2

benzene solution was separated and dried over anhydrous Na,SO,.

2774
After filtering, the solution was evaporated to dryness and
pumped under high vacuum overnight. The solids were recrys-

tallised twice from hexane to yield 30 g methyl-5-oxostearate.

ITT.1.4 Methyl-l2-Oxostearate

Crude l2-hydroxy stearic acid (Eastman) was converted to
its methyl ester. The crude methyl-l2-hydroxystearic acid

(3 g) was dissolﬁed in 50 ml acetone. Oxidizing agent,
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(L g Nazcr207.2H20) in 10 ml 35% H2

acetone solution dropwise over 5 minutes (17). The mixture

804) was added to the

was stirred and maintained at 10°C in a water bath during‘

the addition. A dark oil separated during the reaction.

Water (50 ml) was added and the solution was brought to room
temperature. The mixture was then extracted with ether

(100 ml, 50 ml, 25 ml). The combined ether extracts were

dried over Na2504 and.evaporated to dryness to yvield 2 g
methyl-l2-6xostearate. Purity was improved.by crystallization
from hexane as indicated by thin laver chromatography on silica

gel plates with solvent system: hexane/ether (7/3). Purity of the

oxo-stearates was also nmonitored bv 13C-NHQ-

ITI.1.5 Spin Labelled Stearic Acids (X-SASL)

For the preparation of non-deuterium-labelled spin probes,
the method of Waggoner et al. (lsf was employed._ For the
deuterated species, the oxazolidine step das_modified to avoid
the use of acid catalyst and the use 6f a large excess of
2-amino-2-methyl-l-propancl. The modified method is illustratéd.
by the preparation of‘5—SASL—2,2,4,4,6,6—&6. -

" In order to avoid deuterium éxchange, the labile protons
of 2-amino-2-methyl-l-propanol were removed by treatment with
a 60-fold excess of DZO ﬁollowed by removal of the water under

reduced pressure. This step was omitted for synthesis of

non-labelled spin probes. or syntheses using labelled amino
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alcohol. The amino alcchol (1.3 g) and'the methyl-oxostearate
were dissolved.in 25 ml dry benzene. To this solution was
added 12(~10 mg) {19) and the solution was refluxed under
Nz, with disappearance of the 12 colour, in a flask fitted
with a Dean Stark trap for removal of water. The side arm
of the trap was charged with molecular sieve 3A (Linde) and
filled with dry benzene. The progress of the reaction was
monitored by thin layer chromﬁtography of the reaction mixture
on silica gel plates in the solvent system: hexane/ether (7/3).
In this system, the methyl oxostearate has Rf~0.6and the oxazo-
lidine has Rf~0-2 The reflux was terminated after 1 week.

-The solution was extracted twice with saturated NaHCO3
{50 ml) and HZO (50 ml). The benzene phase was dried with-
nkbso4 and evaporateq;to dryness. The lighély coloured syrup
was then dissolved in ether (100 ml) and stirred in an ice
bath. A solution of m-chloroperbenzoic acid (1.7 g in 50 ﬁl
ether) was added dropwise over 30 minutes. A yellow ‘colour
deveioped in the stirred solutién during the addition. After
the addition, the solution was stirred at room temperature.
for 2 days. The ether solution was then extracted with
saturated NaCl (100 ml). The ether phase %as-dried over
Nazsoq-and reduced in volume to 50 ml. The solution was cooled
, to -20°¢c to pre;ipitate excess oxo-ester and was centrifuged
10 minutes at 5000 x g. Tﬁe supernatant was then evaporated

to dryness.
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Preliminary purification was carried out by column
chromatography on 100 g silica gel (60-200lmesh)'eluting
with l?% ethyl acetate in hexane. The yellow nitroxide
band was collected and solvent was evaporated to_yield
700 mg slightly contaminated product. Final pufification
was carrxied out by prepara;ive thin layer chormatography
on five 20 cm X 20 cm silica gel plates (0.5 mm thickness).
The plates weré'developed°twice in hexane/etﬁer (7/3). The
vellow nitroxide band was scraped off the plate and silica
gel was stirred in 100 ml methanol for 1 hour. The suspension
was filtered to remove the silica gel particles and the
filtrate was evaporated to dryness to yield ~500 mg methyl-
5—SASL-d6.

The methyl ester was hydrolysed by refluxing in 90%
agqueous methanol containing a sligﬁt excess of NaOH for three
hours. The solution was acidified (0.1 N HCl) and extracted
by addition of CHCl3 and HZO to the methanolic solution to
give a mixture with solvents in the proportions: CHC13/CH3OH/H20)
(2/2/1.8) which yields two phéses. The CHC13 phase was dried

with Na

h)

550, and evaporated to dryness to yield 420 mg 5-SASL-d..

III.1.6 2-amino-2-methyl-l-propancl-1, l—d2

The labile protons of_2-amino-2-methyl—l-propanol (45 g,
.5 mole) were exchanged by addition of 30 mi D20 followed by
removal of water under reduced pressure. This procedure was

repeated twice more. Approximately 25 g of Raney nickel
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suspended in Qater (W.R. Grace) was washed three times with
20 ml D20 to remove H,O. The Raney nickel/Dzo suspension
was added to the amino alcohol solution and the mixture was
refluxed under Nz., The exchapgé was moni;ored by lH NMR.
After 1.5 hours reflux, 50 ml water was distilled'off and
replaced by fresh DZO. After a further 45 minu;e reflux,

the suspension was cooled and filtered to remove the catalyst
which was gubsequently decomposed with 6N HCl. The filtrate
was distilled to remove DZO and the amino alcohol.was collected

1

at boilling point 164-166 C, yield 13 g. E NMR indicated

greater than 90% exchange at the 1 position.

111.1.7 Methvl-5-oxostearate-2,2,4,4,6,6-d,

Methyl-5-oxostearate was hydrolyzed by refluxing in 90%
agueous methancl with a slight excess of NaOH. The sélt was
acidified and extracted to yvield S-oxostearic acid. The acid
(lO'g) was suspended in 200 ml H20 at 90°C and was neutralized
by addition of 0.1 N NaOH? water was removed by lyophilization.
The sodium salt (10 g) was suspended in 100 ml DZO containing
1l g NaOD and was—transferred to a stainless steel autoclave.
The suspension was heated at 200°C during 60 hours (20). After
cooling, the gel-like goap was removed from the autoclave,
using H20 to remove final traces. The suspension was bréught

to pH 3 using 1 N HC1 and_immediately extracted with CHCl The

3°
chloroform solution was dried with Nast4 and evaporated to
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dryness. The acid was dissolved in a mixture of 25 ml

CH3OD, 40 ml C.H, and ‘1 ml 7N DCl in D,0 and was refluxed

676 .

undex N2 for 4 hours. The solution waé.éa?porated and
dried upder vacuum and the solids were crystallized twice

from hexane to vield 6.2 g methyl-5-oxostearate-2,2,4.,4,
6,6—d6. The lH NMR spectrum showed greater than 90% deuterium

incorporation at.the indicated positions.

I1I.1.8 Spin Labelled Phospholipids

Doxyl-labelled fatty acid (0.5 mmole} in 1 ml dry benzene
was added to a solution of 1, l-carbonyldiimidazole(l mmole)
in 2 ml dry benzene (22). The mixture was protected from
atmospheric moisture and allowed to react for 1 hour. Egg
lvsolecithin (0.5 mmole) was dispersed with brief sonication
in 5 ml dry benzene to give a viscous, cloudy suspension.
Under a direct flow of dry N, the solution of fatty acid
imidazolide was added to a suspension of NaH (0.5 mmole) in
1 ml dry benzene. To this mixture was added the suspension
of lysolecithin. The soiution bubbled vigorously on addition
of the lysolecithin. After 20 minutes, the mixture was trans-
ferred to a separatory funnel containing CHC13'(100 ml),

CH3OH (100 ml) and 0.1 N HCl (90 ml}). The CHCl Tayer was

3
separated, dried over,Na2804, filtered and evaporated to
dryness. The resulting syrup was dissolved in a minimal

volume of CHCl3 and applied to five silica gel plates (20 cm
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X 20 cm, 0.5 mm thickness). The plates were developed in
CHC13/CH30H/H20 (65/25/4). The yellow band of the spin-
labelled lecithin was scraped off the plates and the silica

gel was stirred in 100 ml CHBOH. The suspension was filtered

and evaporated to dryness yielding }53mg (~.18 mmole, 36%

A

yield).

III.1.9 Hydroxylamine  Derivatives of Spin-Labélled
Phosphelipids

The method described by Rozantsev and Golubev (21) was
used. .Adams catalyst (platinum oxide, 10 mg) was suspended
in 10 ml CH,O0H in a hydrogénation flask. A soiution of spin-
labelled phospholipid (15 mg in 1 ml CHBOH) was then added.
The flask was then thoroughlf’flushed with H2 gas and the

system was then sealed unde:_é’slight pressure of H As the

2"
solution was stirred, the cataf&st was .rapidly reduced,
turning from brown to black. The reduction of the nitroxide
to 1ts hydroxylamine derivative then commenced as iﬁdicated
by loss of the vellow colour in thé solution. After complete
loss of cglour, the.solution was stirred for a further hour
under slight H, pressure. The mixture was then flushed with
Ar and tightly stoppered.  Catalyst particles were removed

by filtering the suspension through tissue paper in a Pasteur

pipette. The filtrate wés added direétly to a CHCl, solution

3
of egg phosphotidylcholine (250 mg) and the combined lipids
were evaporated under N2 and placed under high vacuum over

night.
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IIT.1.10 Deuterated Ethanclamine

The labile -NH,, anéd -OH protons of ethanolamine were
exchanged for deuterons by adding D20 (20 ml) to 30 g of
ethanolamine and distil;ing off the water at reduced pressure.
This procedure was repeated two more times. Approximately
25 g of Raney nickel catalyst suspended in ;ater (W.R. Grace)
was treated with D20 (20 ml) three times followed each time
by dgcantation of the water. The resulting Raney nickel/DZO
suspe;sion was added'to the deuterium-exchanged ethanolamine
along with Sb ml D20. The suspension was heated and 25 ml
of water was distilled off. Fresh D,0 (25 ml) was added and
distilled off. lH NMR of an aliguot of the suspension indicated
that the exchange was incomplete. A further 25 ml of D20 was
added to the suspension and it was refluked for 1 hour. The
proton NMR spectrum indicated incompiete excﬁénge. Fresh
Dzo—washed Raney nickel (~50 g) was added with 100 ml D,0 and
the suspension was reﬁiuxed for 1 hour. The suspension was
. filtered to remove the catalyst which Qés subseéuently
decomposed with 3N HCI. ‘Water (100 ml) was distilled from
the filtrate and the distiliation-was continued under vacuum
(water aspirator). An ethanolamine fract%on was.cdllected
at 55-60°C to_yieid 18.8 g. Labile deuterons were removed -

by repeated addition and evaporation of methanol. The'etha-A

nolamine was then treated with HZO and distilled under water
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aspirator vacuum to yield 12.5 g deuterated ethanolamine.

lH NMR indicated >90% exchange at the hydroxymethylene

carbon. 2H NMR indicated that thg extent of deuteration at

the amino-methylene carbon was approximately 50%.

IIT.1.11 Phosphatidyl Ethanolaglne 764

Deuterated ethanolaminé (7'5) was added gb 25 ml H20 -
and titrated to pH 5.6 with glacial acetic acid (23). After
addition ofO.?é g CaClz-ZHZO, the solution was diluted to
50 ml. Crude phospholipase D prepared from Savoy cabbage
(180 'mg, Calbiochem) was then addea. Egg phosphatidylcholine
(2 g) was dissolved in 50 ml diethyl ether and added to the
above agueous solution. The mixture was vigorously- stirred
in a 37° water bath. Phospholipase D (180 mg in é.S ml HZO)
was added after 30 and Gd minutes of reaction. After 2 hours
of reaction, 100 ml of 0.1 M Na,EDTA solﬁtion was added to
stop the reaction. Ether was é;aporated under reduced pressure.
The agueous suspension was mixed with 215 ml of chloroform/
methagol (S:B,HV/V) and stirred for 15 minutes. The mixture
Qas filtered and stirred with 50 ml of water and 150 ml of
chloroform. The chloroform layer was separated and evaporated
to dryness.

Purification was carried out by chromatography on carbo-
xymethyl-celluose (23). The column was preﬁared_using 400 g

of Whatman CM-52. The material was washed several times with

methanol to remove fines. The slurry was added to a 5 cm
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diameter column. Methanol was removed by washing the column

with 2 & of chloroform. iThe sample was dissolved in 25 ml. *

chlofoform and applied to the column. The material was N

elutd using cHlorofbrm—methanol in the following proportions

..

and volumes: - -

% methanol in Volume
chloroform "L
0 3
5 1 -
7.5 , 0.5
9 : 2
10 3
11 2
12 2.

-

.Fractioné weré eollected in 1l 2 flgsks with a strong current
of Nz bubbled into the Fluate. Elution of lipids was monitored
via thin Iéyer thomatography on silica gel piates developed

in chioroform/methano1/water (65/25/4, V/V/V). Samples were.

stored under N2 at -20°C. The phosphatidylethanolamine began

to elute with 9% methanol. Fractions containing phospha-

-

tidylethanolamine were pooled and evaporated to yield ~800 mg.
This material was dissolved in.hexane and precipitated with

cold distilled acetone., The precipitate was dissolved in CHCl3

and stdored .under N. at -20°cC.

2

ITT.1.12 Cholesterol-2,2,4t4,6165‘ ‘ﬁ\§

# -
~

1

’ﬂ L]
The method of Gruenke and Craig (24) was followed.

Methanol-0D (20 ml, Merck, Sharp and Dohme) was added to

.\/___
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160 mg NaH to give a_sol&g&on of sodium methoxide .in methanol-OD. -
To this solution was added-A4-cholesten—3—one prepared according
to Fieser (25).. The solution was refluxed overnight under dry

N,. The solvent was evaporated with a stream of N, and

replaced by fresh methanol-OD and refluxed for 8 hours. Eva-

poration and replacemeﬁt of solvent was repeated followed by
overnight reflux. After cooling, 5 ml D,0 was added and the
solution was dried over Na2504, filtered and evaporated to
dryness. Crystallization from hexane yielded 6.4 g A47
cholesten-3-one-2, 2, 4, 6, G-ds. 13C NMR showed loss of
signals at the chemical shifts corresponding to these carbons.
This compound.wis added to 6 ml isopropenyl acetate with 1 drop
éoncentratea HZSO4. The ﬁixture was heated at 100°C for 1 hour
under N, Anhydrous sodium acetate (0.5 g) was added to the
yellow solution and the mixture was extracted with CHC13.

The CHCl, was evaporated and crystallization from methanol/
chloroform yielded 2.5 g yellowish crystals of the enolacetate.
The enolacetate was dissolved in 30 ml tetrahydrofuran and
added ??opwise to a solution of 2.5 g NaEH; in 20 ml methanol-
oD contéining 2 ml Dzo. ‘After addition, the solution was
refluxed 1 hour. After cooling, 30 ml concentrated HCl was
added and the solution was poured into 100 HZO' The agueous
mixture was extracted with CHZCL2 (3 x 90 ml). The combined
CH2C12 iayers were evaporated vielding yellowish crystals.

The solids were‘récrystallised seQeral timés, bu£ remained

-

~
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guite coloured. The solids weré taken up in 25 ml CHCl3
and treated with ~img activated charcoal. The solution was
filtered to remove the charcoal and evaporated to drfness.
Crystallization.from aysolute ethanol yielded 120 mg of material
melting at 141°C. The mother liquor was evaporated giving
320 mg of lightly coloured crystals. This f;action was purified
via the dibromide method as described by-Fieser (25). This
fractibn was crystalliied from methanol to yield 110 mg of
cholesterol-2, 2, 4, 4,“6-d5 with melting point 120-130°C.
The final purification was carried out by column chromatography.
Alumina, (10 g, Woelm Activity I), was packed in a 1 cm
diameter coiumn in hexane. Cholesterol was loaded onto the
column in hexane. The product was eluted wiéﬁ a stepped
gradient of ethyl acetate in hexane at a flow rate of 5 ml/min.,
collecting 5 ml fractions. The following solvent seéuence

was used:

% ethyl acetate Volume -

in hexane ml
0 ) 100
5 100
10 200
20 100
30 300

The eluates were tested by thin layer chromatography on -
silicé‘gel plates in the solvent system hexane/ether/acetic
acid:80/20/1, using cholesterol and epi-cholesterol as

"standards. The fractions containing cholesterol'wére pooled
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and evaporated to dryness. Recrystallization from methanol

, mp.144-145°

yielded\géﬁﬁg cholesterol—d5

III.2 Sample Preparation

III.2.1 Spin Probe Studies

Samples of orienﬁed lipid films were prepared as described
by Smith and Butler (ref. 8, chap. 1ll). Lipids were dissclved -
in CHCl3 to give an egg PC concentration of 4 ﬁg/ml. The
spin probes were used at a concentration of 1 mole % rélative
to the egg PC and cholesterol at variable mole ratios with
respeét to the total lipid content. The CHCl3 iipid solution
(0.15 ml) was placed in a stoppered rectangular quartz cell
with dimensions 10 cm x 1 cm x .02 cm. N, gas was bubbled
through the solution to evaporate the CHCl3 and deposit the
lipids on.the inner walls of the cell. The cells were then
placed ﬁnder high vacuum overnight to remove residual solvent.
The lipids were hydrated by filling the cell with distilled
water dnd were allowed Eo.equilibrate for at least 50 minutes.
Excess water was drained from the cell before obtaining the
EPR spectrum.
ﬂ\\\}\§ Liposome samples were prepared by evaporating the CHCl3

‘-s thEé?f} described above, under N2 followed by high vacuum

overnight. The lipids were hydrated with 1 ml distilled

water. The suspension was dispersed by vigorous agitation
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on a Vortex mixer and were allowed to equilibrate for at

least 30 minutes.

-

ITI.2.2 NMR Studies

[

Lipid mixtures were prepared in CHéi3‘and were then
evaporated nearly to dryness under Nz. Tbe samples were then
blacgd under high vacuum. The "bumping" which occurred as
the residual solvent was rapidly evaporated caused the lipids
to splatter over the walls of the sample container in small
particles. -This procedure was followed since large amounts
{(up to 500 m;? of 1lipid were employed and evapofation of such
a sample to dryness under N2 produces a syrup which may trap
residuél solvent. Removal of residual solvent from the ;y;up
is likely to be difficult since solvent diffusion of the
solvené out of the sample is slow due to its low surface area
to volume ratio.

After standing overnight under high vacuum, the lipids
were hydrated with water. The amount of water added was
adjusted such that the weight.of water used was twice the
weight of total lipids in the sample. Deuterium-depleted
wéter was used to reduce the intensity of the water peak in

the 2

H NMR spectra. The lipids were tightiy sealed under N,
and were then dispersed by vigorous agitation using a Vortex
mixer. In order to improve’ sample homogeneity, the lipid

dispersions were taken through several freeze-thaw cycles.

h
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Tﬁé samples were frozen at -20°C and then allowed to warm

to room temperature. The warmed samples were again vigorously
agitated and then were takgn through another freez?-thaw
cycle. . Generally, thre¢1§uch cycles were performed so that

the sampies appeared macroscopically homogeneous and would

readily'flow from the sample container. The hydration behaviour

of the phosphotidylethanolamine samples was slightly different
in that the lipids formed a particulate'precipitate as noted

previously (12). .

III.3 Spectroscoplc Methods

III.3.1 Spin Probe Studies

EPR spectra Sére obtained using a Varian E-9 spectrometer
at a nominal fregquency of 9.3 GHzZ and fiéld strength of ’
3,200 Gauss (0.32 fesla). Most spectra were obtained using
a magnetic fielé sweep of 100 Gauss over 4 minutes with field
moaulation off 1 Gauss. The scan time and recorder time
constant we e.adjusted to maintain a good signal to noise ratio
with minimal distortion of the spectral lineshape. Temperature
was regulated by £lowing thermostatted N2 gas past the sample.

For liposome samples, the,Varian temperature regulation insert

was employed. A home-built unit (K.W. Butler, unpublished)

was employed for oriented film cells. 1In both cases, temperature

was monitored using a digital thermometer (Newport, Ca.) with
the thermocouple placed directly above the sample portion of

the cell. Microwave. power was attenuated to avoid excessive
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heating of the samples. For studies of the orientation
dependence of the spectra of film samples, a home-built
qghiometer was used for measurement of angles between the

static¢ magnetic field and the film cell.

II1.3.2 NMR Studies ' .
L

—n

A Bruker CXP-300.spectrometer was empioyed'using a suﬁer—
conducting magnet at 70,000 Gauss (7.0 Tesla): The spectrometer
is equipped with an Aspect-2000 computer, with 80 K words of
'memory, for control of spectrometer fﬁnctions and daéa Pro-
cessing. Spectra were stored 05 a Diablo high density disk.
Temperature was regulated by flowing thermostatped N2 gas
or air past the sampie contained in a vacuum-jacketted glass
dewar. Temperature was monitored via a thermocouple located
~2 cm from the sample.

The 31? spectra were obtained at 121.5 MHz .using quadraturg
detection. The Cyclops phése sequence, which rotates the
transmitter phase through 90°steps, was employed to reduce
distortions caused by imbalance in the amplitudes and phases
of the quadréture receiver channelsf. A 10 mm double tuned

| B .31 : T
solenoid coil was used- allowing P observation and broad
bané lH decoupling on.£ha single coil. A low pass filter was
employed between the receiver pre-amplifier ané the probe to
shield the r;ceiver from the 300 MHz lﬁ dqé;hpling signal.

No field/frequency lock system was used since vthe superconducting

magnet showed negligible field drift during the course of a
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- typical experiment.

2H spectra were obtained at 46.1 MHz. A home-built
(R.A. Byrd, unpublished) 10 mm solenoid :coil probe was used. . «
The resonant freguency and impedance of the coil were.adﬁﬁsted
such that the probe acted as a 50 ohm load at the exc1tat10n
frequency. Under thlS condition, the 90° pulse width of the
probe was approximately 4.5 microseconds. Radio frequency
excitation was provided at the Larmor resonant frequency
(fhe centre of the symmetrie quadrupole pattern} and the phase
relationship between the transmitter pulse and the quadrature
receiver channels was adjusted so that the detected signal
was present in only one of the quadratuie channels. A soft-
ware‘moaification (R:A. Byrd, unpublished) allowed replacement
of the noﬁse present in the second quadrature channel by
‘zeroes. This operation results in "folding" of .the transformed
spectrum about the zero frequency with a concomitant incféase'
of (2)1/2 in signal to noise with respect to the normél
quadrature spectrum.

Speétra were acquired using the quadrupoie echo seguence

b

(26) . The pulse sequence used was:

90x - T ——90y - T, - acquire

1

The phases of the first and second 90° pulses differ by 90°,
and the phase of the first pulse was varied by 180° on alternate

scans; echo signals were alternatelv added and subtracted in
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memory. Generally, the value of the first delay, Tqr wgs
set aﬁ 50 microseconds and the second delay was set at _
40 microseconds. In this fashion, acquisition of the echo =
signal begins before the maximum point of the echo signal.

The Fourier transform of the signal was subsequently performed-

starting at the echo maximum. The use of the guadrupole echo

sequence is necessary in order to obtain undistorted line-

shapes in the transformed spectra (26). Values of the 2H

spin-lattice relaxation time, Tl' were measured by the inversion
recovery sequence (27) modified for use with the guadrupole echo.

The pulse sequence employed was:
180° - TR ~ (quadrupole echo) - acquire

where TR is a'variable delay to allow relaxation. The values
of 1, were chosen to provide several (4-5) points on each side
of the zero crossing point of the magnetization recovery
curve. The values of Tl were calculated graphically using ’

the relationship.

_T/Tl .

(M,-M_) = Me (6)
where M_ and M. are the magnitudes of the Z magnetization at
times greéter than STl anth, respeétively. Peak heights gf
the transformed spectra weFe used and thg value of 'I‘l was -
taken as the negative reciprocal of the slope of the straight

line_found by plotting ln(Mm-Mt) against T.
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Values of T2e' the guadrupole echo decay time constant,
were determined using the quadrupole echo sequence described

above with variable values for Tl (28). Peak heights of the

spectra were analyzed using the relationship:
-t. /T
_ 1" "2e
It = Ioe (7)

where It is the intensity of the spectrum observed for the
delay between 9¢° pulses equal to t/2. The values of T2e

were determined from the negative reciprocal of the slope .of

' ~
the straight line found by plotting ln(It) as a function of t.
The values of T2e were used in simulations of the 2H spectra

to calculate the component Lorentzian linewidth:

Av, =, (8)

(N1
o
{0

where Avl/z is the width at half-height of a component of

the powder pattern.

I1X.4 Computations and Spectral Simulations

’r

Computations were performed on an IBM 370/TSS system. The
listings for several of the Fortran programs written are given
in the Appendix section. Figures and simulaﬁed spectra were
Plotted using the DISSPLA plotting software package with a

Hewlett-Packard 7221A digital Plotter.
< .

~



.CHAPTER IV

EXPERIMENTAL RESULTS AND DISCUSSION

TV.1 . Reliability of Fatty Acid Spin Probes

Iv.1l.1 Introduction

The nitroxide spin probes have been widely used in the
study of phospholipid membranes (8, 10). The stfuétures of
some of the probes used.in tQ}s work are illustrated in
Figure 7. As discussed in the Introduction, the anisotropy
of the hyperfine éoupling to 14N is.used to monitor the motion
of the probe in the membrane. Figure B8 shows the components
of the static hyperfine coupling tensor for a fatty acid
probe in the molecular axis system. - The largest splitting,
Azz (~32 G), is parallel to the p orbital of the 14N nucleus
.and is along the long axis of the fatty acid. The A__ and Ayy
components, perpendicular to the long axis, are smaller and
approximately egqual. In a dynamic, axially symmetric membrane
environment, these components are partially averaged to Ay

and Al. The order parameter, S_. for the Z reference axis

is readily calculated from an EPR spectrum by (8):

~

A -A
s = L2 (9)
Z A +E:(a_+A )

22 2 TRX VY .

assuming that the long axis of the fatty acid is the axis of °

motional averaging for the probe, the order parameter for

o
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NITROXIDE SPIN PROBES

S

o8

12—-SASL.

o

6—SASL - N0

Figure 7. Structures of nitroxide spin probes emploved.
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thezz axis is egual to the molecular order parémeter, Smol
| Quantitative information concerning motion in membranes
can easily be obtained using nitroxide spin brobés. For
example, an EPR spectrum with excellent signal-to-noise ratio
can be‘obtainéd in less thanxfive minutes for a sample with
a very‘dilute (~1 mole percent) concentration of spin probe
in a phgspholipi? membrane. There are problems, however,
associated with the }nterpretation of the spin probe data.
Sincg the spin probe‘is not a natural membranércomponent, one
cannot be eertain.that the spin probe results reflect only -
the true staté of the membrane and are not affected by
perturbations of the membrane structure caused by the insertion
-0of the probe. Nitroxide-induced perturbations may rgsult from

two main sources.

Firstly, the nit e group™is quite bulky. Thus, at

the labelled position of a fatty acid probe, the diameter of
the molecule is about twice t an unlabelled fatty acid.
Oné may expect that thé insert 6f such a probe would

result in a distur?ance of thé chain packing in ﬁhe bydrocarbon
region of a membrane. A second potential source of perturbation
is the high poiarity (29) of fhe nitroxide group; ‘The nitroxide
must.insert into the'low'dielectric‘constant, hydrocarbon |
region of the membrane. Tﬁe presence of a higﬁly rolar group

may cause a local disturbance in the chain packing.



.//1

¥ .

e

. ‘The interpretation of spin probe data in terms of the’
true state of the membrane could be performed with more
confldence 1f the extent of the nitroxide perturbations were
understood The assessment of the problem lS somewhat
dlfflcult due to the ‘manner in which a spin probe reports

onr its env:ronment. The spin probe[s\ﬁehaviour is most strongly
]

affected by the environment immediate surrounding the label.

: Thus, a local perturbatlon by the nitrokide is suff1c1ent to

-

cause a response by the probe which™is not representative of

"the general state of the membrane. Because of thlS, the

nitroxide perturbation cannot be probed by a technigque which,
measures bulk or average properties of the membrane. Rather,
1t is necessary to use techniques which respond in a\sxmllar
mlcroscoplc fashlon.

The flrst examination was performed by a dlrejl comparlson
of the responses of nitroxide- labef‘ed angd deuterlum—labelled

fatty ac1d probes. " In prlnc1ple, both types of probes should

exhibit the same response to alterations in the membrane. The

~

AT

4&euterium label is non-perturbing, hawever, so that the

,deuterated probes may serve as a calibration reference for

Eﬁe nltroxlde spin probes. In thi irst serieg of experiments,

the response‘of each type of probe to changes in label position

. [ . . .
and membrane, cholesterol concentration was compared.
o~ z‘.i
’ ‘O. ¥ . ‘ o T ' \)
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‘corresponding 2H NMR probes. The

49

IV.1.2 Results and Discussion

¥  The.spin probe experiments were carried out using
oriented film seﬁples and rerdom dispersion iiposome samples.
Figure ; shows representétive EPR spectra obtained for egg BC -
bilayers deposifed on a planar quartz surface. The solid

line spectra for each position were taken with the flat cell

mounted such that the static magnetic field was parallel to

. the long axes of the membrane lipids, that is, at a right

angle to the plenar surface. The dashed line spectra are

those obtained with the flat cell surface along the field

" direction. These orientations are depicted schematically in

the lower portion of the figure. Figure 10 illustrates typical

spectra for the probes in liposome samples for different label

positi'ons. For bgth typﬁ spectr@the‘method for measuring

the hyperfine spl4 ttlng components, N and A is shown. Using °

these values, the 'spin probe Smol can be calculated as described
. R

{ . ' .
above. For most of the COMmMParLsons presented below, oriented

£ilm samples were used rather than llposomes due to the probiem

in separatlng the effects of amplltude and rate of mo!lon on

-

‘the EPR spectra for liposomes (30) . ' ‘ -,

' ".w.
Figure 11 'shows the varlatlon df S o1 23S functions of label~ﬂ_

-

pos;tlon and\bholesterol content measured by EPR probes and the -

2H NMR'ﬁata were taken from

previously published work (31).- For the spin probe data, each

v

—
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Figure 9. Representative EPR spectra for fatty acid spin

probes in oriented lipid samples.

with the fielé paralle

1 to the phospholipid long axes.

Solid line spectra taken

Broken

line spectra =aken with the field perpendicular to the long

axes.
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Figure 10. Representative spin probe EPR spectra for liposome
samples. :
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Figure 11. variation of molecular order parameters derived
From EPR and 2H NMR measurements with increasing cholestercl
concentration in egg PC bilayers. The.ilabel position for each
probe is indicated on the Figure. B :
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T

point represents the average of 2-5 films. The range of S

values at each point is 0.03 S units for the worst case and

- [

the average range for the entire set of points-is 0,01 units.
The straight lines were fitted by linear regression with |
correlation coefficients 2 0.98 for all lines. For the
subsequepggdata analysis: values of S fox 0 and‘EE\mole

percent cholesterol were- taken from the straight lines.

Order Parameter-Label Position Profiles -

The 2H NMR and spin prope profiles are depicted in

- Figure 12, whicﬁ shows the order parameters‘at zero (circles)
and'30 mole percent (sgquares) cholester01: The deuterium
profile shows the characteristic order parameter "plateau"
(6, 31) for the upper portion of the bilayexr followed by a

decrease in S as the terminal methyl group is.approached. In

contrast, the spin probe order parameters- rease continuously

as the label approaches the terminal methyl group of the probe
as noted previously (32, 33). 1In additio , the spin probe
order parameters are smaller than the

. -
S determined in the 2H NMR experiment.

corresponding values of
The difference’ in the shapes of the spin probe and 2H
NMR profiles has been attributed to a tilt of the phospholipid

chains (32). If the lifetime of the tilt is short on the 2H

NMR time scale but long on the spin probe time scale, the

deuterium gquadrupole splittings would reflect an additional
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Figure 12. Order parameter-—label position profiles for;zH'
NMR and EPR of labelled 'stearic acid probes for zero (€Xrcles)
and 30 mole % cholesterol (sguares).
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' averaging not obse for the spin probes. If only the upper
‘portion of the bilayer!is tilted, this additionai averaging -
may be responsible f4r the appearance of an order parameter

plateau observed by 2 NMR but not by the spin probes. In this
. " ”

case, however, the 2H NMR order parameters are expected to be
smalleé than the corresponding spin probe order parameters (6),
in contrast to the present and earlier (34) data.

The differences in the technigques can be éeen more clearly
in Figure 13 which illustrates the ratios of the observed spin
probe and 2H order parameters for each ?ositﬂon at 0 (circles)
and 30 mole-éercént (squaées) cholegterol. The continuous
decrease for positions 5-9 reflects the absence of an order
parameter plateau for the spin probes. For positions 12-16
the ratio is approximately constant both with and without
cholesterol.

A similar comparison of the two methods employing a
different type of liquidfcrystalline system has been previously
published (34). The observed behaviour o(m the two types of
probes was similar in that a continuocus dependence of the spin
probe order parameter on position was found whereas a plateau
of S values was observed in the 2H NMR experiment. The”
diffe;ence in behaviour was attributed to the larger radius
of tgé spin probes. Disruption of the packing of the.alkyl

chains by the bulky doxyl group may create a.defect volume at

the label site allowing a higher proportion of gauche rotamers

LY
ps
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Figure 13. Ratio of the spin probe and 2H NMR order parameters
at zero (circles) and 30 mole % cholesterol (squares).
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and hence a smaller order parameter. As was noted (34), the

.Spin probe order parameter-position‘profiles have been

-

accounted for by models which consider only trans-gauche

-

isomerizations and neglect interactions between chains (34

and references cited therein). In addition, Belle and Bothokel

(35) were able to reproduce a.sgin probe profile using a model
which treated both intra- and iqtermolecular interactions.
However, it was necessary to assume an unusually large inter-
chain distance. With smaller inter—chain‘distances{ the
profiles were similar to the-zH NMR results. The agreement
0of the spin probe*daﬁa with models whicg negleét interactions
between chains suggests tha; the spih probes are somewhat
isolated from their éurroﬁnding l#ﬁld matrix. From this point
of view, spin probes are not expected to yield an accurate
picture of the absolute magnitude of order in membranes. In
the next seétion/;his problem is discussed in terms of changes

in order determined by spin probes.

Profiles'of the Effect of Cholesterol on Order Parameters

.

- o .
Nitroxide-induced perturbations which result in inaccurate

values of order parameters do not necessarily rule out the use
of spin probes in bioclogical studigs. Often it is only

necessary to have a reliable monitor of the changés in membrane
properties with changes in added agents. Thig section .compares

-

-
the effect of\added cholesterol on the order parameters observed
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by the two technigues. The response to cholesterol is measﬁred
as the slope of the dependence of the order parameter on
cholesterol content for each label position.

The results for both methods are depicted in Figure 14.
The delta (A) parameter is 1000 x the slope éf the order
parameter vs. cholesterol comtent line (Figure 11) for each
iabel position and providesozﬁﬁéésure of the response ¢f the
bilayer to added choleéterol. For the EPR profile, the

r
,

so0lid line is derived from oriented film experiments and

-
s

the broken line from liposome samples (vide infra).

Two differences between the technigques are readily
apparent. Firstly, the spin probes show a much weaker response
that the corresponding deuterium probes. Secondly, the shapes
of the two profiles are distinctly;d‘;fferent.b In’Figuré:lS,
the ratio of the slopes observed for both techniques-at each
label position is plotted. A qualitatively similar response
is seen for both methods with labels in positions 12-16. For
positions 5-9 there is a mdcﬁ larger discrepancy since the
spin probe response decreases continuously toward the carboxyl

group whereas the 24 data show a constant response in this

region.

LY

The weaker response of the spin probes may be due to the
same perturbation which results in the smaller values of the
spin probe order parameters. BAs stated above, the spin probe

data appear to be consistent with models in which interactions

o A
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2

Figure l14. Cholesterol response profiles for “H NMR and EPR
probes. 4 is 1000 x the slope of the § vs. cholesterol con-
centration line in Figure ll. For the EPR profile, the solid
line is for oriented f£ilms and the brgﬁen line is for liposomes.

L
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Figure 15. Ratio of the A parameter for EPR and 2H probes.
v The solid line is for ratios calculated for oriented film

EPR experiments and the broken line is derived from liposome
samples.
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between chains are not important. If the spin probes are
not well "coupled” to the lipid matrlx, they may be expected *
to be somewhat insensitive ‘to changes in the surrounding
lipid.
. ~
The difference in the shapes of the response profiles
. is more dlfflcult to 1nterpret\_ The approximately constant

response for the first-12 carbons seen by deuterium NMR can \\

be understood on the):as:.s of the structure of cholesterol \

\
(31). ThlS upper portlon of thj/h;layer 1nteracts with the “—
steroid nucleus of cholesterol Since'this,pbrtion of the .

(l molecule.is rigid; it exerts a ﬁonStéﬁt’é;rect on the
surrounding lipids. For the remaining chain positions, the
effect of cholesterol oiminishes toward the terminal methyl
group.;lThis portion of the bilayer interacts with the more
flexible alkyl side~chain of cholesterol so a lesser effect

is expected.

For the upper portion of the bilayer, the spin prohe
data indicates a decreasieg response as the carboxyl teQBinal
is approached: This may result from a disturbance of chain
packing which lowers the cholesterol concentration in the
lipid pool surrdunding the spln probe. If cholesterol does
-not readlly enter this pool, an erroneously small response -

wrll be seen since the spln probes reflect most strongly

thelr immediate- environment.

: | ‘ )



_For positions 12-16, the spif probes and 4

.
~
-

ThlS effect 1s shown schematlcally in Flgure 16. Fo

the upper portlon of the bllayer, the packing disturbance
would be most severe in terms of excluding cholesterol sinc
this region corresponds to the rigid -steroid framework of

cholesterol. One might expect that this perturbation would '_,,/’
t lipid-water
or cholesterol.

exhibit a similar profile. Chain packing disturbances would

be worst for spin.probes with labeis n

(=]
interface since this is the anchoring sit

~

not have as severe an effect on local cholesterol concentrations

~in this region since thq‘flexible side chain would more readily

-
’

adapt to the’perturbation. s -
Thus far, the comparisons between °H and spin probe order.

paramete have been made using data derived from oriented \/ \
2 ) E
films for spln probes and 11posomes for 2H'NMR In orderrto '

s .r

F) [

' excégde the poss;bllltyékhat the dlscrepanc1es noted'resulted

] S~

- from structural dlfferences in the two systems or 1mperfectlons

1ﬂ\E55\erlented films, parallel studies were performed u51ng

-

spin probes in liposomes. Only spln prob labeled.at p051tlons\

'5; 7 and 9 were used since these probes y®eld spectra with well

-resolved hyperfine splittings.

In the liposome sysftem, the values of the measured'order

s

’ $
parameters aégéﬁﬁcﬁ higher than those found for the corresponding

oriented films. For the 5-doxyl stearate probe, the liposome
) .

“order parameter was equivalent to the “H NMR order parameter.

O .



Figure 16. Schematic representation of the interaction between
cholesterol and a nitroxide-labelled fatty acid. The rectangle
represents cholesterol and the ellipse on the fatty acid chain
represents the area occupied by the nitroxide group.

\
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:HOWever, the'order parameter decreases for positions 7 and

9 as in the oriented film experiments.

P The difference in the EPR order.parameters observed

in the liposomes and oriented systems may result from a net
tilt of the phosphollpld chains (32, 36, 15) or the effects

of slow motion (30, 37). In-.order to resolve the contributions
from these: effects, it is necessary to perform 51mulatlons

of the spectra of oriented and liposome systems which is not
generally poss;ble for blologlcal systems. .

Significantly, the slopes measured in the cholesterol

-,

response experiments are equivalent (within ~10%) for

probes in both the liposome and oriented £Il3 €riment as

//’//’/\\\N,_shown in Figures 14 and 15.
: The‘quantitative agreement betweeé liposomes and oriented
films for the tesponse profiles and :}e qualitative agreement

for the p051t10n profiles lndlcates;that’the dlscrepanc1es

!
1
between spin probes and 2H NMR are/not due to differences in

the structures of llposomes and planar films.

Iv.1.3 Conclusioms

Using 2H Nﬁﬁ‘as a reference,.seme insight can be gained
into the nagure of the perturbatlon lmt;bauced by the nitroxide
label. The view that the spin .probes are paL/;ally isolated,

, from the bilayer matrix is supported both by the profile of

order parameter as a fgnction of label position and by the weak

v

—~~
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® response of the spin probes to added cholesterol.
- ¥

The magnitude of the discrepancy between the spin

: ~
probe and deuterium depends strongly on the position of the

’

Q

1abels. For positions 12-16, both technigques give gqualitatively.
Y ‘_/"“
similar results for the effects of position and cholesterol ‘
. ' Iy
content on the observed o der parameters. Presumably, this

’//,’-‘-‘\\““fffiiiff_fff_ififfer with which this region of lower
inherent ofder can adapt to a steric perturbation. However,
measurements of order paramete®s are difficulﬁ for these probes,
eépecially in liposomes Or biological membranes due to the

hlower degree of ordering at these positions.

The S—doxyi stearate probe gives spectra characteristic
of a hiép degree of anis&tropy and the ‘magnitude of the order
paggmé;;}\is the most similar to that of the corresponding
deuterium probe examined. It shods the greatest_discrepancy,
however, for th ordering efﬁeet of cholesterol. Thus, it may

be the least’ active spin probe for Studies examining the

. effects of ®xterna

TV.2 Comparison of Nitroxide- -and Deuterium-Labelled Steroids -

Iv.2.1 Introduction

) The éxperiments described in 'the previous section pointed

—

out several discrepancies between the fétty acid spin probes
and their deuterium-labelled analogs. These discrepancies
indlcate that some cautlon is réquired in the interprétation

of spin probe data, in partlcular for probes label%eq\ln the

* L]
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upper part of the acyl chain. The investigation of this
. M ]
problem was extended by examining the behaviour ¢f another

widely used (ref? 8, chap. 11l) spin probe, 3-doxyl choles-

tane (CSL). The structure of t fs probe with the comporents
of its static hyperfine couplefg tensor is shown in Figure

17. “In this probe, the nitroxide label is fixed on the rigid

N

Steroid framework. Thus, tHe EPR spectral response of the

probe should reflect the wyerall motion of the entire'moléé;le.

-

hig feature is important since the probe orients with the
S—

N -
nitroxide close to the phospholip?d/water interface (38} so //H_j

hat the rigid steroid ring sys

is located in the upper
" reqitn of the phospholipid acyl chains.
The behaviour of the ¢SL' probe was ‘compared with that

of a deuterium-labelled analog, cholesterol-3a-d,. The structure Zf(
) {

1
of these two proHes are quite similar except at the si¥é@ of the
“’magnetic resomance label. Thus, the 2H NMR béhaviou; of ('
cholestexol-3 -dl is used a*reference standard for the

: 4
nitroxide spin |pxobe.

The behaviour of each probe<was examined in egg PC
k/’/bilayers, measuring the effects of variation of teméerature
and cholesterol concent;ation on the order parameters derived
from their spectra. In éﬁdition, the angular dependence of |

-
the EPR spectra of CSL, 5=SASL and 14-SASL in oriented film

-

w4

Samples was examined. Smorwgpr cholesterol--aa-,-dI can be

calculated from (6):
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. 2
3 e7g0 (3cos2a-1)
4 h 2 Smol (10)

" 3 | Av =
Q
here Av is the qquiffole splittiﬁg measured from the
;//Jqparation-of the intense peaks of the 2H powder spectrum
as shown in Figure 18B, equ/h‘is the static gquadrupole
coupling constant for thé C-2H bond (~170 KHz) and a is the
angle between the C—2H bond and the rotation axi%hof the
molecule. 1In a separate study (see Section IV.5§4ﬁhis angle

was determined to be 79:+2°.

]
-

Iv.2.2 ResultL and,Discussioﬂ

1 A -
Figure 18 sh a representative EPR spectrum, (A),

of CSL and a 2H NMR spectrum, (B), of the cholestereol-3a-d

1
in 40 mole § cholesterol/egg PC bilayers. ‘As;for the fatty P
acid spin probes, the CSL spectra were obtained using oriented
film samples. qu order Parametef, Sz is calculated with equation
\ . Unlike the fatty acid probes, the nitroxide axis is nét
T;:zzkated along the axis of motional averaging so that Smol is
ot equivalent ?o $z' ‘The molgcg%ar order‘parametegfgs?“ﬁgftf
assuming that the Z axis is perpendicular to the.averaging i

axis (39, 40), is given by equation 5 with o equal to 90°. "

Thus,

o s : B ;
/-\( E;mol = -05 (ll)&



— 2A, —

A. Iy ©csL

] 1 1

.—1;3 ‘-El>0 -5_5 o | 2]5 50 75
, FREQUENCY (KHz)

Figure 18. A. EPR spectrum of CSL- in an oriented film.: B. 2H,.-
NMR spectrum of cholesterol-3a-d; in bilayers. _Both- spectra are.,
. for 40 mole % cholesterol in egg PC. The measurements of the ~
Pt -~ spectral parameters for calculations of order parameters are ) /’\\\\

shown. .
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o ; ™~ . A . .
The first comparison between ;;;:zhnhéterOLd probes

is made on the basis of response to temperature variation.

Figure-lg\illustrates the temperature dependence of the

- e

{ .
.order -parameters derived from CSL (triangles) and tholes-

terol—3a-dl (squares) for bilayers formed from 30 mole %

ey
-

cholesterol in egg PC. Below 20°C, broadening of the
resonances for CSL precludes accurate measurement of its

orde adameter. Each probe shows a rather weak linear

-
responsg~to temperature variation which is more pronounced

for the CSL probe. It is interesting to note that the order

~ parameters for CSL are greater than those for the ‘deuterated

,'/
i
!

cholesterol. This is in sharp contrast:to the previous

comparisomqf nifroxide- and

euterium-labelled fatty acids

-

der parameter were much greater,

N\

and the order parame;ers\f r the nitroxide- -labelled fatty

where the discrepancies in

i
)
han those o%/thelr deuté}lum—labelledk\///’\m

acids were avﬁays 1

analogs. The difference’in magnitudes Sf the order ?jréEEEsif}>
will be dlscussed in more detall below. In general, 1t can -f/
be seen that the qualitative and quantltatlve features of\tne//
responses of both probes are guite similar.
A second comparison can be madéﬁ\n the b;gls of the
\a_r,_e/“

\

res§gnse of each probe to riation of‘e?plesterol concentration-,
L L o .
éo shows the dépendence of order

in/the membrane. Figure
para on cholesterol concentratlon for CSL (trlangleéa
\\ \

and cholesterol-3a- dl {squares). The QSL probe shows a stronger,

.<;\,/}_ = | ' .ﬂ' , - '};

%
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and DOn-linear, response to cholesterol addition than the
‘- deuterated cholesterol, particularly at lower cholesterol

. ) S
concentrations. The two probes exhibit essentially parallel

responses at higher cholesterol concentrations. The results

for CSL show reasonable agreement with a previous study of

-

-

CSL in egg PC.(41).
The'presehﬁ data indicate that the beﬁaviour‘of'the
two probes is '‘gquite similar. The greatest disorepancy
'\ observed between the probes is in the magnitgdes of the
calculated molecular order. parameter In aring the
values of the order parameters for tﬁe two types of probes,
iﬁ must be kepﬁ in mind that their magnitudes are\sensitive.

¢

couplings and the orientation of the axis about which the
; .

probe undergoes anisotropic motion. It has been shown (39,

to the assumed values for the static hyperfine or. quadrupcle

40) that to a good approximation, the motion of the CSL probe

is axially symmetric about the nitroxide y axis, as was

assumed here. Ehe rotation afis of cholesterol, as shown in v o
Section IV.5 is located at ~f£° to the c-%y bond at position
3 of cholesterol. .It should be noted, however, rhat small
devzatlons from thlS assumed geometry would result 1n an

- increase 1in the calculated values of -molecular order parameters.

The larger order parameters observed for CSL may also be

B3

due to inherent differences in the propertieS'of the two probes:

It can be seen in Figures lakand 20 that the correspondence
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.

“in

" probes in the membrane. Each probe is amphiphilic with a

- polar region which anchors the probe at the, agqueous interface

74 T

3 . . [

‘ -
7 L
. \ -
between the magnitudes of the order parameters for the two
probes is best in situations of low inherent order (hi
temperature §§'low cholesterol concentration) and diverges
as the membrane is rigidified. This may be due to a changing

balance in the factors which influence the motions of the

and a large, rigid steroid framewérk embedded in the phos-

pholipid acyl chain regiqn. - The behaviour of both probes is

—An¥luenced by interactions between the lipid acyl chains and

+

the apo%Fr region of the steroid and by the strength of ﬁolar
intiiécfions in the interface region. 1In an environment of

low order (high temperature or low cholesterol concentration) -\\j
the'acyl'éhainé undergo large'amplitude motions and the apolar
intéractions may dominate the motion ‘of the steroid probes.

Ihlthis ca;e,.similar behaéﬁour can be expected for b

types of probes. BAas ﬁZg membrane is rigid?fied, polar /ﬁ\\\‘

interactions at the anthoring site of the probes may influence

B L ‘ r - - . .
the motional behaviour of the probes more stipngly. In this
‘case, higher order parameters for the CSL probe may be expected

‘due to the high’ polarity~of the nitroxide group (29) -relative

to the hydroxyl function of cholesterol.
In any case, it would be unreasconable to expect exact
agreement for.the order parameters of the two probes. The

observation of large ordér parameters for the\E§L probe'

-

» ° . 4

s f) . { ' ' _ | =
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indicates that this particular nitroxide does not 'seriously

disrupt the organization of the membréne. In assessing the

reliability of CSL as a membrane probe, it is more important

> .

to consider the order parameter trends observed with changes -\
in the membrane rather than their absolute magﬁitudeé}

Satisfactory-agreement is found between the responses of CSL

-

and cholestefol—3a—dl-fof temperature and cholesterol concen-

—

tration variation, which indicates that CSL can.ﬁield-reliable
informati§n rggarding changes %n the membrane organization.
The reascnable agreement found for CSL apé chélest%rol—
3a—dl can be contrasted with the-results of the prgvigus-
comparison of spin-labelled and deuterium—labellea fatty
acids. For that systen, particulquy ppof agreement was noted

: .. . 5
in order parameter trends ®r label positions in the upper: -

/ . .
(carbon atoms 2-16 of stearic acid) portiqp_of the acyl chains.

.
It is interesting to pmote .the difference betweep the behaviour
) ~ Rl &
of CSL and these paqticular doxyl fatty acids. Similar '

. “ ’ ' - .
behaviour could be expected for a steroid and the.upper region

of the acyl chainé since the rigid fraﬁewqu 0 'thg ééerbid

"lies in this region. Such similarities are, iy fact, obserﬁed

by deuterium NMR of deuterated cholesterol qﬁ?&l chains f\“%«:sf
deuteréted in this region. Essentially eqﬁal quadrupole

and the 5-

1
position of palmitic acid in an equimolar;mixture of chdlesterol

splittings.were observed for cholesterol-3a-4

"o
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“4

anq;aipalmitOYI PC (42). The same observation can-be made ”

\-"‘-':-.._

by comparing the order parameters for cholesterol-'Ba—dl
(this study) .and the 2—107positions'of stearic acid (31)

in egg PC-cholesterol (30 mole %) . ' i

' The dlfferent responses of steroid and acyl chain Splh

probes may be due to special conformational features oé—f/tty
acid spin probes labelled in the upper chain. Previous EPR
spln pProbe studies have provided evidence for tilting of the
.phospholipid ohains (32, 36, 43). In the models derived from
these studies, tne acyl xthains are tilted away from the normal
to the b%layer plane with a greater tilt angle for the upper
portion'of the chain: The rotational behav1our of the spectra}

of spin probes in orlented films of egg PC-cholesterol (30
. mole %) was examlned to determine if such a tilted structure
exists in this lipid system ‘Figure 21 1llustrates the
varlatlon }n the observed hyperfine splittings for C8L, 5-8asrL,
and 14-SASIL w1th the angle, theta, between the fleld and the
normal to the flat cell surface. The hyperfine splittings
were measured as one half the separation between the zero
crossing points of the low and high field resonances. For
all orientations, the spectra for CSL and lé-SASL consisted
of 3 well-resolved symmetric lines. 1In contrast, the 5-SASL
probe.gave such a spectra only for angles near 0 or 90°.
Such a position—dependent behaviour has been noted for phos-

pholipids spin-labelled at positions 5 and 16 (32, Figures 9a
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and 9B) and was attributed -to a position-dependent tilt of
the fatty acyl chains. The solid lines of Figure 21 represent

the egquation:

A(8) = (a2 cos?s + A% sin’9)l/? (12)
where A(8) is the observed'hyperfine splitting at angle é and
A“ and A‘L are the splittings observed for the field parallel
and perpendicular to thé axis of motional averaging, res-
pectively. This .relationship should be cbeyed if the
phospholipid chains are oriented along the normél to the
bilayer plane rather than tilted away £from it. In addition,

if the acyl chains orient perpendicular to the bilayer plane,
the splitting observed at the "magic angle" fe = 54.75) should
be egual to the isotropic splittiné. Good agreement with
theory is observed for the CSL and 14-SASL probes, indicating
that these probes orient perpendicular to the membrane plane.
The angular dependence of the spectra for 5-SASL indicates that
this probe is not oriented in such a fashion. It might be
possible to simulate the rotational behaviocur of the 5-SASL
spectra using models with tilted acyl chains, but it is-
difficuit to explain the presence of a tilt of the’%atty-acid
chains in this region in view of the result for CSL. As stated
above, the steroid probe should display behaviour similar to
tha£ of the uppef por;ion of the acyl chains'énd, in particular,

it could be expected to orient in a tilteé fashion if the

—
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phospholipids were tilted. It is important to note that
CSL and the doxyl fatty acids are sensitive to motions

with similar time scales, so that both types of probe

/

should seﬁse a tilt if it is present. This is not necessarily
the case with deuteriuﬁ NMR where a tilt ma? not be observable
due to the lower time resolution of deuterium NMR (32). The
discrepancy between CSL and the doxyl fatty acids may be due
to difficulties associated with the insertion of the doxyl
group into the‘upper region of the bilaver. The results of
deuterium NMR studies ofla number of phospholipids (15, 44,
45, 46) indicate that this region of the bilayer shows a high
and essentially constant degree of order. A tilting of the
nitroxide ﬁoiety of the 5-SASL probe hay represent a confor-
mational adaptation by the probe to allow insertion of the
bulky nitroxide group into this efficiently packed region.

- Such a perturbation diminishes the utility of this probe in
biological studies since it is difficult teo distinguish between

effects due to inherent membrane properties and those

resulting from difficulties in the incorporation of the probe.

iVv.2.3 Conclusions

Based on these and the previous comparative studies of
nitroxide spin probes and deuterated probes, it would appear

that the most reliable spin probe experiments for membranes’

can be performed using the cholestane spin probe ox doxyl
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fatty acids labelled in the lower portion of the acyl chains.
The behaviour of these probes is at least qualitatively
similar to that of the corresponding deuterium probes in
terms of their response to variation of cholesterol concen-
tration, temperature or label position., The CSL probe is
suitable for studies of bulk effects iﬁ membrane systems due
. to its large, rigid structure which penetrates deeply into
the-bilayer (ref. 8, chap. 11l). For studies Eequifing
information on effects in a particular region of the bilayer,
doxyl fa£t§ acids labelled in the lower portion of the chain

L\\_r:_jxppear to yield data which are at least gualitatively reliable.
Eiearly, however, either type of study is best performed with
‘a non-perturbing technigue such as deuterium NMR.

- The use of either type of nitroxide spin probe discussed
above is somewhat limited by the nature of the EPR spectra
observed for these probes in membranes. In order to calculate
order parameters for these probes it is necessary to determine
the parallel and perpendicular components of the hyperfine
splitting. For CSL and some of the doxyl fatty acids, the
difference between these components is too small to allow
accurate determination of the order parameter for random
dispersion (liposome) samples. —in egg PC, for example, it is
not possible to extract the splittings for random dispersion
samples for label positions‘beyond carbon 12 of the stearic

acid chain (Section IV.1l). Thus, reliable spin probe studies
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for these probes are restricted to oriented lipid film systems. _
. ; T s
This limits the usefulness of these probes, since many systems,

in particular natural memb%aneé, are difficult to.orient.
In addition, the interpretation of spettra for oriented systems
can be complicated if the lipids adop£ non-billayer phases

(Section IV.3).

L4 q

IV.3 Comparison of Spin Probe EPR, 31P- and 2H—NMR

in the Study of Hexagonal Phase Lipids

Iv.3.1 Intrdduction

In spite of the problems in the quantitative‘iﬂ;erpretation
of spin probe data, it is still poésible to use these probes
for qualitative.studiéb of membranes. For éxample, if drastic
alterations of the state of a membrane take place, the spin
probes may reveal this event Ehrough large, characteristic
changes in their EPR spectra. A possible candidate for this
type of study.is the lipid phase transition noted for some
phospholipids. As discussed in Section I.1, some phospholipids
undergo transitions between the lamellar bilayer phase ané the
hexagonal phase (2).

This type of phase transition has been well studied by

31? NMR (12) and less extensively by 24 NMR (47, 48). The

phase_transition préaﬁézs'characteristic changes in the NMR
spectra of the phospholipids. The observed spectral behaviour

is due to the nature of the motional averaging of the relevant

anisotropic properties for each nucleus. In the bilaver phase,
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the motion of the phospholipids ié.axially Symmetric about
the axis-perpeﬂdicular to the planar membrane suéface. This
motion results in averaged tensors, P, with components P%
and P? wheré‘the B superscript refers to the'bilayer phase.
In the hexagonal'phase, these components are further averaged
by rapid diffusion of the phospholipids aboutlthe long axes
-0of the cylindrical assemblies which make up the hexagonal
phase, This adéitional rotation results in a large, charac-
teristic change in the tensor, P. The bilayer components Pﬁ
and P? aré averaged to produce a new axially symmetric tensor

with components Pﬁ and PT where the superscript H refers to

the hexagonal phase. The values of Rf and Pf are given

by (7):
H_ 1B B -
PH = 2(Pll + Pl) {13)
pH - pB X
1 ]

For each tensor, the anisotropic part, PANISO

as discussed in Section I.2.1. If the anisotropié parts of the

can be calculated

tensors for the two phases are compared, it is seen that:

»
q 1.8
Panrso © ~ 2 Pantso : (14)

This effect has been noted in the 3;P and 2H NMR spectra of

phospholipids and other liquid crystals (47, 48). In addition,
-]

this property was observed in the EPR spectra of spin probes
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in a socap-like system (49)}. If such an aiteration were
observed' for .spin probes in phospholipid membranes, the

EPR method gould be used in a qualitative fashioﬁ to examine
these transitions in membranes. The high sensitivity of EPR
relative to NMR would make spin probe studies an attractive

31? or 2H NMR.

alternative to
The feasibility of such a diagnostic use of spin probes
was examined in the system: egg phospholidylethanolamine
(Egg PE)/cholesterol where a ﬁemperature-induced bilayer to
hexagonal phase transition is known to occur (50). For

2

purposes of comparison, the 31P and “H NMR behaviour‘of a

specifically deuterated PE was also examined.

IV.3.2 Results and Discussion

I. Spin Labels

A. Dispersions

—

Figure 22 shows the EPR épectra cbtained for 5-SASL and
12-SASL in equimolar mixtures of cholesterol and egg PE at a
series of temperatures. 31? NMR experiments (data not shown)
indicate that-this 1lipid mixture undergoes a hexagonal to
bilayer,phase.transition in the temperature range 30-35°C in
agreement with'p;evious,work (50). This transition has very ///
1ittle effect on the EPR spectra as seen in Figure 22. - <:’

A continuous decrease in anisotropy is observed as the

temperature is increased, which is more pronounced for the
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12-SASL probe. The stropéer response at the lzﬁggsition
could arise in several Qays. One might expect éh\increasingly
strong response as the label position is moved tc%ard the
terminal methyl group for a transition_from the bilayer to
the HII hexagonal phase,. ;n the HII phase, the lipids pack
in cylinders with the headgroups at the core ané the acyl -
chains directed toward the outer surface (2). In such a
structure, the gradient of order proceeding toward the terminal
methyl may be larger than in the bilayer phase. " The largef
response of the 12-SASL probe may, however, be due to a
perturbation of the lipid system by the nitroxide probe. As
discussed in Section IV.1l, the 12-SASL probe exhibits an
anomalously large response to the ad@ition of chol?sterol in
egg PC bilayers. In that system, the spin probe method detects
‘a maximal increase in order with addition of cholesterol at
approximately the l2-position, whereas 2H NMR (él) indicates an
approximately constant response for the first 10-12 positions.
Because of this, it is not possible to assign unambiguously the
cause of the differential response noted in the hexagonal phase.
The spectra of Figure 22 do indicate clearlf that the
spin probes do not exhibit any large additional motional
averaging on entering the hexagonal phase. In spin probe
spectra, averaging about the cylinder axis could produce two
large and characteristic effects analogous to those observed

in 31p NMR. The first effect is a two-fold reduction in the
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spectral anisotropy. The second feakture is the reversal in

the sense of the anisotropy. As a practical example, considef
a fatti%::id spin probe ié a well ;rdereﬁ bilayer characterized
by an axially-symmetric hyperfine spl&\;'ng tensor with
components- A, = 32G and A = 6G, where il ;Hd L refer to the
symmetry axis of the tensor. If such a probe is now subject

to répid diffusion about a cylindér axis perpendicular to the
probe -long axis, the hyperfine tensor is averaged to yield
components A, = 6G and A'L = 19G. The most characteristic
feature of the transformation is not the absolute reduction

- .
in the hyperfine anisotropy, which cpuld arise from many types
of averaging, but rather the chang; in the sense of the ani-
sotropy. The latter feature has a strong effect on the’overall
shape of the spectrum. For a random dispersion of probes,

the spectral intensity in the powder pattern is weighted
according to sinf, where 6 is the angle between the field and
the symmetry axis of the A and g téﬁsors. Thus, for a bilayer
type spectrum, there is greater,intené;ty in the region of the
inner hyperfine splittings sinte the perpendicular component

of the A tensor is smaller. In the hexagonal type spectrum,
the outer extrema are more intense because the sense of the

-~
tensor has been reversed and %he perpendicular component is

- . : [ 4
now larger. Such effects in the overall shape of spin probe
spectra have been noted for a liquid crystal which can exist

in both phases (49). . : )
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The spectra in Figure 22 show no discontipuities due to
the transitioh from bilayé: to hexagonal'ﬁhase. For each
pfobe-the spectral anisotropy decreases smoothly with
température and the distribution of infehsity maintains the
same ‘'sense. The lack of the expected spectral ?esponse to
the phase transition can be attributed to a slow rate of
diffusion about the cylinder axis., If such motion is slow
relative to the degree of anisotropy of the spectrum, no.
averaging effect is observed and the spin probes continue to
exhibit bilayer type spectra. An aﬁalogous effect is observed
in the spin probe spectra of sonicated vesifles. The spectra
of spin probes'in such preparations are quitesgimilar to those
from large multilamellar dispersions (41). Thus, althoﬁgh
the vesicles have a small radius and high curvature, the
lateral diffusion rate is not large enough to produce an
averaging of the spectra.

This effect of d;ffusion rate in the hexagonal phase will
most likely occur for all phospheolipids so that the type'of
experimenE describéd-above will not be useful in a‘diagnostic
fashion. The oriented film system was also examined since

larger effects on the spin probe spectra could be expected in

an oriented system.

B. Oriented Samples

In a spin probe study of hexagonal phase lipids, Boggs

and Hsia (51, 52) obtained results similar td those described

ey
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above for dispersion samples; In aédition,_based on spectré

.obtained fréh oriented samples of Ca2+—caraioiipin, the&

proposed that the lipid cylinders could be macroscbpically
orieqted on a flat surface (52}). In this type of organization,
the iong axes of the cy%inders ére oriented parallel to the !
flat sgrface fnd their hirections are distributeérrandomly

in the plane §f-the surface. Such an organization has been
observed by 2H NMR in a soap-water system (47). The orien- -
tation dependénce of tﬁe EPR spectra of CSL,'which yields
well—resolvedﬁ strongly angular éependent spéctra for the
bilayer phase was examined, to determine whether this type

of experiment can be used to study the hexagonél phase.

Since one can expect rather complicated lineshapes in this |
system, EPR spec?ral simulations were performed for oriented
cylinders, in the absence of rapid latergi{ Aiffusion. . Before
presenting the expefimental results, somé,SEJthe qualitative

features expected:.for the EPR spectra of spin probes in

oriented cylinders, are presented below.

e

Single Cylinder

In fhis model, the long axes of the probe are oriented
in a circular fashioﬂ at right angles to the cylinder axis.
If'the cylinder is oriénted with its axis along the field,
all the probés are perpendicular to the field. In this case
a 3 line spectrum is expected with g value and hyperfine

splitting characteristic of the perpendicular component of
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“\ N\
each tensor. If the cylinder axis is pérpendicular to the\?
field, the probes take'up all angles with respect to thé
field. The spectrum is thus an envelope of those for all g
and hyperfine values. This is similar to the spectrum
obtained from a ligosome sample except that the intensities
are distributed differently 'in the two cases. For the liposome
(or a random distribution of cylinders) there is a sin 6
weighting, whexe 8 is the an between the field ana the
probe long axis (4)., The distribution function for & in the
.¢ylinder can be determined as shown Below. Figure 23 shows
an end view of a cylindér with probes located in the plane.
The relative number of probes at angle 8 from the field is )
calculated as the ratio of the surface area swept out in
moving from 8 to & + d6 to +he tofal surface area. The total
surface for a cylinder of length t and radius r is 2ﬂrt: The .

area element between 8§ and 6 + 48 is rtds. The distribution

[]
L

function for 6 is then:

_ rtdo
ar = 27rt

(15)
"1 dé _ .
27 _ f

Thus, for this geometry the probes are evenly distributed with
respect to 0, and the spectrum of a cylindrical sample perpen-
dicular to the™~field will exhibip greater intensity in the

Spectral regions corresponding to probes at small angles with
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respect to the field than will the spectrum of a completely
random dispersion. This feature has been illustrated for
fatty acid and steroid spin labels (ref. 8, chap. lOi.

For a cylinder oriented at an intermediate angle, o
(where o is the angle between.the field and the long axis
" of the cylinaer), the spectrum consists of a superposition
of spectra for probes oriented between 90° and 90°-a. Fiéure
24 shows a series of simulated spectra for the CSL probe
oriented in a cylinder illustrating the chaﬁge in spectrum
expected for rotation of the cylinder. The 0° and 90° spectra
show reasonable agreement with experimental spectra‘fbr CSL

in a‘cylinérical sample (ref. 8, chap. 10).

Planar Distribution of Cylinders

The treatment above c¢an be readilf extended to deal with

the case of an ensemble of cylinders oriented on a flat
T ~—a—

surface. »Since the spectrum arising from a cylinder oriented
at aﬂy anglé can be calculated as above, it is only necessary
to @etermine the distribution.of cylinder orientations in
order to ca;culéte the spectrum. The qualitative features
of the spect&a for the cases where the flat surface is perpen-
dicular or parallel to the field can be determined by inspection.

In the "perpendicular orientation of the £flat surface with
respect to the field, all cylinder axes are at right angles to

the field. This is equivalent to the case of a single cylinder

at 90° and gives rise to a s?ectrum as shown in Figure 24.
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jgure 24. Simulated EPR spectra for CSL in a single cvlinder.
e onale o 1s between the £iel1d and the cvlinder long axis.
eva: simulation parameters are given in Appendix I.
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Wifh the field parallel to the £lat surfacg, the cylinder

axes take up all angles with respeca;to the field.. In this

case, both polar angles describing the orientation of

individual probes relative to the field are fully allowed.

Thus, the spectrum obtained from this orientation is the A
same as that of a randomly-dispersed sample.

For both of these orientations powder type Spectra are

obtained which differ only in the weighting of intensities

~

in the different regions of the spectrum. Thus, the variation
in the spectra with rotation of the surface is much less
dramatic than in the case of a single cylinder. A series of
simulated sgect;a illustrating the rotation behaviour is shown
in Figure 25, where ¢ is the angle between the field ana the
normal to‘the flat surface as in Figure 1. The details of

the calculations are given in Appendix I.

Experimental Results

The angular-dependence of the EPR spectra for CSL in an
oriented equimolar mixture of cholesterol and PE was studied.
At the temperature of the experiment, 31? NMR spectra of
dispersions indicate that the lipid has entered the hexagonal
phase (data not shown ané.ref. 50}. Figure 26 shows the spectra
obtained. as the angle between the field and the normal to the
surface of the flat. cell is varied. é%mparison with Figure 25

indicates that, qualitatively, the features expected for a planar

distribution of cylinders are observed in this system. Since the



95

_‘4// K/,\v/ /(\\\ 30

|
i /

/
|

'l

— ﬂf—

Figure 25. Simulateé EPR spectra for CSL in an ensemble of
Cvrlinders oriented on a flat surface. The long axes of the
cvlinder are randomly éistributed in the vlane of the surface.
The angle 9 is between the field ané the normal to the flat
surface.
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Figure 26.

Experimental EPR spectra for
cholesterol-Egg PE at 35°C orignted in a
measured angle is between the field and
flat cell sutface.

CSZ in eguimolar

£lat cell. The
che normal to the
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simulations were performed in order to predict gualitative
features of the spectra, no attempt was made to improve

£he match between simulated and experimental spectra.

It might be possible to obtain even better correspondence
by adjustment af the spectral parameters, particularly by
accounting for the effects of orientation-dependenﬁ
line%idths and allowing a static misalignment of the
cylinder axes out of the plane of the cell surface. How-
ever, an examination of the temperature dependence of the
spectra indicates that other éffects'may be responsible for

the lineshapes observed (vide infra).’ ' .\

In Figure 27, the spectra obtained with the field
parallellksolid line), and pqrpendicular {broken line}, to
the normgl to the flat surface are shown for a series of
’ ’h—-““tegéeratures. The spectra at the lowest temperature are

typical for CSL in a highly-ordered and well-oriented set of
stacked bilayers. As the temperature is increased, this large
anisotropy gradually decreases. At the highest temperature
examined, there is very little difference observed in the
spectra for'the two orientations. Cooling the sample to the
starting temperature results in a complete reversion to well-
oriented bilayers. This temperature behaviour suggests that
it is necessary to consider an alternative model for the &

macroscopic organization of the lipids at temperatures above

that of the bilayer to hexagonal transition.
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Figure 27. Temperature variation of the EPR
in eguimolar cholesterol-Egg PE taken with th

(solid line) and perpendicular (broken line)

to

the

£lat cell surface.

spectra cf CSL
e field carallel
to the normal
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As the teméerature is increased, a fraction of the
lipids may remain aligned in a bilayef fashion oh the flat
surface. This fraction decreases with increa§fﬁg temperatures,
but'the_complete realignment on cooling §gggests that some
oriented bilayers persist and act as a "seed" for the formation
of stacked bilayers on cooling. It is difficult to determine
the orientation ¢f the hexagonal phasé iipids relative to the
fla£ surface. As discussed above, the spectra from a planar
distribution of cylinders differ from those of a random
dispersion oniy in the-relative weighting of intensities.

The situation described above, where a fraction of the lipid
remains in orientéd bilayers is difficult to analyze, since

the non-bilaver lipids may be randomly dispersed. The spectrum
from such an ensemble, with the field perpendicular to the
surche, will appear as a random powder spectrum with increased
intensity in the region corresponding to probes orientgd
parallel to the field. This ié, however, qualitativergivery
similar to the type of spectrum expected for a planar set of
cylinders. )

Simulations of the EPR spectra expected for these two
types of organization were performed to determine how readily
one can distinguish between them. For this set of simulations,
a lower order parameter for the CSL probe was assumed. Figure

28 shows the spectra expected for the field aligned perpen-

"dicular (solid line) and parallel (broken line) to the flat



A

-

igure 28.
1ipic¢ organization
of cylinders. B.

(10 mole %) plus random cispersions (30 mole %) .
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surface. The spectra‘in Figure 28A are those of a planar
distribution of cylinders. Those in 28B are the result of
adding the spectra for stacked bilayers to a random dispersion
of lipids to yield 10 mole percent bilayers. It is clear that

these two cases could be distinguished only with the most

careful simulations and a complete study of the rotation

behaviour. It becomes increasingly difficult to distinguish

- the two cases as the spectral anisotropy decreases, due to

-—

possible low inherent order in the lipids or static misalignﬁgnt
on the flat surface.

In view of the similarity of these two types of spectra,
caution must be exercised in the interpretation of spﬂk label
spect?a in orierited systems where the phase behaviour of the
lipids is unknown. Lineshapes of the type described@ above
may result from the formation of oriented cylinders or simply
from a partial orig;zgﬁion of bilayer phase lipids. éimiiar

dI??TtaltiéE“WEEﬂ/spectral interpretation have been pointed

out by Schreier-Muccillo et al. (53).

2H and 31? NMR

Deuterium NMR shoﬁid prove moxe useful than spin label

EPR as an alternative to 31

P NMR in the investigation of non-
bilayer phases. 2H NMRQhaf been shown to be sensitive to the.
formation of the hexagonal phase in socaps and phospholipids
(47, 48). The phase behaviour of a specifically?deuterated
PE, derived froﬁ egg PC, was examined by 2H~ and 31P-NMR.

Figure 29 shows the spectra obtained for an equimolar mixture
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- 50 ppm | 10 KHz
Figure 29. Temperature-cdependence of the 3lP and 2H spectra
of an eguimolar mixture of cholesterol and PE derived from
eig PC via transphosphatidvlation with deuterated ethanolamine.
3lp spectra; 125 KHz sweep width, 0.17 s. recycle time,, 1500-
5000 transients: 2H spectra; 250 KHz sweep width, 0.1 $. recycle
time, 6000 transients. The sample contained 150 mg total lipids .
in 0.5 ml buffer. o ~
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of cholesterol and deuterated PE for the two nuclei as a

function of temperature.

31R spectra are similar to those cbserved for other

The
lipids which undergo temperature~dependent bilayer to
hexagonal phase transitions. In the low temperature phase,
the 31P powder pattern exhibits .a chemical shift anisotropy
of approximately -39 ppm. As the temperature is increased,

a second pow%er‘pattern gradually appears, increasing in
intensity.ét the expense of the low temperature pattern.

At the highest(temperature, the spectrum again consists of

a single powder pattern with an anisotropy of apprdkimately

13 ppm. This reversal f; s$ign and decrease in the magnitude
of the 31P powder pattern is expected for such a phase
transition (7, 12). Note that the phase transition occurs

at a higher temperature than with egg PE, due to the different
acyl chain composition of egg PC from which this PE was'
synthesized.

Similar behaviour is noted in the 2H spectra over the
same temperature range. At low temperature, two -splittings
of 8.2 KHz and 2.9 KHz are observed. These resonances can be
assigned to the o and B positions of the ethanclamine group,
respectively (54). As the temperature is increased, a second

set of splittings at 4.1 KHz and 1.4 XHz gradually appear.

These splittings can be assigned to the a and B positions of

Lry
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ethanolamine in lipids which have entered the hexagonal

phase. At the highest temperature, only the latter set of
splittings is cobserved. ' These spectral changes are analogous
to those observed in the 31P experiment, except that one cannot
determine the sign of the quadrupole coupling since the powder
pattern is symmetric about the central frequency.

~In both the 2H and 31

P experiments, the factor.by which
the spéctral aniéotropies were reduced was very close to 2.
This indicates that the dynamic configuration of the entire
headgroup must be similar in both Phases. If the phase change.
were accompanied by a reorganization of the headgroup, this
factor would be different from two. This observation can be
contrasted with the behaviour_of the acyl ch;ins in dielaidoyl
PE where an approximately three-fold reduction in the quadrupole
splitting of ,4he 9, 10 position was noted, indicating an increase
in the amplitude of motion of thé'acvl chains (48).

The results presented’ above show that 2H NQR can readily
be used as a probe of non~bilayer formation. A method for

guantitating the amounts of each'ihase in the mixed phase

temperature region has been described (55).

IV.3.3 Conclusions

The experiments described demonstrate that spina;abel
EPR Will not progide a very useful alternative to 31P NMR

in the study of phospholipids which form non-bilayer phases.
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As long as lateral diffusion about the cylinder axis is slow
(relaéive to the g and A tensor anisotropies, the spectra of
raﬁdomly—dispersed cylinders and liposomes are .indistin-
guishable. The oriented system can, in principle, be used

as a monitor of hexagonal phase formation. The interéretation
may become ambiguous, however, in cases of low inherent order

or poor m;croscopic.alignment. In such cases, rigorous spectra}
simulations would be required to extract useful information. ‘
In addition, there is a strong possibility of confusing an
oriented set of cylinders with a mixture of oriented bilayers
and liposomes. All of the factors outlined above mitigate
against the use of spin labels in a diagnostic sense.

Deuterium NMR can be used as an alternative to, or in
conjunction with; }{P NMR in the study of such phases. Unlike
the ESR experiment, a largé change is observed in the spectra
of randomly dispersed lipids. The major advanfages of 2y NMR
lie in thé possibility of specifically—labelling different
components in a lipid mixture or different sites in a single
molecule, and the study of lipids containing no phosphorus

in order to obtain a more detailed description of the orga-

nization of lipids in different phases.

IV.4 Deuterium NMR of Specifically Deuterated Nitroxide
Spin Probes . .

IV.4.1 Introduction

In the previous three sections, problems associated with the

use of nitroxide spin probes have been investigated through
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comparison of the 5ehaviour of the spin probes and non--\\\\
perturbing NMR probes. The most serious discrepancies were
noted for fatty acid nitroxide probes. In general, the oxder
parameters for these probes were less than those observed for
the corresponding deute?ium—labelled probes and the nitroxide
probes showed weaker responses to_addition of cholesterol than
did the deuterated probes. The most severe discrepancies were
noted for nitroxide label positions‘in the upper region of the
acyl cﬁaie. Spin probes with labels in the lower portioﬁ
(carbons 12-16) of the chain showed behaviour which was at =
least gualitatively similar to that of the corresponding
deuterium probes.

In contrast, good gualitative and guantitative agreement
was found in the comparison of nitroxide- and deuterium-labelled
steroids. This observation indicates that the discrepancies
discussed above do not result from a general feature of the
spin probe experiment, for example, the differences in the time
ggalesSbf the EPR and NMR experiments. The angular dependence
of the E;R spectra of spin probes in oriented film systems
provided further evidence of problems wi&h fatty acid'spin
probes labelled in the upper region of the chain. |

The anomalous behaviour of the fattyvacid spin probes
was investigated in more detail using specifically deuterium-
labelled fatty acid nitroxides. With these doubly labelled

compounds, 2H NMR can be used to obtain more speéific information

(¥
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on the motion of the spin probes. The spin probes employed
were deuterium-labelled on the fatty acid chain and in the
ring system of the nitroxide group. The probes were incor-
porated in egg PC bilayers as fatty acids or as the phospha-
tidylcholines derived from acylation of lyso-PC with a fatty
acid“spin probe. In additfén, the aiamaénetic N-hydroxy
derivatives ;f the nitroxides were employed to avoid prdblems
associated with obtaining NMR spectra in a paramagnetic system.
In the discussion, the data for the deuterated spin probes
are combined with the results of the previous sections in an
attempt to provide a unified explanation of the anomalous

behaviour noted for the spin probes.

Iv.4.2 Results and Discussion

The first sthdies dealt with a fatty acid probe bearing
a nit;;;ide label at position 5 and deuterium labels at
positions 2, 4 and 6 (S—SASL—dG). The samples studied consisted
of 25 mg spin probe in 250 mg egg PC with variable amounts of
cholesterol. The 2H NMR spectra for the probe are shown in
Figure 30. Three sets of guadrupole splittings are observed
for the probe. On the basis of a previousnstudy (56) of a related
deuterated spin prébe, the smaller splittings can be assigned
to the deuterons adjacent to the nitroxide and the larger

splitting to the deuteron§~3$ position 2. These results may

\ .
be compared with data for deutigated stearic acild intercalated

4

\
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in egg PC bilayers (31). 1In Figure 31, the quadrupoﬂ;
splittings observed for different cholesterocl concentrations
are plotted for the 2-10 positions of stearic acid (squares);
the 2 position of 5-SASL—d6'(triangles); andlthe 4, 6 positions
of S-SASL—dé (diamonds). For the stearic acid probe, a sharp
'increase is noted in the guadrupole splittings as the cho-
lesterol concentration 1is increased;reflecting the increase
in order produced by addition of cholesterol.

Rather anomalous behaviour is noted for the 5-SASL—d6
probe. Firstly, the quadrupoleﬁsplittings for the probe are
much smaller than those of the non-spin labelled fatty acid,
particularly for the positions adjacent to the nitroxide.
Secondly, an unusual response to the addition of cholesterol
is noted. For the 2 position, the guadrupole splitting
increases slightly on cholesterbl adéi?ion-whereas the splittings
for the deuterons adjacent to the nitroxide show a much.weaker
response with both a slight increase-and decrease.in the
magnitudes of the resolved splittings. These data cén‘be
compared with the behaviour of the stearic acid probe.

For the 2 position of S—SASL—dG, the quédrupole splitsing
is distinctly smaller than that of the normal stearic acidtk\\\u’“\\\\
probe. This is likely due to an increase in motional freed
at this position due to the presence of the bulky nitroxide \\_/’<
group at pesition 5. At the site of the nitroxide label, the
cross sectional area of the probe is much greater tﬁan that of

a normal fatty acid. Because of this, the acyl chains of the
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surrounding phospholipid matrix may not pack as efficiently
near the label site. As a result, the methylene groups of
the spin probe near the label site would have a greater
volume available in which to move. An increase in the
aﬁplitude of motien for the methylene group at position 2
would result in sméller quadrupole splittings, relative to
the normal fatty acid, as noted here,.
The weak response of the quadrupole splittings for position
2 observed for addition of cholesterol may al;o be associated
with packing difficulties for the bulky spin probe. As dis-
cussed in Section IV.l, the concentration of cholesterol in
‘the local region

)

great as in the bulk of the membrane. This would lead to-an

sufrounding the spin probe may not be as

apparently weaker effect of cholesterol on the probe.
The behaviour of the deuterons adjacent to the nitroxide
is much more complex. The magnitudes of the obse;yed splittings
are much smaller than those ¢f the normal fatty aéid and also
~ those qf the 2 position of the probe. Also, the splittings

diverge as cholesterol is added with differences between the

splittings of 4.6 gz and 6.0 KEz at 0 and 30 mole % cholesterol,
respéctively. The origin of the reduced ﬁégnitude of the
splittings might be assigned to thé same effect postulated for
the -2 position of the -probe. The response to cholesterol
addition, however, indicates that such a simple explanation

is not sufficient to describe the behaviour of the probe close

t0 the nitroxide label site.
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The factors which regulate the motional averaging of
' magnetic resonance parameters must be considered individually.
As discussed in the Introduction, the degree of averaging of
the hyperfine or quad;upole coupling tensors is affected by
both the amplitude and geometry of the motion of a probe in
an anisotropic medium. The present data for the effect of
cholesterol indicate that it is necessary to consider the
effects of probe geometry more closely. It ;s known from other
experimenta; techniques (57) that cholesterol decreases the
amplitude of motion in fluid bilayer systems such as egg PC.
This increase in molecular order is expected to result in an
increase in the anisotropy of the tensor properties of magnetic
resconance probes as was noted above in Sections IV.1l and IV.2.
The anomalous behaviour for the 4, 6 deuterons of 5-SASL-d

6
that geometric factors strongly influence the spec-

2
properties of the spin probes. This possibility was
lgated in greater detail using spin probes bearing
ons .on the methyiene carbon of the nitroxide oxazolidine

vstem. The 2H NMR behaviour of such probes should be

ring
most informative in comgarison with the EPR behaviour of the
spin probes since, in both cases, the magnetic resonance label
is attached to the ring.systém of the nitroxide. Care was
taken in these experiments to minimize extraneous'perturbations

resulting from the use of high concentrations of fatty acid

spin probes in the membrane. Thus, the probes used were the
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phosphatidylcholine probes derived from the acylation of
lyso-PC with a deuterated fatty acidé spin probe. The probe
concentration was reduced to 5 mole % which more closely
approximates the concentration employed in EPR studies
{(typically 1-2%). In addition, 2H NMR .spectra were obtained
using the diamagnetic hydroxylamine derivétives of the nitro-
xides to eliminagé paramagnetic effects on the 2H NMR spectra.
These derivatives, produéed by catalytic.hydrogenation of the
nitroxides, differ from the nitroxides only by replacement of
" the N-0 bond by an N-OH group. This alteration is expected
to havé minimal effect 6n the structure of the oxazolidine
ring system.

Figure 32 illustrates the 2H NMR spéctra for the phospha-
tidylcholine spin probes bearing ring-labelled deuterated
nitroxide groups at positioﬂg 5, (A), and 12, (B) in egg PC
bilayers at 5 mole % concentration. In eaéh spectrum, two
sets of quadrupole patterns are observed. For the 5 position,
a component with splitting ~4 KHz is found as well as a second,
broad component with splitting ~25 KHz.

The pooxr signal to noise ratio for the spectrum results
partially from the low probe concentration and partially from
paramagnetic broadening due to the nitroxide group. The
effect of the paramagnetic nitroxide is more severe £or these
samples than for the previous samples due to the low concen-

tration of the spin probe in the present case. At high

P

N
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concentration, the broadening is reduced since spin exchange
. between paramagnetic probes tends to uncouple the effect of
the free electron on the NMR spectra (58). Since spin exchange
requires collisions between nitroxides, it is less efficient
at low probe concentrations resulting in the large degree of
breocadening observed. ‘

*+ For the 12 position, two components with splittings of
approximately 8 and 12 XHz are readily observed.
ﬂh‘ﬁ In order to verify that the two component spectra observed
for these probes did not arise as a result of the paramagnetic
nature of the nitroxides, these eﬁpefiments were repeated
employing the diamagnetic hydroxylamine analogs. The 2H NMR -~
sgec;ra are shown in Figure 33 for the 5, (A), and 12, (B),
positions. For the 5 position, 3 components are observed.
The first component with splitting ~4 KHz is assigned to the
presence of residual nitroxide in the sample. The hydro-
xylamine derivatives a}e rather unstable (21), and during the“
course of the experiment, may regenerate the parent‘nitroxide
leading to the 4 KHz splitting observed in the spectrum of.
the original nitroxide as seen in Figure 32A. The other
components, with spiittings ~6 and ~19 KHz are assigned to
the deuterons of the hydroxylamine analog. For the 12 position,
a splitting isfclearly observed at ~12 KHz as well as a broad,

unresclved central component.



116

. soepoounihi UL 5E ST phHoS apchureg ()
21 opue vy 4 1ot tnod oL pull autni SZOKO, DY) 30 1oqavd
HUD [AYFOU DU B PIIRIDINIP sogoad unds puiy oydsoyd oayy o

SOATIRATIOD atitate [AxOApAY oyl 3o payoads H, ‘TL oanbtd
(ZHX) AON3INDIYA

0 G'Zl— G-
N\ . ]

L]

S¢ ‘w4
| _

’p—-18VYS—2L—0d

2p—1SYS—G—0d

L F

SENYIN/ANR-E[¢ ;

INIAY IAXOHAAH



117

Therdiffefénces ig the magnitudes of the splittings
observed for thewnitrogides and their hydroxylamine derivatives
may be due to an altefétion of thg.conqumation of the five—
membered oxazolidine fing system. In addition, severe line
broadening in the paramagnetic systems may distort the 2H NMR
lineshapes. In.either case, the important ?oint is that the
deuterons of the ring system give rise to inequiﬁalent qué-
drupcle splittings in both the paramagnetic and‘diamagnetic
systems. - ‘ ‘

The observation o? inequivalent deuterons on the oxazo-
diline ring syétem provides digect evidence for an‘un;xpected
geometry for the nitroxide group. 1In the‘analysis of the EPR
spéqtra of fatty acid spin probes, it is generally assumed -
that tﬁe oxazolidine ring is.oriented rigidly perpendicul;r
to the axis 6f motional averaging of the probe. If thié were
thé case, both'methylene;deuterons of the ring system would be
oéiented at' the same angle to the %veraging axis. For this
geometry, eqﬁal gquadrupole 3plittings are expected in the 2H
NMR spgétra ihﬂzontrast to the experimental_observations.‘ The

indication of a deviation from the assumed geometry has serious

consequences for the-interpretatign'Qf‘the spin probe EPR

spectra.
 As discussed above, the extent af motional averaging of
a tensor proéerty,'éuch as the hyperfine splitting of a

nitrqxide, depends stmultaneously on the amplitude of aniso-

tropic mgtion of the probe and the geometry of the probe

41
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relative to the motiocnal averaging axis. For the nitroxid
spin probes, the effects of probe motion and geometry on th
EPR spectra cannot be separated using only-the measuremen
of the residual hyperfine splittings. In order to allow
interpretation of the EPR spectra in terms of the ampiit%fe
of motion of thé probes, i.e., in terms of order parameters,
it is necessary to assume a particular geometry for the
nitroxide group. With the standard assumed geometry discussed
above, the EPR-active N-0O function of the nitroxide is oriented
with the principal éomponent of the hyperfine coupling tensor
along the axis of motional &veraging. This geometry leads to
the maximum possible aﬁisotropy.for the hyperfine splittings
for a probe located in 'a fluid anisotropic medium. Any.
deviation from the assumed geometry will lead to a redﬁction
in the obserygd hyperfine anisotropy. Thus, for a constant .
amplitude of dnisotropic motion, the observed hyperfine aniso—
tropy of a spjin probe may be reduced simply by aiteration of
its geometry. \Tiis clearly.complicates the interpretation of
the EPR spectra sincé an observed_reduction in the hyperfine
anisétropy may be due- to geometric factors or an increase iﬁ
the amplitude ofeprobe motion or even a combination of these.
« A further complication arises from the interpretation
of the EPR spectra in terﬁs of molecular order parameters for

the probes. The EPR spectra yield directly only the order

parameter for the Z-axis of the N-0O fragment of the nitroxide.
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In oxder to convert this order parameter to the molecular
order parameter, it is again necessary to assume a geometry
for the N-O function. Thus,the reiiability of the derived
order parameters -depends directly on the valiéity of the
assumptions concerning the érobe geometry. Geometric probiems
with the interpretation of spin probe data in terms of molecular
order parameters have been discussed (59).

An analogous situation is found in the interpretation of

the 2

H NMR spectra of phospholipids bearing deuterateé oleic
acid (cis-9,1l0-cctadecenoic acid) acyl chains (60, 61). 1In

the region of the cis double bond, the observed quadrupole
splittings are much smaller than those of positions far removed
from the double bond, or those of the same lébel positions on.
fully satﬁrated acyl chains. 1In that case, it was possible

to demonstrate that the small magnitude bf the.splittings in

the double bond region was due to the geometry about the cis
double bond rather than an increase in the amplitude of motion
of the acyl chain (60). It was possible to separaté the effects
of gedmetry and amplitude in that study using the known geometry
of the deuterons on the rigid double bond and additional évidence
from infrared dichroism (62). In the present study using
deuterated spin proﬁes, this separation cannot be égrformed
since the angular relationships between the various deuterons

are unknown and the probes have an unknown degree of internal

freedom of motion. Such a study is described, however, in the
~
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following section for deuterated cholesterol.

The results of the previous comparisons of nitroxide-
and deuterium-labelled probes (Section IV.1l and IV.2) can be
rationalized in terms of the geometry at the nitroxide label
site. As discussedrabove, any deviation from the standard,
assumed geometry for the nitroxide group woﬁld result in a
reduction of the hyperfine anisotrbpy and erroneously small
derived molecular oréer parameters. In the comparison of
the fatty acid probes, (Section 1IV.1l), it was noted that the
EP%korder parameters were less than those derived from the
corresponding deuterated analogs which is consistent with the
effect expectéd for-alferation of the nitroxide geometry.

It is possible to speculate on* the physical origin of
this perturbation based on the evidence discussed above. The
probe geometry may pe altered as an adaptation by the probe to
allow its insertion into the ordered matrix of the membrane.
In the assumed geometry, the cross-sectional area of the probe
" is twice that of an unlabelleq‘chain. It is clear that such
a probe would not easily pack into the ordered structure of
the membrane. The cross-sectional area of the probe couid be
reduced by twisting the acyl chain in thé region of the
_nitroxide group such that the oxazolidine':ing system would no
longer be perpendicular to the long axis of;the p:obe. This
possibility is supported by the effects obsérved with addition

of cholesterol. As cholesterol is added,. the acyl chains
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of the membrane tend to pack more efficiently which should
increase the stress on the nitroxide group. Evidence for
this effect is seen in the 2H NMR behaviour of the deuterons
adjacent to the nitroxide group of 5—SASL-d6. For these
positions, the guadrupole splittings diverged as the cholesterol .
concentration was increased. This effect would not be noted
if fhe probe maintained a constant gecometry as the cholestercl
concentration was increased. I

_ Secondly, the resp&nse to addition of cholesterol noted
in the EPR behaviour of the spin probes was much smaller than
that obsexrved for the 2ﬁ NMR behaviour of the deuterated stearic
acid probes. This weak response could represent a balance
between the effects of cholesterdl on the amplituée of motion
of the probes and their geometry. The additiocon of cholesterol
should increaée the hyperfine anisotropy for the pfobes by
5ecreasing the amplitude of their motion. The expected effect
would be attenuated, however, since the increased degree of
order of the phospholipid matrix would induce a greater
deviation frem the assumed orientation of the_oxazolidine ring
reéulting in reduction of the hyperfine anisotropy.

Further evideﬁce for the importance of chain packing for

the orientation of the nitroxides is obtained from the labél

position-depehdence of the spectral behaviour of the probes.

As noted above, the upper region of the membrane is characterized
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by & high and eséentially constant degree of order. Because
of this, packing induced effects on the nitroxide orientation
should be more pronounced for this‘region than for the less
ordered lower region of the membrane. This suggestion is
supported by the orientation dependence of the EPR spectgi
of the 5-SASL and 14-SASL probes in oriented lipid film gampies.
. As discussed in Section IV.2, the 14-SASL probe displays the
behaviour expected for the assumed probe geometry whereas the
5-SASL probe shows a marked deviation from the expected behaviour.
The results of the 2H NMR study of the phosphatidylcholine spin
probes deuterated on the oxazolidine ring may also be inter-
preted in terms of a position-dependent ofientational effect.
As was stated above, the methylene deuterons would_exhibit
equal guadrupole splittings if the oxazolidine ring system
were oriented perpendicular to the motional averaging axis.
As seen in Figure 32 the inequivalenée‘of the splittings for
these deuterons is greater for the 5-position probe which
is expected if the higher gfficiency of chain packing in this
région induces a larger alteration in the nitroxide geometry.

As a final observation, it is interesting to note the

2H NMR spectra of the deuterium

effects of paramagnetism on the
labelled nitroxides. As stated above, line broadening may occur
in the 2H spectra, particularly at low nitroxide concentratién.
In addition, it is possible to obsexrve effects on the chemical

shift behaviour of the 2H resonances. This contact shift
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results from the strong, loéal magnetic field produced by
the unpaired electron. The net magnetic field experienced
by a 2H nucleus on the spin probe is the sum of the fields
due to the unpaired electron and the static field of the
spectrometer. Thus, the resoﬁance frequency of the nucleus
is shifted, relative to a diamagnetic species, due to the
added field of the electron.  The-effect of the unpaired
electron is transmitted through the contact hype;fine inter-
.action, so that the magnitude and sign of the contact shift
is dependent upon the nature of the hyperfine coupling constant
between the 2H nucleus and the unpaired electron (58). The
relationship between the contact shift and the hyperfine
coupling constant is given by (58):

ﬁYia

§ = ——
4YnkT

where T is Planck's éonstant, k is Boltzmann's constant, T
%s the temperature, Yo and Y, are the gyromagnetic ratios
for the electron and nucleus, respectively, and a 1s the
hyperfine coupling copstant between the eléctron and the
nucleus. The dependence of the contact shift on the hyperfine
coupling constant has been used in many stﬁdies to determine
the sign of the coupling constant which may not be directly
.determined from the EPR spéctrum of free radicals.

Clése examination of the 2H NMR spectra for S—SASL—dG,

(Figure 30), reveals that the guadrupole patterns for the
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deuterons adjacent to the nitréxide label site are not
symmetric about the zero frequency but rather are shifted
to higher frequency. 1In £he case of the nitroxide probes
with deuterons at the méthylene carbon of the oxazolidine
ring, (Figure 32), no contact shift is evident. These

observations are consistent with -

H NMR studies of related
oxazolidine nitroxides where shifts to higher fregquency

were noted for protons at corresponding positions (58).

The signs ané magnitudes of the shifts noted here indicate

a much larger, negative hyperfine coupling coﬂstant for

the deuterons on the acyl chain than for those of the methy-
lene carbon of the oxazolidine ring. Quantitative values of
the shifts ahd derived hyperfine coupling constants would

best be ‘obtained through high resolution ZH NMR of the

nitroxides and their diamagnetic hydroxylamine derivatives.

Iv.4.3 Conclusions

The 2H NMR data for the deuterated spin probes presented

in this section give evidence for unexpected geometrical
properties for the nitroxide spin probes. These geometric
effects are important for the interpretation of the EPR spectra

of-spin probes due to their influence on the spectral pro-
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perties of probes inserted in anisotropic media. It is seen
that several of the findings discussed in previous sections
may be explained in terms of alteration of\the nitroxide
geometry. This discussion 1is necessarily speéulative, since
the influence of geometry on the observed spectra cannot be
separated from the influence of the degree of motional freedom
of a probe. The inability to separate these factors presents
a serious problem in the interpretation of the EPR spectra of
spin probes in membranes.- Generally, the spin probe spectra
are interpreted only in terms of order parameters based on an
assumed geometry, The data presented here, for the dependence
on label position and cholestercl concentration, indicate that
ignorihg the geometric effects may result in sericus misinter-
pretation of the spin probe data.

-

~
IV.5 Determination of the Axis of Motitnal Averaging
of Cholesterol

IvV.5.1 Introduction

X

.\M\;As discussed in the Introduction, the motional averaging

of the anisotropic magnetic resonance parameters in a membrane
phase depends on both the overall fluctuations of the molecule
and the geometry of the director with respect to the molecular -

frame. If the orientation of the director is unknown; it is

not possible to separate the effects of fluctuation amplitude
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and geometry on the observed spectra. It is possible to
determine the director orientation in a rigid molecule
through the use of labels with different 6rientations on
the same molecule, Thus}'with the known label geometries.
and the observed anisotropic interactions from the spectrum,
the angular felationship between the director and the
molecular frame can be deduced.

This section discusses the-;alculation of the orientation
of the director of cholesterol in equimofér egg PC/cholesterol
bilayers. This study was carried out using 2H NMR of the
deuterated chqlesterol probes: cholesterol—2,2,_4,4,5—d5
(cholesterol—ds, Section III.1l.12) and cholesterol—?,?-d2
(a generous gift of Dr. T. Akayami). Since all the deuterium
labels are bonded to the inflexible steroigd ring system,
analysis of the quadrupole splittings for each label position
can yield the director orientatiqn. Knowledge of the orien-
tation allows calculation Of,smol for cholesterol from the
observed 2H guadrupole splittingé. In addition, the quadrupole“
splittings expected for any label posié;on may be calculated.
This latter feature allows design of a probé molecule wifh
favourable spectral ﬁroperties.

In conjunction with the determination of the director

orientation, relaxation measurements were made using the
—
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cholesterol—d5 probe. The relaxation times are sensitive
to the rate of the anisotropic motion of the probe. The
observation of different relaxation times for the different
label positions can be correlated with their orientations

with respect to the director.

IV.5.2 Results and Discussion

The high resolution spectrum of.cholesterol—d5 is shown
in Figure 34. The spectrum agrees well with that of Sawan
et al. (63) except for fhe appearance of a minor peak in the
present spectrum at 3.4 ppm. The-relative intensity of this
peak did not change during the stages of purification of the
compound. Its chemical shift agrees with that expected for
the 3a position of cholesterol,indicating that a small amount
of deuterium was unexpecﬁedly incorgorated at this position
in the course of the synthesis.

The spectfﬁm df cholesterol-d5 incorporated in egg
phosphatidylcholine bilayers is shown in Figure 35. The
features of spectrum, labelled A;E ih the figure, can be
assigned in the following manner.

In the regiqn of the largest gquadrupole splittings, there
is an intense peak, B and a less intense shoulder at A. The
intense feaﬁure is assigned to the axial deuteroﬁs at C2 ana
C4 and the weaker shoulder to C3. These three deuterong have
épproximately parallel carbon-deuterium bonds, and thus should

give rise to similar splittings. The magnitude of the splitting
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Figure 35. ¥ NMR spectrum, (46.1 MHz), oI cholesterol-z, 2,4,
4,f=Cg in egg phosphatidylcholine liposomes at 50 mole ©
concentration and 25°C. 150,000 transients were collected
wizh a recvcéle time of 0.1 seconds.

- Al



130

for the deuteron at C3 agrees with previous studies (15, 42,
Section IV.2). In the region of about 30 KHi sﬁlitting,
there are two barely resolved peaks, C and D. Thgge splittings
are assigned to the eguatorial deﬁteroné-at C2 and-C4. Tﬁe
narrowest splitting, E, is assigned to the deuteron at C6'

.Spectra of cholesterol, stereospecifically labelled at
position 7, are shown in Figure 36; Essentially equal guadru-
pole splittings are observ;é for both o and § deﬁtérons at
this position. The gquadrupcle splittings observed for the
varioﬁs positions are listed in Table 1. .

The variation iﬁ gquadrupole splittings can be relatea to
the angles between the individual C-2H bonds and the axis
about which the molecule undergoes rotation. For deuterons

attached to a rigid structure, the guadrupole splitﬁinér}Bt

the i'th deuteron is given by :

N

cosza -1 2
e qQ(3 ! )( 3 cos R-1

.
Vi T 7% 2 2 g (16)

where equ/h is the static gquadrupocle coupling, constant
(~170 KHz), o, is the angle between the i‘th C-2H bond and
the rotation axis and the term in angular brackets describes

the anisotropic motion of the rotation axis. This last term,

S is-pf interest since it'defines the anisotrepic motion

mol’
of the entire molecule. Since Smol is not known, this egquation
cannot be used to calculate directly‘the various values of the

angles'between the rotation axis and the C—2H bonds. One can
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Ficure 36. H NMR spectra, (46.1 Miz) of cholesterols, sterco-
specifically labelled as indicateé az nosition 7 in ege thds-
phatidvlcholine liposomes at 50 mole % concentration and 25°C.
50,000 transients were collected with a recycle %ime of 0.1
seconcs.
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Table 1

POSITIONAL DEPENDENCE OF QUADRUPOLE SPLITTINGS® AND
SPIN-LATTICE RELAXATION TIMES (T,)b

Quadrupole P

Label Splitting 1 .

Position KHz .msec.
C6 3.6 3.5

Cyr C, equatorial 31.1, 33.8 4.3

+ ‘ - '

C2, C4 axial . 45.4 5.3
C7—a . 44.9 ’ -
C7—B 43.9 -

C3 49.5 -

a) Equimolar cholesterol/egg phosphatidylcholine disper-
sed in deuterium-depleted water at a ratio of 1:2
(weight:volume) at 25°C.

b) Average of two determinations using the inversion
recovery guadrupole echo seguence.
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however calculate  relative values of the splittings since

S is coﬁstant for the rigid steroid nucleus. Thus,

mol

ratios, Rk can be expressed as:
Av. (3 cosZa.-1)
i i

= = _ (17)
Rk Avj (3 coszaj-l)

assuming equal éuadrupolé coupling constants for the various
deuterons. At least three guadrupole splittings are reguired
to determine the orientation of the rotation axis. Egquation
17 could be soived analytically using the various splitting
ratios and the atomic coo:dinatés of the molecule to determine
orientations of the C—2H bonds.

A numerical solution was used,uhoweger, since éais.more
readily yields an estimate of the error in the determination
‘of‘the orientation of the axis. Details of the method used
are given iniAppendix.iI.

Before discussing the results of the numerical solution,
a reasonable estimate of the orientation of the axis can be
made by examination of the spectra of the deuterated sterols.
Consideration of the geometry of cholesterol indicgtes that
the rotation axis'should run through the long axis of the
rod-like mélecule. The magnitude of the splittings for the
Csy and the axial C2, C4 deuterons indicates that the éxisA
is oriented at close to 90° with respect to these bonds. The
similarity of the splittings for the equatorial c, and C4

. . deuterons suggests that the rotation axis makes approximately
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equal-angles with these bonds; This.means that the. axis

must lie approximately in the plane defined by Ci, tﬁg

hydroxyl oxygen and the C3 deutercn, or the Y-Z plane in

the axis.system used here. Finally, the small splitting

for the C6 deuteron indicates that this bond must be oriented

at close to the "magic angle“, 54.7°, from the rotation axis.
There are two possible causes for the.similarify of the

splittings for the deuterons at C7. Firstly, since the signs

of the observed splittings are unknown, it is possible that

the two positions have splittings of equal magnitude but

opposite 'sign. This could occur if the angles between the

C-2H bonds and the rotation axis both lie in the region between

35.3° and 90° where the value of the function (3 COSZa—l)/2

varies between +0.5 and -0.5. The second possibility is that

both C-2H bonds are oriented at approximately egual angles

to the rotation axis. Widely different splittings are observed

for the axial and equatorial deuterons at C, and C, but th%ﬁ//

4
situation is not .necessarily expected at C, since the dopble
bond cauées a large departure from chair geometry for the B
ring of cholesterol.

The orientation of the.axis is defined more precisely
in terms of the pélar angles 6 and ¢ which locate this axis
with respect to the origin of the coordinate system. In the

nomenclature used here, 8 refers to the angle with respect to

‘the Z axis, (C3-2H bond), and ¢ is the angle with fespect to’

-
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the X axis as shown in Figure 54. 1In view of the simple
treatment discussed above, the orientation should lie near

the (8,¢) region of_(90°,‘90°). In the numerical treatment
(see Appendix II), reasonable ;olutions,were foupd only in

the region 8 = 79 * 2°and ¢ = 93 * 2°. A comparison of the
gquadrupole splitting ratios derived from experiment and
calculations, for this orientation is given in Table 2. The
agreement between the two sets of ratios is gquite satisfactory.

Small changes in the values of 6 or ¢ do not appreciably improve

‘the overall agreemenﬁ\between experiment and calculation.,

although individual ratios c3F be brought into exact agreement.
The C6 ratic is extremely sensitive to changes.in the orientation
of the rotation axis since theiCG—zH bond is ogiented near the
"magic angle" with‘respect to the rotation axis. Several

sources of error preclude a more precise determination of the
orientation. The principal sources of error are uncertainties

in the measurement of the experimental quadrupcle splittings

and in the location of the hydrogen atoms in the molecule.

The hydrogen atom.positions were not determined explicitly in

the X-ray study of cholestercl, but rather were calculated from

~ the measured carbon atom positions assuming standard bond

geometry (64). Deviations from the expected geometry would

systematically bias the results. The hydrogen atoms could be
\ . P

located ﬁQ;i’iiiirately by neutron diffraction, but the accuracy
available fIom the X-ray study is sufficient for the present
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Table 2

COMPARISON OF CALCULATED AND 2
EXPERIMENTAL QUADRUPOLE SPLITTING RATIOS
.-é‘;’ . ) .

Label Experimental®  Caleculated®
Position : Ratio Ratio

3 1 1

2 equatorial 1l.46 ' 1.50

2 axial 1.09 , 1.10

4 equatorial 1.59 1.58

4 axial 1.09 1.05 ~»

6 13.8 14,6

7o 1.10 1.10

78 « 1.08 1.00

a) In each case, the ratio is made with respect to
the C3 deuteron splitting. -

bf Based on splittings in Table 1.

¢) Calculated assuming a rotation-axis orientation
of 8=79°, ¢=93°,

v
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study. Figure 37 shows a stereo projection of the A-D ring
system of cholestercl, illusﬁrating ﬁhe'derived.orientatiOn
of the rotation axis of the molecule. It should be noted
that the 2H NMR exXperiment yﬁelds only the angular components
of the axis orientation. ;n Figure 37, the axis has been
drawn projecting through the oxyqﬁn atom. It is possible that
the axis is located paraliel to tﬁis but does not pass through
this atom. | '
With the. known orientatgon of the rotation axis, observed
. quadrupole splittings can be relaﬁed to the mqlecular order
parameter, Smol’ using equation 16 . 1In the preéious studies
employing cholesterol—3a-dl, it was assumed that the CL2H bond
was perpendicular to the rotation axis (i.e., o« = 90°). The
present study indicates that the angle between this.bohd and
the rotation éx@s is approximately 79°, Using a value of 90°
rather tﬁan 79° in the calculation of Sﬁol resulté in a syste-
matic gnderestimation of .about 10%. For example, using the
quadrupole splitting observed here for the 3-a deuterén and
assuming that the C3—2H bond is oriented at 90° with respect
to the rotation axis leadsoto a calculated value for S of
%@3 - ‘ ] mol
0.78. The value of Smol calculated for a 79 orientation of
the C3—2H bond is 0.87. This value correlates well with the
order parameter observed for the niéroxide spin probe, 3~aoxyl

cholestane, in the same lipid QFS%em {Section 1IV.2).
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.Knowledge of the orientation of the rotation axis also
allows calculation of the quadrupole splittings expected for
different label positions for a'particular value °f~smol' .
Since any label in the fused ring system shows the same
relative response to changes in Smol' it would be useful to

design a label with good spectroscopic characteristics.

Label orientations near 0° or 90- to the rotation axis

oy

ére unfavourable since large guadrupole splittings are observed
for these orientations. Such labels are difficult to detect

if the amount of sample is limited as is often the case in
biélogical studies. In the other extreme, labels oriented

near the "magic angle", 54.7°, produce small guadrupole split-
.tings.l There aré.two problems associated with the use of such

a labelled cholesterol as a probe molecule. Firstly, large

-~

component linewidths are expected for cholesterol. incorporated
in a membrane. For a deuterium guadrupole powder pattern,

in which the coﬁponent linewidth is a large fraction of the

' quadrﬁpéle-splitting, both the linewidth and the splitting
strongly affect the ovgrail lineshape (see Sectibn IV.G[. In
"this case, it may bé difficult to distinguish bétween changes
i% the amplitude (which affects the splitting) and the rate
“(which affects the linewidth) of molecular motioﬁ: Secondly,
for deuterons nea; this orientation regicn, the sblitting is
extremely -sensitive to small changes in the orientation of

the rotation axis, since the function 1/2(3 cosza—l) changes
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&

rapidly for values of.a near the maglc'angle. Thus, a small
change in o results in a large change in the observed splitting
and may be confused with an alteration of the molecular order
parameter.

The most readily available deuterated cholesterol probe,
cholesterol-Ba—dl, has its deuferon oriented at about 79° from
the rotation axis. The resultant large Quadrupole splittings -
observed in a membrane cause difficulties in detection. The
cholesterol—dS probe used in this study has the advantage of
vielding several quadrupole splittings simultaneocusly. The
~small splitting observed for the C6 deuteron allows detection
of small amounts of the compound. The difficulties arising
from a small guadrupole splitting, mentioned above,.may be
overcome if the signals for the other deuterons (at least the
equatorial C2 and C4 positionsj can be detected. This compoued
is obtained by a rather straightforward and economical route.
These features make it an attractive alternative to the
cholesterol-Ba-dl probe.

In order to search for othef possible candidates, the
orientations of all the C—2H groups in the ring system were
examined. A useful brobe would have a‘aeuteron oriented at
an angle to the rotation axis in approx;mately the range of
50°-60°. The values of these angles and expected quadrupole

splittings arg_listed in Table 3 for the individual bonds of

-]
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Table 3

BOND GEQMETRY AND PREDICTED QUADRUPQLE SPLITTINGS
FOR THE FUSED RING SYSTEM OF CHOLESTEROL

Angle Relative

. Predicted
a” to Rotation Quadrupole
Bond' Axisb Splitting©
degrees KHz
k]
¢, o 76 52
c] -8 68 36
C: —u(equatorial) 68 38
2 -g(axial) 75 52
c§ 79 57
Cy —¢(equatorial) 68 36
C; -B(axial) 77 54
ct 56 4
e ~a 75 52
c -8 79 57 .
cl - 84 62
C 81 59
C ¢ 65 30
cll—s 87 64
Siz-a 89 64
-8 59 12
ci4 81 59
S 78 55
12-6 84 61
Co-o 63 23
Cle-8 59 13
cr 81 59
513-c18 82 20
TRGT 85 21

a) ¢ and B refer to.C-ZH bonds projecting below and above “the
For the C1g and Cyg methyl
groups, the bonds connect the methyl groups to the fused ring

plane of the steroid, respectively.

system,

b) Angles are calculated for the dlrector orientation 8=79°,'

$=93°.

c) Quadrupcle splittings are calculated for smo =1

Lo -

o
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the rigid steroid framework. The majority of the boﬂds aregy
oriented at angles greater than 65° to the rotation axis,
'leadiﬂg to la;ge guadrupole splittings. Position 16 would
appear to be a favourable labelling site, since both C;ZH
bonds are oriented rather close to the magic angle. 1In
addition, relatively small spliﬁtings are expected for the
ClS and C19 angular methyl groups since rapid rotation about

the three-fold axis reduces the quadrupole splittings of methyl
groups‘by a factor of three (6). .

Thus far, the discussion has dealt:with only the amplitude
and symmetry'of thé anisotropic motion of cholesterol in fhe |
membrane as revealed by the quadrupole splittings of the various
deuterium labels. Informaticn on the dynamic nature of the
motion of cholesterol can be cobtained from the étudy of the
relaxation behaviour of deuterated probes. The results of
preliminary stu@ies'df the spin-lattice relaxation times for
the deuterons of cholesterol-d5 are given in Table 1. Previous
studies of deuterium relaxation in membranes have dealt with
deuterated phosphatidylcholines (46, 65, 66). Since these
studies empléyed dipalmitoyl phosphatiaylcholine, (DPPC), it
is not possible to make a direct comparison with the present
data for cholesterol. It is interesting to note, hoéever,
that the relaxatioﬁ times méaéured here for cholesterol are
very much shorter than those found for-the acyl chain positions

in DPPC (46, 65, 66). Assuming the short correlation time
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regime (65), this indicates that the reorientation of .
_cholesterol in this system is slow relative to that of DPPC.
This is likely due, in part, to the high concentratlon of
cholestercl used in the present study. Addltlon of cholesterol
has been shown to decrease the motiénal rateé of the related
nitroxide spin probe, 3-doxyl cholestane (67). Indépepdent
of this, it would be reasonable to expect slower motion for
cholesterol relative to a phospholipid at any choleéterol
concentratlon, since the phospholipid acyl chains are ablé

to re-orient through gauche-trans isomerisations. These

segmental motions, which are unavailable to deuterons on the-
inflexible steroid framework, may dominate the spin-lattice

relaxatio hospholipid deuterons resulting in the

longer Tl values for phos

¥hplipid as compared to cholesterol.
The quantitative if fetation of relaxation behaviour

in membranes is not stra forward due to the difficulty of
modelling the motion of a molecule in an anisotropic medium.
. S8everal treatments of the ﬁheory of relaxation in membranes

have been presented. The §implest models predict the following

relationship (6, 46, 68):

2 _ '
(89942 (152, (18)
K z° C 4

-
T

w|w

where Sz is the C—2H bond order paraﬁeter and TC is the

“correlation time for re—orientation 0of the molecule. For
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the data presented in Table .1, an-approximately linear
relationship between 1/Tl and_(l-sz) is-obseryed as required
by this equation. The derived correlation time Te is
approximately 5 x.lo-lo sec wqich is in reasonable agreement
with data for the B—éoxyi chdlestane spin probe (67); Although
the present dataareﬂ%oo limited to provide an accurate test of

a model for relaxation, cholesterol would serve ag.an excellent
probe,fgr such a study. The inflexible nature of the steroid
ring system‘redﬁces the number of degrées of motional freedom
for individual labels so that_thé details of molecular motions
should be simple:‘to modei. The possibility of examining
diiferent‘lﬁbel positions on the same molecule a;lows separation
of the effects of‘cofrelation time and anisotropy on the rela-
xation behaviour. A fuller understanding of gotion in an
anisotropic medium éould‘be obtained by exteﬁding these studies,
particularly by examining the T2 and T relaxation times which

1p
are more sensitive to slower motions.

Iv.5.3 Conclusions ' a

-

The 6rientation of the axis of motional averaging for
the cholesterol molecule interpalated in egg phosphatidylcholiné
bilayers was determined. The axis lies at 79° % 2° to the
3a—C¥2H bond and bisects approfimately the angle betweén the

equatorial deuterons at C2 and C4. Usi the calculated

i
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orientation, one can reélate observed quadrupole spllttlngs
for individual label positions to the molecular order
parameter for cholesterol. The cholesterol—d5 probe used -

here shows several advantages for use as a monitor of.the

.behaviour of'éholesterol in biological membranes, and

several other label positions on the molecule which are also
) _ - N
attractiue as speetroscopic probes were suggested. Finally,

.

prellmagzry T studles of cholesterol- -d; indicate the utility

-

of deuterated cholesterol as a tool in the study of deuterium

relaxatlon in anlsotroplc medla.

Iv.6 Molecular Dynamics of Deuterated Cholesterol in
Egg Phoephatldylchollne Membranes

IV 6.1 Introductlon

The work described in the previous ggction was extended

th%puggf;\RH—NMR study'oﬁgcmolesterol.ih egg PC bilayers.
fhe cholesteroi.molecule is ihtereefiné in that it may be
d1v1ded lnto uwo structural reglons. The first regioh ls
the A-D fused ring systeg. . Thls fused ring framework is

expected to have mlnlmal internal flexibility and thus should

eo?

‘re- orlent as a rigid bo The second region is the alkyl _
L I

-

"tall" llnked to the ring 'system at carbon 17. This region

4

cannot be expeeted £o be inflexible since i:zﬁtiens may occur
ions may dlsplay

about the C-C smngle bonds. Thus, the two

markedly dlfferent propertles in the'! mbrane erms of

the amplltudeijand rates of reorlentatlonal motic This
.‘ -

.’ ':{/?.‘ .

4 »
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possibility was investigated through the use of deuterated

a
cholesterol probes labelled 'in the ring system at positions
3 and j (cholesterol-3a-d, and cholesterol-7-d, respectively)

and in the alkyl tail region at the 26 and 27 methyl group

" positions, (cholesterol-26,27-d.). - ~

The amplitudes of anisotropic motion were examined via
the quadrupole splittings observed for each probe in egg PC
bilayers. fhe dependence of the splittings with changes on.
temﬁéxature and cholesterol concgntration wés studied. The .
rates of anisotropic motion were probed via relaxation time
measurements. Both Tl (spin—lattice) and T2e (quadrﬁpole.
echo décaY) relaxation times were measured for the cholesterol-
7-d2 and’cholesterol-26,27-d6 pFobes qt“differené membrane

cholesterol concentratlons.

IV. 6 1 (QeSulQé/;nd Dlsdus

Variation of Quadrupole Spllttlngs With Temperature
and Cholesterol Concentration a

1)’ _Fused Ring System

:Fiéures 38 and 39 show the variation i® quadrupole

splittings for &holesterol-3a-d (squares) and cholesterol-
7,7-62 (triangles) for changes in temperature and choféé?eroI '

cohténtration, respectively.. As noted in Section v.2,”

t2

increasing temperature results®in a decrease in the splittings

and increasing cholesterol concentration causes an incEease in

- 13
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. . ’
splittings for cholesterol—Ba—dl. Both probes exhibit

essentially parallel responses to variation of each experi-
mental- parameter. This indicates that the orientation of
the director axis remains constant over this range of sample

Rl

conditions. Because of this, one can use egquation 5 (Section

«

2.2.6) for the calculation of Smol for the rigid portion of
the molecule. Values of Snol Were calculated from the observed

quadrupole splitting for cholesterol-3a—dl using eqguation 5

& s

with .o set to 79° (Section IV.S). Figuré 40 shows the variation
of smoi with temperature and cholestgrol concentration. * For <.
éll conditions, Smol 1s large and approéches 1 at high concen—
tration, indicating a high degree of 6rdering for the molecule
in the membrane. As discussed'in Section IV.1, cholesterol .
exerts a strong ordering effect on the phoéphoiipid acyl chains,
with1the'strongest effect noted for the upper region of the
bilaYer?\ The rigid framework of cholesterol acts ;s a physical
barrier which restricts the amplitude of motion of the sur-
rounding acyl chains. This effect is aléo revealéd from
measurements of ;ﬁe dimensions of the bilayer. Addition of
cholesterol causes a reduction in the surface area of phosﬁho—
lipid monolayers (57) .and an increase in the bilayer thickness
(69}. Both effects are cohsistent with an increase in the »
population of trans roﬁamer segments for the acyl chéin. This

"condensing" qffeét of cholesterol is transmitted through the

membrane plane -t0 cause an increase in order for neighbouring

7

e

s
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iS . ) "‘...,
cholesterol molecules. Thus, as the- phospholipid matrix
becomes more ordered, the motion of individual cholesterol
moleciules becomes more restricted resulting in the dramatic

increase in the cholesterol Smol noted for increasing

cholesterol concentration.
]

II) Aliphatic Tail Region

Figure 41 shows 2H spectra of cholesterql—26,27-d6\in
egg PC bilayers at vériable cholesteroi concentrations.\'For ’
all cholestérol concenérations,‘very small (~1-2.KHz} quadrupole
splittings are'observed. In aﬁdition, the spectra do not_shoér
'sharp edges as seen for the other cholesterol probes, indicating
relatiﬁely large component linewidths forlthe cholesterol-d6
probe. Before discussing the spectra in terms of prébe métion
in the membrane, the natur; of these lineshapes will be examined.
The combination of ‘small guadrupole splittings and ;arge
component linewidthé noted here causes difficulties in reso-
lution of diffe}ent-splittings and in measurement of the
magnitudes of ﬁhé_splittings.' For example, the spéctrum for
10 mole % cﬁo;gste:ol—ds (Figure 412A) shows two barely resolved
quadrdpole patterns with';pparent splittings of ~900 and 1600 Hz.
Me;hods for improving't e.résolution of fhe spectra were
investigated. . . ' e
. In a previous study of q&olesterol—ds\ii-membranes {70},

distinctly different 2H lineshapes were obsenved. These

differences arise from the methods used in oﬁﬁaining the 2H

L
2
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" Figure 41, 2H NMR spectra of cholesterol-26,27-dg in egg PC o
at the indicated concentrations at 25°C. Smectra were collected
with a recycle time of 1 second, acquiring 600 transients.

~
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NMR spectra. In the previous study, the spectra were .
acguired using the standard 90°~TD~achiré fulse seduence,
whére Tﬁ is the dead time required before acquisition to
avoid spectral artifacts due to the strong transmitter pulse.
Fourier transformatién cf the free induction decay, (FID),
signal after such a pulse.results in a distorted 2H NMR
spectrum because the initial portion of the free induction
decay, {during TD) is not collected. The loss of the igfér-
mation in the initial part of the decay causes several problems.
Firstly, the decay signal is most intense‘immediately
following the excitation pulse. The loss of this intense
signal degrades the signal to.noisé;ratio of the transformed
spectrum. @gcondly} the free irduction decay may contain
signals which decay at different rates. Signals which decay

more rapidly are lost to a greater extent than those which

decay at slower rates. Thus, in a multicomponent spectrum,

-

- -

the intensity of the rapidly deéaying components are supprjgzedt
Finally, the failure to obtain the entire.FID results in a
sfrequency-dependent phase distort;on in the transformed
spectrum (26). |

The spectra in the present study were collected using
the quadrupole echo seguence. As with other echo sequences,
this method yields an image of the entire FID. Some intensigy
is lost during.the time required for formation of the echo due

to spin relaxation, but phase distortions are removed. The
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phase distortion effects noted for the standard acquisition
metﬁod'can be simulated using the echo signal. .Thus, if
the{Fourier transform of the echo signal_jis performed starting
at the peak of the echo signal, the resultant spectrum‘is

free from phase distortions. The starting point for the
transform can be shifted along the tiﬁe axis of the echo sigﬁal
te simulate loss of the FID during the receiver dead time, -
e Figure 42a shews the_effect'of progressively increasing
this time delay. The spectra for long dea& times closely
resemble those obtained using & one pulse acguisition k%O).

As the de¥d time is increased, the spectra lose the{lineshape
expected for a quadrupole powder pattern and begin to resemble
sets of doublets for each o% the original guadrupole powder
patterns. The enhanced resolution in these spectra suggesteé
that this procedure of ignoring the initial points of the '
eeho sigpai\could be used in order to obtain the quadrupole
splittings from a spectrﬁm composed of overlapping quadrupole
‘powder patterns. Such a method has been used for‘resoiution
enhancement in'high resolution NMR (71). This possibility

was investigated through spectral simulatione.

'As discussed in Appendix III, simulated free induction
decays were generated for everlapping powder patterns. The
decays were then Fourler transformed with varlatlon of the
starting point of the transform to yleld a series of spectra

-
51mul§t1ng variable dead times. The procedure is outlined

-
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schematically in F;g;re 43. A series of simulated spectra
are shown in Figure 42B. Each specﬁfum consists of a

summation of two pdwder patterns with quadrupole.splittings
1 KHz and 1.8 KHz with component Lorentzian linewidths for

each sub-spectrum was 100 Hz (vide infra). The simulated

dead time for each is indicated on the figure. The overall
agreement between the simulated and experimental spectra is
reasonable with most serious discrepancy between the two
sets of spectra in the relétive intensities of the component
patterns. The vertical lines in'the simulatéﬁ\spectra represent
. the freguency separationé'for“the values 6f quadrupolé splittings

used ;n the simulations. If these values are cémp?red tovche -
\positions of the peak maxima, it can be seén that the latter
) ;;ovide an inaccurate estimate of the guadrupole splittings.
In addition, the péak positions vary as a function of the dead
time. Finélly, as the dead time is increased, the signal to
noise ratio for the expefimental é;ectra degrades due to the
loss of intensity in the initial portion of the f}ée inducti&n
decay. Thus, although the phase distortion aids in the
resolution of overlapping powder patterns, there are serious
drawbacks in the application of thié method to determine‘
quadrupole'splitﬁi gs.

The effects noted above suggested that ménipulation of
the spectral phase could be useful in enhancing the resolution A

~ O\

of overlapping powder patterns. Ordinarily, the absorption



‘ 157 -

} PAKE DOUBLET
/

HALF SPECTRUM
a
- rd I ! .
- 4‘ -
1 B V i I 1 1 ;
Q- 1000 2000 3000 4000 5000
. FREQUENCY (Hz) .
- : -
v B.

|

1

|

| 1.) COSINE §.9.

i 2.) EXPONENTIAL
| . MULTIPLICATION
|

|

|

|

|

\

T v T i T - 1
0.000 0.005 - 0.010 0.015 0.020  0.025 :
CS " TIME (sec.) ' .

\ / 1) COSINE §.39.
2.) REFLECTION
ABOUT ZERO
| T T T 1 T 1§ 1 T 1 =~ )

) -5 -4 -3 2 10 1 2 3 4
FREQUENCY (KHz)

Figure 43. Outline of method used in simulating free. induction
decavs and Fourier transform spectra as discussed in AZppendix III. .-



158 - ’
®

mode is' used for display of Fourier transform spectra. The
spectra can also be displayed in dispersion mode. These two
modes correspond to the cosine {(absorption) and sine (dig-
persion) Fourier transforms of the decay signél detected at
90° to the transmitter exciting pulse (72). Theseatwo modes
can be combined to generate the absolute value display, P,
-given by: . - . 7 !

Ve -

p = juz + v )1/2

-

where u and v are the absorption and dispersion components,
<\_ . respecti&ely. Spectr;\ﬁérewsﬂ‘ lated for the three dlsplay
modes u51ng a single quadrupole powder pattern with varlable
amoun;s of Lorentzian line broadening. The results of the
simulations are shown in Figure 44. The frequency axis is.
plotted in reduced units such that one unit is egual to the
.quadrupole splitting. For each mode, the coméonent linewidth
(half width at half height) varies as 1nd1cated for the
absolute value spgctra. The llnew1dths are ex!gessed in the
. same reduced, units go that each spectrum is general for a =+
particular ratio of lihewidth to quadrupole splitting. The
absorption méde specﬁra agree well with previousiy published
simulations (6). The two vertical lines indicate the fréquency
spacing for the trué guadrupole gplitting. &
It can be seen that the peak qaxima for the absorption

mgde spectra always lie at a freguency separation less tHan

'Y
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widths dre indicated for the absolute value spectra. Freeféncies
and lirfiewidths are expressed in reduced frequency unlts (1

unit guadrupole spllgtlng). :
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“the quad:upoh& splitting. Conversely, the peak to trough
. 3 .

separation in bhe dispersion mode spectra is always greater

‘than the splitting. In addiﬁiqn, for both modes, the

difference Qgtweep these spectral marke;s and the true
quad;gpole’;plitting increase; wiﬁh_éﬁéfeasing linewidth.“ ,<f.
In the absolute valﬁe spectra, a smaller difference is noted
between the peak maxima and the éplittihg. More importéntly,
this difference is less sensitive to the value of the line-
width/splitting rétio; In addition, the pei&; tend to bé
sharper than the features of the other two modes: These
propertieé of the absolute value spectra indicate that this
phase maqigﬁlatidp shduld'bévuseful’in:résolving overlapping
patterns and;in-ﬁeasuring:the£§'quadrdpolg sﬁlitgings.
Thishsuggestien was tested W th the spectré for 10 mole %
choles -ol-de. .Figure 45 shows a compariéon of egperime;tal
and simglated spectra for the three display ﬁbdes discussed

e

above. linewidth parameters for the simulations were

obtained from T2e measurements {vide %nf;a)Aand the quadrupcle
splittings were taken as the frequéncy'separations for the
peaks in the experimental absolute value spectrum.. The ove;all
agreement between experimenﬁalvgnd simulgted spectra is s;tis-
factory.. The agreemént could likely be\improved by freely

adjusting the simulation input parameters, but the important

point is that the peaks in the absolute value spectrum yield <:/K'

a clese approximation to the actual. quadrupole splittings.

%

C
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-

In additioﬁ, the %?creased sharpness of the absolute value
spectrum featufes relative té-ﬁhé'dther display modes\allows
mquuremént of closely spaced quadru;:ie splittings. - so,
the signal to noise ratio of the absolute valuefspectréﬁ is
not degréded so that the method mdy be used with weak Signéls.
s . .

For the following discussion, drupole splittings were
extracted from the absolute value spectra.

~Figure 46 shows the variation of quadrupole splittings
of cholesterol;dsfwith addition of cholesterol. As seen in
Figure 41, separate guadrupole splittings are observed at low
cholesterol concentrations. For cholesterol concentrations
greater than 30 mole %, the splittings tend to coalesce, and
the points of Figure 46 represent estimates of the values with
the indicated error.

Even at the highést cholesterol concentrations, the

ed quadrupole splittings are very small in comparison
ose for.thé.B and 7 positions. As discussed above, the
of the splitting is sensitive to both the geometry
o% the el with respect to the director and the amplitude

of ghe flﬁctuations}of the director. Since the alkyl tail has
sevefal degrees of motional freedom through rotations aﬁout
c-C s%ngle.bonds, the previougiy determined orientation for
thé director relative to the.rigid ring system cannot be

applied to the flexible tail segment. .Without the director

Orientation, the effects of geométry and fluctuations cannot

-]
0

~
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be separated. Some insight can be gained, however, by

examination of the motions available to the methyl groups.
The aliphatic tail section of cho;esterol—ds-is shown

1

~

below.

\

The possible motions can be gconsidered as successive'?B%:;?ons

\

anut individual C1£ bonds.

The %irst bond considered links the C—2H3 methyl group

"

Zi;r C25. The rotation of a methyl group about the threg-
old symmetry axis is generally free at the temperatufes
studied here, even in crystalline solids. The methyl group

rotation causes a three-fold reduction of'the-guadrupole

/—/,\’ e
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splittings- for methyl deuterons relatiﬁe to a static system
(6). Thus, gven in the absence of other motions, small
splittin:j/zre expected for methyl groups. The next bond
conSldﬁégg.l?,that between C24 and'CZS. In principle, the

I3

isopropfiygroup-(czs, é26’ C27) could undergc free-rotation
—3\

about‘thé_c24-025 bond. This would reSuy% in a further three-

1
. 1

- fold reduct%fn in t@e methyl group sp}itg}ngs. In addition,
howeygr, the motions of both the-c26 anh /27 methyl groups.
would become symmetric about the C24—C25 bond vector. in
éﬁat éase,tequal“quaérupole splittihgs would be expected for
the two metﬁgl g}oups, in contrast to the resolved splittings
observed experimentally.

It must be noted here that the observa;ion of separate
quadrupole splittings could also resélt from slow exchan;e
between two sitgs. .If the pfopgrties of the individual sites
are such that thé methyl groups are motionally eguivalent
within each site, but the degree df order is different in the
two sites, two sets of splittings:wduld aléB‘be~9bsezved.

Two sets of experimental®data argue against this possibility.

Firstly, good simulations of thg experimental speetra
were obtained using equal intensities for the overlapping powder

patterns. If the difference in quadrupole splittings were due

y
to slow exchange between two ineguivalent sites, égfal inten- /(/—i
. i T
sities would be observed only i} the two sites were egually

populated. Strahger evidence against?zhemiéél exchange as the

basis of the difference in, splittings is provided by the,‘
& E

. . ) %
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temperature degigdenceqéé the spectra. The exchandge process
would presumably be thermally activated so that an increase
in temperature would result in a coalescence of the over-
lappiﬁg patterns to yield a single, average gquadrupodle
splitﬁing at gh temperature.

Figure 47 illustrates the temperature dependence of the

quadrupole splittings for 20 mole % cholesterol-d Over th

6°
range of temperature examined, no indication of coalescence
is observed. It is certainly*?ossible that ﬁhe failure ito
observe coalescence results from a barrier to exchan which
i; not sﬁrmounted_thermally at the temperatures.étudied, Taken
togéther, however, the intensity and tempe;ature data favour
motional inegquivalence of the twotmethyl groups over chemical
exchange as the céégé éf the observéd differeﬁce in splittings. (/_
This guestion coul?;be fullx resolved using a cholesterol probe
stereospecifically’ deuterated at only one methyl group.
Thus far, the motion of the methyl oﬁps has»beeg de-

. composed into free rotation about the methyl symmetry axes

and restricted motion about the C,,-C bond. The amplitude

24 725
of Motion allowed about é;;—czs cannot be estimated although ' :
evidence has beén obtained for highly restricted motion of

the alkyl tail at least up to C53 {(J. Browning, personal com-

L
munication). If thiss limited flexibility extends down to the Kfﬁf\
| c , t
terminal-methylegroups, th{rcause of the small magnitude oﬁ)’ H
- the quadrupole spliftings-must be assigned to the geometries ‘ /f

‘.

. .~
-
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.

of the-metﬂyl groups with respect to the director. As
"discussed above, the quadrupole splitling is Scaled by the
“factor (3 coszai-l)/Z. ' For the present'gase, oy is the
éngle between the-director and the C-C bond connecting C25
to one of the rapid%y rotating methyl groups. As oy apprqégg;s
the magic angle, 54.7°, the quadrupecle splitting approéﬁhgs
a value of zero. Thus, if both methyl groups have orienfétions
close to this’angle, the magnitudes of tﬁe.obéérved guadrupole
splittings may be dominated by‘thié geometrical effect. For
the reglon near the. magic angle, the factor (3 cosza 1) /2
changes rapidly w1th small changes in o. The large gradients
in quadrupole splitting observed for variation of concentratidn
;}or temperature may be partialiq{?ﬁg to small-adjustments of
" the orientations of the methyl groups with respect to the
director. Note, in pqrticular, that the rates of change of
tﬁé quadrupole splittings with ipcreasing cholesterol concen-
tration are greater for the elkyl tail region than for the
rigid steroig ring s?s?em; This is 1n contrast to the bshaviour.
the acyl chains where the response of the ta¥l region {s

weake an that of the upper region’ (Sectlon Iv.l).

The dlscu551on above 1is necessarlly speculative since -~

he factors[whlch-determlne quadrupole splittings cannot be
separated. ‘It Has been pointed out, however, that the small

quadrupole splittings observed for the tail region of cholesterol

do not necessarlly indicate that the mqé%on in thas region is

.

1
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close to isotfopic in nature. Further information on the
amplitude of restricted motion in this region could be obtained

with cholesterol probes, deuterium~labelled at other positions,

-

Motional Dynamics

Anlsotroplc motion can be characterized by its amplitude
and symmetry and by its rate. These two sets of characterlstlcs
need not be correlated. The amplitude and symmetry of motion
can be probed through the magnitudes of the motionally averaged
quadrupole splittings. The rates of motion may.be investigated
using measurements of ﬁhe ndclear‘relaxa;ion times. In this
study, motional rdtes were examined with bqth Tl (spin-lattice) .

nd T2e (spin;spin) relaxation‘times. These two Pgrameters are
sensitive to different regions of the spectrum of motional -
rates (73). The T% relaxation time is sensitive to components
of the overall motion with frequencies?négr the;deuterium

.

resonance freguency (46.1 MHz in the present case). The T2

relaxation time senses these motions as well agpmotlons of
very low frequency. Comparlson of these relaxation times
yields information‘on the d}stribution,of motional frequencies
{(the spectral'density) allowed for cholesterol in the membrane.
As above, these features are compared for the rigid framework
and alkyl tail regions in membranes contalnlng variable
amounts of cholesterol Representative spectra, employing‘

10 mole % cholesterol-d

g+ are sh or the inversion-

recovery T, experiment and for the ecHbo decay The
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rela*ﬁtion times were calculated from the slopes of semi-

171 P

experiment! (Figure 49). For both experiments, valdes of

logarithmic plots of intensity (taken as peak @eights) vSs.

the delay time. These plots dre illustrgted, using arbitrary
units for intensity, for T1 (Figures 502, B) and T2e (F;gures
50C, D) with the straight lines derived from lineér regression.
For the 10 mole % cholesterol—ds'sample, equal relaxation

times were observed,for the two splittings. The relaxation

time data are presented in Table 4.

I)- Fused Ring System

Within experimental error, the T

and T relaxation times

1 2e

for the 7 position are independent of cholesterol conéghQFation.
' !
The value of T1 is ratger similar to those measurad

for cholesterol-2,2,4,4,6-dS (Section-IV.S). As discussed

above, a simple deel for the motion of cholesterol indicates

e of approximatgly 10'1.0 se/cc-)%s. /\ ' @

‘The obsé;ved relaxation times cah be compared with those

a corrxelation tim

found for the acyl chains of perdeuterated dipalmitoyl PC
(46). 1In the upper region of the é&layer, at 37°C, the values

of the relaxation times were approximately 30 ms for T ‘and
. 0 . -

1

0.7 ms for T,e- The smaller values noted here for the 7

position of cholesterol indicate-gemerally slower motion for

-the sterol relative to the acyl chains. The difference is *

'particularly large. for the_Tl relaxation time.. This relaxation

Ay

<

e



172.

: iouo oxoﬂo%mo%o . - )

v

. r.\ ’ ) . \ g

.

*oouanbes oruu oﬂcm:u_muw
a4y3 10 sosTnd .06 DYl usomisqg sauT) Aetep ayy ooazumeM

SIWTy poajesTpur ayy *Ip-zz’9z-{oxaizsaroys s a1ow g1 butsn

o : F T sInhTa
juawtaadxo 24y Avosp oyoo 103 vIxjoads fejudswrtaodxy gy oanbT4g
. _ e “.

A i

hal
.ﬁoomﬁ& 12 ’ -
v Na T 0l g0 . 90 Yo

. . ‘ ]

. 3YINDIOY-L—-06—L—06

4
- \

S '

(ALY




173

»

1
-

_Figure 50. Semi-logarithmic plots of the time dependence
of intensities in the Tj and Tp. experiments for variable
concentrations of cholesterol-7,7-ds and cholesterol-26,
27-d¢ in egg PC bilayers. For each plot, cholesterol
concentrations are: 10 mole % (sguares); 30 mole % (trian-

~gles); 50 mole % (diamonds). Intensities, in arbitrary
units, were measured as peak heights in the experimental

* absorption spectra.

e —— i
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«  Table 4

DEUTERIUM RELAXATION TIMES FOR CHOLESTEROL~7,7-d, AND
CHOLESTEROL~26,27-d, IN Eqg PC BILAYERS AT 27°C

Mole % Y . Tre
Cholesterol m sec. ’ m sec.

- 7,7—&2 26,27—d6 7,7—?2 26,27—d2
10 4.8 92 : .30 1.5
30 4,7 82 .30 1.6
50 5.0 87 .28 1.6
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time is most sensitive ﬁo molecular motions with frequency
components near the deuterium resonance frequency. As .
discussed in Section IV.5, the longer relaxation times noted
for the.acyl chains may réflect fast trans-gauche isomerizations
about the C-C bonds of the acyl chains. These motions are not
available as a relaxation mechanism for fused ring system of
cholesterol, resulting in an épparehtly slower motion for the
Sterol.

A smaller difference is noted between the T values for

Ze

cholesterol and the PC acyl chains. The T relaxation time

2e

is sensitive to very low fregquency motions. If the low freguency

motions correspond to rigid body fluctuations ?f the entire
molecules, similar‘values for T2e would be expgcted for both
cholesterecl and thé phospholipids. The shorter Tze oObserved
for cholesterol indicates that the distribution of motional

frequencies is richer in the low freguency region.

Alkyl Tail Region

The relaxation times for thé methyl groups can be compared
with those of the fused ring system and the terminal methyl
groups in diéalmitoyI‘PC (46) . Firstly, longer relaxation
times are noted for the 26,27 positions than for the 7 position.
In particular, the Tl values for the methyl groups are approx-
imate%y”\%wen?y times larger than those of the 7 position,

N

/

iancatingga larger fast motion component for the methyl groups.
- \

"y

.
7

/

N
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?ast rotation 6f the me;hyl groups, about their QB axes,
is likely to be largely responsible for the long T, observed.
A similar -effect is noted ﬁn PC where the T, of tﬁe terminal
methyl grou§ is much longer than the Tl's of the neighbouring
methylene segments (46). The degreé to which the Tl values
for the methyl groups are affected by the C3 axis rotation
could be asce;tained by examining the T, behaviour of deuterons
at neighbouring atoms.

The T2e values for the methyl groups are alsc longer
than those for position 7. The difference in T2e values for

the two regions

much less than that noted for the Tl values.

The longer T2e values fof the methyl groups again indicates

faster motion relative the fused ring system. The smaller

difference noted between T2e values for the two regions reflects
the fact that T2e is ss sensitive than Tl to the very fast
motions.  Thus, hethyl group rotation affects T2e to a lesser

\./\
extent than Tl' .

All the relaxation times'ﬁeasured showed little variation
with cholesterol concentration§ip marked contrast to the
behaviour noted for the quadrupolE splittings in the same
systems. Although the amplitudes and rates of anisotropie
motion are not pecessarily correlated; one would intuitively
expect that an increase in order woulé be accompanied by a

decrease in motional rates. The apparent absence of a

correlation between molecular order and rotational rates was

N
~

-
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examined further by measuremént of the T, :elaxation times
of c_holesterb‘l—?,?-d2 as a function of temperature.

Figure 51 shows the vériation of T, with temperature.
A minimum.in T, is observed at approximately 30°C. The
biphasié behaviour of Tl with temperature can be understood
in terms of the dependence oﬁ Tl on the distribution of
rotational frequencies for the probe (73). The efficliency
of the Tl relaxation process incregses (i.e.,‘Tl becomes
shorter) as the density of the distribution of moticonal fre-
gquencies in the region of the 2H resonance freguency increases.
Apparently, this density is greatest fér cholestercl at about
30°C. At gagher temperatures, the distribution of frequencies
becomes extended to higher freguency motions. Thus, the
density at the resonance frequency decreases and the Tl process
is less efficient. At lower teméeratures, the distribution is
extended to lower freguencies and again, the density at the
resonance freguency is decreased.

The relaxatibn time measurementg for variable cholesterol
concentration Qere made at 25°¢C. At this temperature, the
relaxation times are qﬁite insensitive to variation in motional
" rates as seen in Figure 5;, thre a 20°C change in temperature
‘_has‘eééentially no effect on Tl. Thds;_any changes in the -
dynamics of eholesterol caﬁsed by vériation of the cholesterol

concentration would be difficult to detect using relaxation
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time measurements.

IV.6.3 Conclusions

2H NMR can be used to investigate the motional properties

of a membrane component in terms of both amplitudq)gnd rate
of anisotropic motion. This method is particularly useful
for a molecule such as cholesterol since deuterium labelling
ailows examination of gpecific regions of the molecule. This
feature was exploited in the present study té differentiate
between the propgrties of the rigid fused ring framework of

. cholesterol and its terminal alkyl tail group.

For the fused ring system, the observed quadrupole
splittings may be analyzed in terms of molecular order para-
meters using the previously determined.(Section IV.5) orien-
tation of the director axis. A very high degree of order
is found for cholesterol which is greatest at low temperature
or high membrane cholesterol concentration. The relaxation
data for this region indicate slower motion than is ¢bserved
for the acyl chains of phosphatidyléholine. Slower motion
for the sterol is reasonable dﬁe to its large bulk and the
inflexible nature of the fused ring system. The observation
of a T, minimum for the probe in the variable temperaéure
study indicates that.caution should be exercisgd in the inter-
pretation of changes in T1 for cholesterol in this tempgrature

region. Due to the biphasic behaviour of T one cannot

l'
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dlstln between an increase or decrease in motional
rates based on a change of Tl' Comparisons between cho-
lesterol aﬁd the phospholipid acyl chains can be made based
on the magnitudeé-of ’1‘l relaxatiop times since it has been
shown, (65), that the motion of the acyl chain ﬁeuterons is
sufficiently rapid to apply the short correlation time
formalism. Thus, the shorter Tl values for. cholesterol are
indicative of slower motion for the sterol, relative to the
acyl chains.

For the alkyl tail region, the observed guadrupole
splittings cannot be fully interpretéd since the local
orientation of the director is unknown. The observation :
of 1nequ1valent splittings for the terminal methyl groups
does 1nd1cate a limited extent of flexibility for thls region.:
The relaxation data for the methyl groups give evmdence for
g;ierally more rapid motion than is observed for the fused
ring system. Faster motion for the alkyl tail can be expected
due to the availability of motional degrees of freedom through
rotation about the methyl three-fold symmetry axes and the
C-C single bonds of the alkyl fail system.

Finally, methods of improving the resolution of closely
spaced, broad guadrupole powder patterns were investigated.

It was found that the absolute value display of the spectra
provides a means of'determining the separate quadrupole‘ o

splittings for overlapping patterns.
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CHAPTER.V

CONCLUDING REMARKS AND SUGGESTIONS
FOR FUTURE WORK

V.1l Nitroxide Spin Probes

The reliébility of the spin probes as reporters of
membrane structure has beeh investigated through comparison
of EPR épin probe and NMR data for several systems and by
examination of the 2H NMR spectra of deuterated spin probes.
Because of the simultaneous influence of éeometry’and motional
amplitude on the magnetic resonance spectra, it is not possible
to determine conclusively the factors which control the spec-
tral behaviour of the probes. Evidence has been presented,
however, which indicates the importance of considering geo-
metric features-+in the interpretation of spin probe data.
These features are generaliy ignored in spin probe studies
which may lead to interpretationé in terms of the membrane
properties which are not even qualitatively correct, Although
it was not possible to provide a definitive assessment of the
origin of the anomalies found for the spin probes, several
suggggtions have been made concerning the choiée of probes
which yield the most reliable data.

Future work in this area ﬁould be centred on atﬁempting

to control the uehce of geometry on the spin probes.

other types of spin probes are available, and attempts

have been made to design nitroxides which mimic the natural
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e
fatty acids more closely (74). It would be particularly

interesting to study the imidazoline-derived nitroxides (55)
which differ from the oxazolidine probes used here chiefly
by the presence of a double bond in the five-membered ring
system. Increased rigidity for the ring_might.serve to
minimize the geometric alterations postulated here for the

*

oxazolidines.

V.2 Deuterated Cholesterol

For the inflexible portion of cholesterol, it was possible
to perform a more detalled quantitative analysis of the 2H NMR
\spectra ;} deuterated probes due to the ability to separate
the effects of geometry and motion on the spectra. The
determination of the orientation of the motional averaging
axis for the molecule allows intefpretation of the 2H NMR
spectra for.any label position on the fused ring system in
terms of the overall motion of the molecule. It was not
possible to. analyze fully the spectra for the terminal methyl
group probes due to the unknown orientation of the director
for this region. The evidence presented.here does suggest
that the amplitude of motion for this region-is somewhat
limited, -
The relaxation studies provided information on the dynamics

of the motion of cholesterol in the membrane. These data

indicated somewhat slower motion for the sterol relative to

N
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the acyl chains of a phospholipid. In addition, comparison
of tﬁe relaxation behaviour for probes with different label
pqsitions on cholesterol indicated greater motional ratés
for the alkyl tail region than for the fused ring system.
The temperature dependence of the Tl values for the choles-
terol—?,?—d2 probe shows that caution is required in the
inte{pretation of chaéges %n Tl relaxipion timea§3n this
system.

The present work with cholesterol could be extended in

several ways. Firxstly, the cholesterol-2,2,4,4,6-d. used

5
here could serve as an excellent-probe of the behaviour of
cholesteroi in biolgéical or model membranes, This probe has
several advantages as a reporter of the amplitude or rates

of motion of cholesterol in the membrane. The relaxation
studies could be extended through the use of deuterated phos-
pholipids. Parallel studies of the relax3tion behaviour of
cholesterol and the phospholipids would pfovide information on
the phospholipid-cholestercl interaction. Similaf studies_have

s
13C NMR (76). Finally, it would be most

been performed using
interesting to apply the entire range of NMR relaxation tech-
nigues to the cholesterol—éhospholipid system in order to

define more fully the spectrum of motional freéequencies available

to the probe.



v.3 Hexagonal Phase Lipids _ T

Several problems associated with the use of spin probes
-in the study of hexagonal.phése lipids were pointed out. The
EPR spectra of spin probes in random dispersions of these
lipids are not very informative due to the relatively slow
diffusion of the probes about the cylinder axes of tﬁe
hexagonal phase lipias. In oriented lipid systems, there
exists a strong possibility of misinterpretation of the EPR
épectra due to the similarity of the épectra for the oriented
hexagonél phase and a lamellar bilayer phase which is macro-
scopically poorly aligned.

There are several possible extensions to the work with
the hexagonal phase. The difficulties with the time scale
properties of the EPR spin probes may possibly be overcome
using the Saturation Transfer EPR;technique (ref. 10, chap. 1).
This technique extends{the sensitivity of the EPR spectra to
a very much slower regime of molecular motions. There are’
also several possible applications of 23 NMR to the study of
lipid phase behaviour. fhe phase behaviour of multicomponeng

lipid systems is particularly compréx (12); 2H NMR is well

7
suited to the study of such systems since the components may
be individually examined through .the use of specifically

deuterium-labelled probes.
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APPENDIX I‘
SIMULATION OF THE EPR SPECTRA OF
SPIN PROBES IN THE™HEXAGONAIL PHASE
This "section outlines the method used iﬂ‘éqléulating
the simulated spectra shown in Sectijn Iv.3. 2lthough the
method used is not the most elegant, it does allow physical
insight into the manner in which the spectra arise for the

different geometries. A similar treatment for 2H NMR has

been described (6).

Single Cylinder

The model for the single cylinder is depicted in Figure
52. The long axis of the cylinder lies along z and the spin
proﬁé long axes are radially distributed in the x-y plane.

Rotation of the cylinder in the field ;S\E}mulated by rotation

L

h) : -
of the H0 ve&tor in the X-y plane. In order to calculate

the spectrum expected for a particular cylinder orientation,
Ithe direction cosines connecting the field vector and the

nitroxide axis system are required (5).. For the orientation
shown in Figure 52 the coordinates for the field vector and
the vectdrs along the nitroxide axis system may be assigned

by spherical geometry as:
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iy

0 (0, sin o, cos a)
T (sihysinB, - sihYcosB, cosy)
J (cosysinB, - cosycos8, - siny)
-t
K

(cosB, sing, 0)

The direction cosines between the field and the nitroxide
vectors are obtained by taking dot products between the

vectors since
A-B = |a| |B] cos® | 1
A-B = [a| [B| cos aB (Al)

where BAB is the angle between the two vectors. Thus for
. - —
unit vectors HO and K

-+ - . R _ _ .
HO-K = singsinf = coseHOK = QHOK (A2)

The hyperfine splitting expected for the probe shown in
Figure 52 with the direction cosines and the elements of

the hyperfine tensor may be calculated as:

2 2 2 2 2 2 .1/2
A= (EHOI Aji ¥ 2HOJ Agg * EHOK Aek! (A3)

The rather complicated expression which results from substi-
tution of the directipn cosine expressions is considerably
simplified in the case of the spin probe in a fluid mémbrane
environment. In this case, the g and hyperfine tensors are
partially averéged by rapid anisotropic motion to axially
symmetric forms. Associating the symmetry axis jdirector)

with the K axis gives
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S0 that:

2 2 2 + Eg J)Ai 1/2
0 0 '

(Ad)

Substitution of the expressions for the direction cosines

gives:
A= (sinzasinZB Aﬁ + (sin2a00528‘+ cr::szcy.).fts.‘z?_):"/2 kAS)
Some‘trigonometry yields
A = (sinasin®g a2 + (l—sinzasinzﬂ)Ai)l/z (A6)
or the more familiar form .
A= (a2 cos?e + a2 sin?e)l/? o (a7)
with 8 = arcos (sinasing)

where 6 is the angle between the field and the director axis.

Thus, for any particular orientation cf the field and a probe
in the plane only 8 is required to calculate the expected
spectrum.

In order to simulate the entire cylinder, B is varied
and € is calculated for each value of B and a. For each value
of 8, the g value and hyperfine splittiﬁgs are calculated to
give the positions of a three line' "stick" spectrum. “Each

line is khen convoluted with a derivative lineshape (p. 33 in
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.

ref. 4). This process is repeated for each value cof B and
the resultant spectra are co—added to simulate the spectrum

for all probes in the cylinder.

Planar Distribution of Cylinders

.

This arrangemeht of cﬁlinders is depicted in Figure 53.
The long axes of the cylinders, represented by the vector ﬁ,
aré radially distributed in the x-y plane as they would be
on a flat surface. The spin probe long axes are radially

distributed about ﬁ. The coordinates are:

ﬁo (0, éin¢, cosd)
N
X

(cosw, sinw, 0)

The angle, &, between the field and the cylinder axis can be

calculated:

-» - . . .
_cosa = HO-K = sinésinw (A8)

Thus,‘for a par£icu1ar field orientation, the angle between
the field and each cylinéérﬁcan be calculated by varying the
angle;w. Using the angle between the field and én individual
cylinder, the spectrum for that cylinder is calculated as
described above for the case of a single cylinder. This

procedure is repeated for all values of w to simulate the

entire set of cylinders.
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The input' parameters used in the simulations wefe:

Figures;24;n25"‘-Figure 28

g 2.0050 - e 2.0053

il . ’

g, { 2.0060 ' 2.0056
YA 6.6 G | 9.56 G
- — ! .
kiif\\\H S 17.9 G 16.4 G
} /

H, - 3000 G | 3300 G

S ! 0.83 . 0.50
- mo _—

lorentzian lines were assumed in all the simulgtions with

peak to trough linewidths:

Low field 2.7 G
Central - 2.5 G
High field 4.0 G



APPENDIX II

CALCULATION OF THE ORIENTATION OF
THE AXIS OF ROTATION OF CHOLESTEROL

&

The right handed axis system described above for

cholesterol is shown in Figure 54. The rotation axis is

-

represented as a unit vector (r) with origin at (0, 0, 0).
The'directign cosines for this vector (lr' M, nr) are

obtained from sﬁﬁa{ical geometry as

(sinfcos¢, s{ﬁesin¢,-dése)
. .

The direction cosines for'a particular C—2H bond can be
calculated, (77) from its atomic coordinates for carbon
(Xc, Yc’ Zc) and deuterium (Xd, Yd’ Zd) by? -
X, - X Y. - Y oz, -2 ‘>
1 =_d_B__E; m. =_E—c_,' n. =i.__£:_ ' (Ag)

1/2

-~ _ 2 _ 2 _ 2,¢
where the bond length b-—de XC) 4-(Yd- Yé) 4—§zd Zc)] .

- For any assumed orientation of the rotation axis, the
angle between it and the i'th C-2H bond, a;, can be calculated

by:

cosa
1

1.1 + m.m_ + n.n : {(Al0)
h o ir i''r

lisinedos¢ + mysinésing + n,cos8

Using this value of oy and eguation 17 in the text, values of

the gquadrupole splihtingfratid, Rk,.can then be calculated
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:laticns. The frame has

Figure 54. 2xis system used Icor caicu
origin at C3 2nd is oriented with respect O tha A ring of
cholestercl 23 shown.
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for pairs of C-ZH bonds and a particular rotation axis

orientation for comparison with the experimental ratios.
The search for the correct axis orientation was carried out

using the following scheme.

1) = The orientation of the rotation axis was varied by
selecting.values of 6 and ¢. Both angles were examined
at 1° intervals over the range 70° - 100°.

2) The angles, ay between the assumed axisiorientation
and the individual C—2H bonds were calcqiated using
equation AlO.

3) Values of Rk were calculated for comparison with
experimental values. In each case, the ratio was
calculated with respect to the 3wa deuteron.

4) Two criteria were applie% in selecting reasonable values
for 6 and ¢. Firstly, since the splittings for all
positions examined we;e'less than that of the 3a'deuteron,
only sets of‘(e, ¢$) which gave values-of Rk greater than
0.95 for all the ratios were examined further. :Secondly,
only orientations which gave values of Rk less than 1.8
for thé C2, C, equatorial deuterons (i.e., guadrupole
splittings greater than ~25 Kﬁz) were examined.

5) For orientations which met these requirements, an error

estimate was calculated:
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P{ilﬁfz
Z[ ] (Al1l)
where RE i1s\the calculated ratio

Ri is the experimental ratio

Since the assignment of the splittings for the C C

27 T4
equatorial deuterons is not known a priori, both possible
choices were used in comparing experimental and calculated
ratios.For the range of (8, ¢) examined, best agreement
between éﬁberiment and calculation was found for the region
(79 = 2°, 93 = 2°). Within the stated error range, it was

not possible to make an unambigquous assignment of the resonances

for the C2, C4 equatorial deuterons.
\

-
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ABPENDIX IX ‘ | - é

SIMULATION OF DELAYED START OF THE
FOURIER TRANSFORM

- The free induction decays and transformed spectra for a

guadrupole powder pattern were simulated in the following
mannerxr, X

1) - The the;retical in;Lnsity diséribution for a Pake
doublet as a function of frequenzy’ﬁgs generated. Since
this lineshape is symmetric abou ‘the zero frequency, only
- one-half of the powder pattern waé considered. As shown

previously (78), the intensity disgribution, y(w) is given

by:
) = (1L//8){ G - w/wQ>‘f/2 + G+ wh?h 0 <oz < 5
Y@ = U8 GG+ w2, 5 < w/uy <1 (AL2)
y(w =0, . ~ Wy > 1
=

where w is the freguency separation froﬁ zero, and mQ is the
quadrupole splitting. An example of such én intensity dis-
tribution is shown in Figure 43A.

2) The corresponding free induction decay was generatéd by
taking the Fourier transform of the intensity distribution.
Since the full powder spectrum is an even function (y{w)=y(-w)),

the FID can be generated using only the cosine part of the

Fourier transform of~the half-spectrum, y(w), calculated above
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(79}. Thus, the FID was calculated by: =
X
“rnax )
f(t) = L
w=

y(w) cos2rwt
0 .

Lorentzian b}oadening.was added by multiplying the FID by a
decreasing exponential of the form:

-t/T
e 2

where T, is the spin-spin relaxation time. ‘ “\\_ﬁiﬁ‘__

*An example of such an FID is shown in Figure 43B. Separate )

4
!

free induction decays for the two overlapping patterns were
generated and co-added. .

3) The spectra were produced by taking the cosine Fourier
transform of the FID generated abovéi Thus, the spectrum,

-

g(w)}, was calculated by:

\) tmax
g{w) = I £(t) cos2twt
t=0

where f(t) is the FID. Taking the cosine part of the Fourier
transform generates one-half of the sy@metric frequency spec-
trum. For plotting, the spectra Qere réflected about the zero
frequency. A sample plot i§ shown in Figure 43C. The effect
of dead time was simulated by shifting the point in the FID

at which the transform was started. Thus, %or no dead time,
the time axis started at the first point of the FID. For

dead time, Tp* the time axis started at the point in the FID
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/ ' )
correspghding to this time in the original FID. \A series
of spectra for variable values of ‘D is showﬁ in Figure 42.
The small peak visible in the spectra at the central frequency
is an artifact which occurs bd?ause the FID does no£ decay
completely to zero. The small positive offset in the FID

produces a peak at zero frequency in the transformed spectrum.
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APPENDIX IV

LISTINGS OF FORTRAN COMPUTER PROGRAMS
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SIMULATICN OF EPR SPECTRA FOR SPIN
PROBFS ORIENTED IN A SINGLE CYLINDEER
ACCORDING TO ALGORITHM IN

M.G. TAYLOR. AND I.C.P. SMITH

CHEM. PHYS. LIPIDS,28(1987)119.

SEE ALSO

LIBERTINI ET AL. .

J. MAGN. RESCN.,15(1974)460.

USES MOTICNALLY AVERAGED 2,G VALIDES

INEUT VALUES i ~

APAR=2 PRRALLEL (GAUSS) -

APER=A PERPENDICULAR (GAUSS)

GPAR=G PARALLEL

GPER=G PEZRFENDICULAR

NPT=NUM3ER OF ECINTS IN FIELD AXIS

HZERO=FIELD AT CENTRE OF SPECTRUM (GAUSS)

BI=FIZLD AT START RELATIVE TO CENTRE

BF=FIELD AT END RELATIVE TO CENTIRE

***x POR 70T G SCAN, BI=-5C, BF=50 **x%__ -

" NANGL=RUMBZIE OF ANGLES IN SUMMATION

WIDC (I)=PEAK TO TRCUGH LINEWIDTHS POR
LOW PIEID,CENTRAL, HIGH TFIZLD
LINES IN GAUSS

ALPHL=ANGLE BETWEEN FIELD AND CYLINDER

-LONG*AXIS IN DEGREES

N0 OOO0NOO00ON0N00ON0O0n0O000 00000

DIMENSTCN SELOT (5 1),PLD(501),L (3),WIDC(3),WIDV ()
RADSC=ARCOS (-1.) /2.
RADEG=RALS0,90. .
SINT=0. A
Do 20 J=1,:zC1 @
20 SPLOT (I)=0. .
READ (8, 100C) APAR
READ (8, 10CC)YAPER
READ ({8, 1CO0)GP2R
READ (8, 1C00)GPER
READ (8, 1001} RPT
BEAD (8, 1COC) BZERD
READ (8,1C00)BI
READ ({8, 1C00) BF
READ (8, 1001) NANGL
1C READ(8,10COYWITC({I)

READ (8,1CCC)YALPED

100C FORMAT (8F10.3)

10C1 PORMAT (I5) ‘
WIDFAC=SQRT {3.) /2. .
DEL=(BF-BI) /JFTLOAT{NPT-1)
BS=HZERO+BI |
ALPHA=ALPHL*RALEG

SQUARES OF A ANT G VALUES
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N

APAF2=APAEFXX2
APER2=APER**2
GPAR2=GPAR¥*2
GPER2=GPER**2
FACTR=HZERO* (GPAR+2.*GPER) /3.
DIS‘I=1‘. : .

SET UP FIZIT BXIS

DO 45 J=1,NET
FLD (J)=BI+DEL*FLCAT (J-1)

_SINA=SIN(ALPHR)

YINCR IS TNCFEMENT FOR ANGLE SUMMATION

XINCR=RADSQ/FLOAT (NANGL)
DO 100 JTHET=1,NANGL
BETA=FLOAT(JTHETI-1)*XINCR

COST IS TEE DIRECTION COSINE BEIWEEN THE
FITLD AND THE SYMMETRY AXIS OF THE PROBE

i~

COST=SINA*SIN [BETA)}
_ CALCULATE SQUARES OF THE DIRECTION
COSINES FOR PARALLEL AND PERPENDICULAR
COMECNENTS

DCPAR2=COST*COST
DCPER2=1.-DCELR2"

AP,GP ARE TEE .A AND G VALUES FTOF
THE PRESENT ORIENTATION IN THE
SUMMATION

AP= . SORT (APAR2* CCPAR 2+APER2*¥DCPER2)
GP= SQBW(GPnaz*DCPAﬂ24GP232¥BC?332)

1(2) IS THE EOSITION OF THE CENTRAL LINE
L(2)= (FACTR/GP~8S) /DEL+.5

CALCULATE LOW FIELD AND HIGH FIELD .
POSITTCNS ACCORDING TO HYPERFINE SELITTING

IA=AP/DEL+.5 : -
L(1)=1L(2)-I2
1(3)=L1f2) +IA .

CHECK FOR OUT OF BOUNDS

IR {(L(1)-LT.1).OR. (L (3) .GI.NPT)) GO TO 100

INCREHENT THE . SPECTRUM INTEGRAL
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SINT=SINT+1. X

IN IOOF EXITENDING TO STATEMENT 81C, ,
CONVOLUTE EACH 1IINE WITH DERIVATIVE
LORENTZIAN LINE USING M-DEPENDENT /,1?
IINEWILTH 1
KNJ
THE CONVOLUTION TAKES ADVANTAGE OF THE
ODDNESS OF TEE CERIVATIVE LORENTZIANW
LINESHAPE (IE. F{(W)=-F (-W) )~ ANL

SO, CNLY CNE-HAIF OF THE LINE

IS CALCULATED

DO 810 M=1,3

J=L (M)

WID=WILPAC*RIDC {M)

DO BCO KLM=1,200¢

HDEL= FLOAI(KLM)*DEL

NLOC1=J-KLM - )
NLOC2=J+KLN } e
IF ((NLOC1.LE.C).OR. {NLOC2.GT.NPT)) GO TO 810
WING=(2.%*WI D*HD”L)/(WID**2+HDEL**2]**2

IF (WING.LT.1.0Z-25) GO TO 810

. SPLOT(NLOC1)=SELOT (NICC1)+WING ¢

80C
g1¢
100

C
C
C

SPLOT(NLOCZ}=SELOQOT {(NICC2)-WING
CONTIINUE
CONTINOE
CONTINUE

PRINT OUT SPECTRAL INFORMATION

WRITE(6,20CC)2PAR,APEE,GPAR,GPER

20¢C

20¢1
2€02
2003
2004
20480

C

C

C

86

FORMAT (1E1,' MOTIONALLY AVERAGED PARAMETERS',//,' A PARALZL= ',7
110.2,/,* 2 PERPENDICULRAR= *,P1C.2,/,' G PARALLEL= t',P10.6,/,' G-
2 PERPENDICULAR= ',FT1i0.6,//)

WRITE (¢,20%49) BI,BF,HZERC,NPT,N2ANGL

FORMAT (1X,' SWEEP PFOM ',F10.2,' TO ',F10.3,' RELATIVE TO ?,P 0 1-
1,' GAUSS OVER ',I5,' POINTS USING ',I5,' ORIENTATIONS',//)

RRITE(6,2002)

FORMAT(1X,' CONSTANT AND VARIBBLE EARTS OP THE PEAK TO PEAK LINE-
1WIDTIHES', /)

DO 2003 K=1,3

WRITE (6,204} WIDC (K),WIDV (K)

FORMAT (1X,F1C.2,*' GAUSS + ',P1(.3,' * (SIN(TEETA))**4 GAUSS ', /)

WRITE (6,20U7) ATEED

FORMAT {(1X,' BANGIE OF INCLINATION= ',P10.3)

NORMALIZE SPECTRUM TO OUNIT INTEGRAL

DO 86 K=1,NPT
S°TOT(K)'¢P10”(K)/SIB” -

WRITE -SPECTRUM TO FLOTTING FILE

3
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WRITE(7,2020C) (SELOT (1), FLD(I),I=1, NPT
2020 FORMAT (6E13. 6) Vo FLD(D) 277, 8D

STOP

END
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SIMULRTION OF ETR SPFCTRA FOR LABELS
IN AN ENSEMELE OF CYLINDERS CRIENTED
ON A FTLAT SURFACE ACCORDING TO
ALGORITHM IN
M.G., TAYLCR AND I.C.P. SMITH
CHEM. PHYS. LIPIDS,28(1980) 119,

SEE AISO .

LIBERTINI ET AL.

J. MAGN. RESCN. ,15(1974) 4€0.

USES MCTICHALLY AVERAGED A,G VALUES
INPOT YRALIUES

APAR=A PARALLEL (GAUSS)

APER=}) PERPENDICULAR (GAUSS)

GPAR=G PARAIIEL

GPER=G PERPENDICULAR

- NPTI=NUMBER OP PCINTS IN FIELD AXTS
HZERQ=FIELL AT CENTRE OF SPECTRUM {GAUSS)
BI=FIELD AT STAST RELATIVE TO CENTRE
BF=FIELL AT END RELATIVE TO CENTRE
**%* POF 1CC G SCAN, BI=-5(, BF=50 **x
WIDC (IY=PEAR 70 TROUGH LINEWIDTEHES POR

LOW FIELD,CENTRAL,HIGH ¥IELD
LIRES IN GAUSS
PHID=ANGLE BETWEFEN FIELD AND NOEMAL
I0 FLAT SURFACE IN DEGREES

DIMENSION SFLOT (307) ,FLD (501),L (3) ,®IDC (3),RIDV (3)
RADSO=ARCOS (-1.) /2. |
RADEG=RADSQ /90,

SINT=0.

DO 20 J=1,50C1

SPLOT (I)=0.
REAL(6,100C)APAR

READ (6, 1NCD)APER

READ(6, 100C)GPRAR

READ (6, 10C0)GPER

READ (6, 100 1) NET

READ (6,1000)BZZERO
READ (6, 1000) BT
READ (€, 1C00) BF
NANGL=2025

Lo 1C 1=1,3

READ (6, 1QC0O) WIDC (I)

READ (6,10(0) PEID

FORMAT (8F1C. 3)

FORMAT (I5)
WIDFAC=SQRT {3.) /2.
DEL=(BF-~BI) /FLOAT (NET-1)
HS=HZERC+EI
PHI=PHID*RALEG

SQUARES OF A AND G VALUES
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APAR2=APAR¥**2

APER2=APER**2

GPARZ=GPAR¥*2 -

GPER2=GPER¥*2

FACTIR= HZERO*(GPBR+2 *GPER)/3.
DIST=1

SET UP FIELT AXIS

DO 45 J=1,NET
PLD (J)=BI+DEL*FLOAT (J-1)
SINE=SIN (PHI)

- PERFORM SUMMATICKN OVER ANGLES
OMEGA ART BET2

Lo 1C0 TI0=1,9C,2
OMEGA=FLOAT (Z0) *EADEG
ALPHA=ARCOS (SINP*SIN (CMEGR))
SINA=SIN(ALPER)

po 1CC IB=1,90,2
BETA=FLCAT(IB) *RADEG
SINB=SIN({EETA)

CALCULATE SQUARES OF DIRECTION
COSIKES FOR PARAILEL AND PERPENTLICULAR
COMPCNENTS TOR EFACE SET OF OMEGA,BETA

DCPAR2= (SINA*SINB) **2
DCPER2=1.-DCEAR2 ‘

AP,GP AREZ 2 AND G VALUES FOR
THE PRESENT ORIENTATION

AP=SQRT (APAR2*DCEAR2+RAPER2*DCPER2Z)
GP=SQRT (GPAR2*LCPAR2+GPER2*DCPER2Z)

L(2) IS POSITICN OF CENTRAL LINE
IN CHANNEL NUMBERS

L(2)=(FACTR/GP-HS) /DEL+.5

IA IS TEE HYPERFTINE SPLITTING
IN CHANNEL NUMBERS

TA=AP/DEL+.5

CALCULATE LCW FIELD (L (7)) AND EHIGH
FIELD (L(3)) LINE POSITIONS

L(1)=1(2)-I2a
L(3)Y=1L{2}+I2

CHECK FOR QUT OF BOUNDS
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IP((L{1).L17.1).0R. (L (3).GT.NPT)) GO T0 100

INCREMENT INTEGERAL

000

SINT=SINT+1.

IN LCOF EBITENDING TO STATEMENT 810

CONVOLUTE EACH IINE WITH DERIVATIVE

LORENTZIAN LINE USING M-DEPENDENT :
IINERITIRH . .

THE CCNVOLUTION TAKES ADVANTAGE OF
THE ODL SYMMETRY OF THE LORENTZIAN
DERIVATIIVE IINESHAPE (IE. F(¥W)=-F(-W))
AXD SO CNLY CNE-HALF OF THE LINE

IS CALCULRATIED

Ao O0O00O0nN0

DO 810 M=1,3
J=1 {M}
WID=WIDFAC*RITC (M)
DO 80C KLu=1,1C0
HDEL=FLOAT {KLM)*DEL
NLOC1=J-KIM
NLOC2=J+KLM
IF((NLOC1.LE.Q).OR., (NLOC2.GT.NPT)) GO TO 816G *
WING={2.*WIT*BDEL)/ (WID**2+ HDEL**2) *%2
IF (WING,LT.1.0E8-25) GO TO 810
SPLOT(NLOC1)=SEIOT (NICC1)+WING
SPLOT(NLOC2)=SELCT (NICC2)-WING

£0C CONTINUE

81C CONTINUE

10 CONTINUDE

PRINT OUT SPECTRAL INFORMATION

sBeNe’

WRITE (6,2CC0)APAR,AFER,GPAR,GPER
20CC FORMAT (1H1,® MOTICNALLY AVERAGED PAEAMETERS',//,' & PERALEL= ',F-
110.2,/,' 1 PESPENDICULAR= ',P10.2,/,' G PARALLEL= ',Fif.6&,/,' G-
2 PERPENDICULAR= ',F10.6,//)
WRITE(6,2001) BI,BF,HBZERO,NPT,NANGL
20C1 PORMAT (1X,' SW2EP PIOM ',F10.3,' TO ',P10.3,' RELATIVE TO ',F10.1-
1, GAUSS OVER ',I5,' BOINTS OSING ',IS,' ORIENTATIONS',//)
WRITE (6,2002)
2002 FORMAT (1X,' CONSTANT AND VARIABLE. EARTS OF THE PEAK TO PTAK LINE-
1WIDIHS', /) : ' .
DO 2003 K=1,3
2063 WRITE(6,20CH4)WIDC (K),RIDV (K) :
2004 FORMAT (1X,F10.3,' GAUSS + *,F1C.3,' * (SIN(TEETA))**U4 GAUSS ',/)
WRITE (6,204C)PHID . -
2040 FORMAT (1X,' ANGLE CF INCLINATION= ' ,F10.3)

Cc
c NORMALIZE SPECTRU¥ TO UNIT INTEGRAL
c



ann

13

2C2C

208

D0 86 K=1,NET
SPLOT (K} =SELOT (K} /SINT

WRITE SPECTRUM TO PLOTTIRG FILE

WRITE(7,2020)(SPLOT(I},FLD(I)(I=1,NPT)
FORMAT (6E13.6)

STOP '
END
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PROGRAM FOR SINULATION OF DEUTESIUM
NMR SPECTRA USING FOURIER TRANSFORM
'CALCULATES INTENSITY DISTRIBUTICN

FOR CNE-HALF OF PAKE DOUBLET.

COSINE POURIER TRANSFORM OF PAKE
COUBLET YIELDS THE PREE

INDUCTICN DECAY (FID).

FID IS THEN MULTIPLIED BY EXPONENTIAL
TO SIMULATE LOEENTZIAN BROADENING.

' COSINE FT OF FID GENERATESHALF
SPECTRUM WHICH IS THEN PCLDED AEOUT
THE CENTRAL FREGUENCY.
STARTING POINT CF THE PT OF THE PID
CAN BE SHIFTED TO SIMULATE
SPECTRCMETER DEAD TINE,
FOR CALCULATION METHODS, SEE
Jd. SEEIIG
CUART. REV. BIOFHYS.,10(1977)3%3.
BLCOM ET AL.

" CAN. J. PHYS.,58(1980)1510.

 DIMENSION FID(502),RFID(502), TINT (251),SPEC (251)

DIMENSTION IIHE(SOE),CHEGA(251),FOQEGA(501),FSPEC(SC1)
NPFID=502

NPSP=NPFIT/2

NPF=NEFID-1

TWOPI=L.*2ARCOS (0.)

FOOT6I=1. /SQRT (€.)

INITIALIZE ARRAYS
DO 1 I=1,NPFID
RFID(I)=C.
FID(I)=0.
DO 2 I=1, NPSP
OMEGA (I)=0.
TINT (I)=0.
SPEC(I)=C.
ENTES SWEEP WILTH IN HERTZ -~
REAC (6,34) SW A
ENTER THE NUMBEF OF COMPONENTS
READ (6, 23) XS
FORMAT (F10. b)
FORMAT (I1)
DW IS TEE DWELL TIME

CW=1./(2. *S¥)

~
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BZPP IS HERTZ PER POINT

HZPP=SW/FLOAT (NPSP~1)*, 5
DO 3 I=1,NPFFID

CREATE TEE TIME AND FRQUENCY AXES

TIME (I)=FLCAT (I-1)*LW
DO 4 I=1,NESP ‘
OMEGRA (1) =FLCAT (I~1) *HZFPP

FOR EACH CCMTONENT, ENTER

QUSPL=CUALRUECIE SPLITTING IN BERTZ

HAFWID=LORENTZIAN LINEWIDTH,EALF WIDTH
AT HALT HEIGET IN HERTZ

DO 50 NSPEC=1,NS
READ (6,34) CUSEL
READ(6,38) EAFWID
T2E=1./ (TROPI*HAFRIL)

INITIATIZE ARRAIS

DO 5 I=1,NPFID
RFID(L)=C.
DO 6 1L=1,NESP
TINT (L1}=0.

CALCULATE INTENSITY OF.PAKE
DOUBLET FFCM FREQUENCY=0 TO
FREQUENGY=QUSEI '
AND STCRE IN ARRAY TINT

NPSMAX=0

DO 10 1=1,KESP

Y= (FLOAT (L-1)*HZEP) /CUSPL

IF(Y.GT.1.) GO TO 11

TINT (L) =RCCTEI/SCRT {.5+Y)

TF(Y.LT..5) TINT (LY=TINT (L) + ROOT6I/SQET (.5~ Y)
NPSMAX=NPSMAX+1

CONTINUE

CONTINUE

CALCULATE CQSINE FT OF PAKE DOUBLET
TO GIVE PAW FIL STORED IN REFID

Do 1¢0 I=1,NPFID
DO 100 J=1,NESMAX

1CQ RPID(I)=RFIC(I)+TINT (J)*COS (TWOPI*OMEGA (J)*TIME (1))

MULTIPLY RFIT BY EXPCNENTIAL TO
SIMULATE LOEENTZIAN BROADERING AND
STORE TN ARRAY fID
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DO 110 I=1,REFID"
110 PID(I)“PTD(I)+?FID(T)*BXP(( FLOAT (I-1)*DW)/T2E)
5C CONTINUE

(sNsEsEsNs!

o000 NO0On0On0

0O

OO0

noan

CALCULATE AVERAGE VALUE OF LAST 10%
- OF FID AND SURTRACT FROM FID TC GIVE
ZERO BASELJINE - -~
BASE=0.
NLAST=NPFID- (NPFIL/1")
DO 60 IBASE=NLAST,NPFID
6C BASE=BASE+FIT (IBASE)
ZERO=BASE/FLOAT (NPFIL-NLAST)
DO 70 JBASE=1,NPPID
7C FID(JBASE)=FID (JBASE)-2ZERO
77 WRITE(6,32)
32 FORMAT (5X,'NEGATIVE IS TO BXIT')
ENTER NUMEER OF LEPT SHIPTS
PERPCREED ON TEE FID, EXITING
WITH NEGATIVE VALUE
READ(6,44) IS
Ly PORMAT (I2)
IF(1LS.1T.0) GO TO upn
CALCULATE COSINE FT OF SHIFTED
FID 70 GENERATE HALF SPECTRUM
DO 2CC I=1,NESP
DO 2€0 J=1,NPFID
JP=J+15
FIDN=FID (JP)
IF (JP.GT.NEFID) FIDN= ZERO
20C SPEC(I)=SPEC (I)+TIDN*COS (TWOPI*OMEGA (I) *TIME (J))
REFLECT SFECTROM ABOUT ZERO PRECUENCY
FOMEGA (NPSP)=0.
FSPEC (NPSE)=SPEC (1)
DO 266 J¥=2,NPSE
J1=NPSP+JP-1
J2=NPSP-JF+1
FSPEC (J1) =SPEC (JF)
FSPEC (J2) =SEEC (JF)
CONVERT EFRTZ TO KILOBERTZ
FOMEGA(J1)=CMEGA {(JF) /1C00.
666 FOMEGA (J2)=-CMEG2 (JF)/1000.
WRITE SPECTRUM TO PLOTTING FILE

_HRITE(7,35)IESPEC{IW),FOHEGL(IW),IW=1,NPF)
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GO TO 77

400 CONTINUE

35 FORMAT (6E13.¢€)
STQP
.END
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SIMULATION OF DEUTERIUM NMR SPECTRA
USING ALGORITHM DESCRIBED IN

J. SEELIG QUART. REV. BIOPHYS.

10, (1977y ,353-418

‘OPTIONS

T.) POWDER PATTERN OR ISOTROPIC LINE
2.) ABSORPTION OR DISPERSION MODE
3.) LORENTZIAN LINEWIDTH CONSTANT O3n

CONSTANT + 3 COS**2 (THETA) -1
ANGULAR DEPENDENCE .

-) VARIABLE CHEMICAL SHIFT

.} SPECTRA MAY BE ADDED IN VARIABLZ PROPORTIONS

LV I =

REQCIRES SUBROUTINES ALOR AND DLOR FOR.__
LORENTZIEN CONVOLUTION

DIMENSION SPEC(501),FLD(501),SSPEC(501),FR {50) ,X40M (10)
DIMENSION FSPEC (501),SSCOR(501),SPCOR(50T)

PFAL LWDTH,LWISO,LWANIS

RAD90=ARCOS (0. )

PI=2.%RADI0

GET NUMBER OF COMPONENTS

WRITE(6,60)
FPORMAT {5X, 'NO. OF SPECTRA')
READ (6,33) NSPEC

ARE THEY SUMMED? 0=N0, 1=YES

WRITE(6,61)
PORMAT (5X, 'SUMZY)
RERD (6,33) NSUM®

GET DISPLAY MODE, O=ABSORPTION, 1=DISPERSION

WRITE (6,88)
FORMAT (5%, "ABSORPTION, DISPERSION')
PERD (6,33) LSHAPE _ h

GET SPECTRAL WIDTH IN HERTZ

WRITE(6,62)

FORMAT{5X, 'SPECTRAL WIDTH')
READ (6,32) SPWID

NPTS=501 °
DELP=SPWID/FLOAT (NPTS-1)
NZBRO=NPTS/2+1

ZERO=NZERO

NARLF=NPTS/2

~.
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FORMAT (F10.4)
FORMAT (I1) -
DO 4234 IFR=1, SO © e
PR (I7R) =1, '

-
8

IF MORE THAN QNE“G%%PONENT,GET FRACTION OFf EACH
N /

TP (NSOM.EQ.0) ~GO TO 1

" WRITE(6,63)

63

64

53

55-

65

66
67

1Q.

PORMAT (SX, *FRACTION OF SPECTRUM NO.')
DO 53 L=1,NSPEC

WRITE(6,64) L >
PORMAT(S5X,I1)

RFAD(6,32) FPR(L)

CONTINUE

INITIALTZE ARRAYS

DO 55 I=1,NPTS"
SSCOR(T)=0.

SSPRC(I)=0.

PLD(I) =FLOAT (I-NZERO)*DRLP
CONTINUE

'FOR EACH COMPONENT GET ;

DR=QUADRUPOLE SPLITTING IN HERTZ

LWISO=ISOTROPIC LINEWIDTHIN HERTZ

LWANIS=ANISOTROPIC LINEWIDTH IN HERTZ . .
**¥x%x*x LINEWIDTHS ARE HALP WIDTHS AT HALF HEXGHT #**%xx%

SHEIFT=CHEMICAL SHIFT FQORM CENTRE PREQUENCY IN HERTZ

WRITE(6,65) &
FORMAT (5X, *POR SPECTRUM NO.')
DO 9999 NS=1,NSPEC

RRITE (6,66) NS
FORMAT (5X,I1)
WRITE (6, 67) : .
FORMAT (S5X, "SPLITTING,TSOTROPIC L1W,ANISOTROPIC LW,SHIFT')
PEAD {5,32) DO '
RFAD (6,32) LWISO
READ (6,32) LWANIS
READ (6,32) SHAITPT
DO 10 I=1,NPTS
SPEC (T) =0,
FSPEC(I)=0:
CONTINUE

-

PIND ISOTROPIC SHIFT RELARTIVE TO CENTRE OF SWEEP

NZEROSNPTS/2+1
IF (SHIPT.NE.0.) NZERO=NZERO-SHIPT/DELF+.5

I?_DQ=0, IT IS ISOTROPIC LINE

-
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IF.(DQ.NE.0.) GO TO 11
XINT=1. /(PI*LWISO) .
IP (LSHAPE.EQ.0) GO TO 555 @

IF DISPEPSIOR MODE CALL DLOR POP CONVOQLUTION

CALL DLOR(NZERO,NHALF,LWISO,DELF,FSPEC, XINT,NPTS)

GO TO 1000 .
FSPEC(NZERQ)=FSPEC (NZERDO) +XINT

IT LBSORPTION MODE, CALL ALO? FOR CONVOLUTION

-CALL ALOR (NZERQ,NHARL?,LWISOQ,DELF,PSPEC,XINT,NPTS)

GO TO 1000
POWDER PATTERN SECTION

ONE TRANSITION IS CALCULATED FROM *
-D0/2 TO +DQ

CALCULATE FIRST AND LAST PREQUINCY POINTé
NFIPST=(-DQ/2. ) /DELF+1.5+NZER0O
NL2 ST=NZERO+DQ/DELP=-.5
DD 73 WPR=NFIRST,NLAST
SWEEP ACROSS THE REGION OF THE TRANSITION
AND CRLCOLATE FREQUENCY PRONM CEINTRE -
TN REDUCED PREQUENCY UNITS
EPS=FLOAT (NPR-NZERQ}*DELF/DQ
CRALCUOLATE TOTAL LINERIDTH

LW¥DTH=LWISO+ABS (EPS)*LWANTS

CALCULRTE INTENSITY FROM PROBABILITY DISTRIBUTION

!
XINT=1./(PI*LWDTH)*(1./SQRT(2.*EPS+1.);
I (LSHAPBE,EQ.0) GO TO 6656 '

PERFORM DISPERSION CONVOLUTION

=

'CAIL DLOR (NPR,NHALP®,LWDTH, DELF,SPEC,XINT,NPTS)

GO TO 73
SP EC (NPR) =XINT+SPEC (NPR)

PZRPORM ABSORPTION CONVOLUTION

CALL ALOR(NPR, NHALF, LWDTH, DELP,SPEC,XINT,NPTS)
CONTINUE

DO 74 IS=1,NPTS

TSPFC (IS) =SPEC (IS)

pe.]
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RZPLECT ABOUT CENTRE FREQUENCY T GET
-DQ T +DO/2 TPANSITION
PLIP INVERTS PHASE IF DESPERSION

FLIP=1.

IF (LSHAPE. EQ.1) PLIP=-1.
D) 75 I®=1,NPTS

NRPV=2*NZERO-IF | .
PSOTC (IF) =PSPEC (IP)+SPEC (YREV)*FLLP

4

TNTEGRATT THE SPECTTUM

STNT=0. - O

DO unt IJ=1,NRTS R
STNT=STNT+ABS(PSPEC (IJ) 1
STNT=SINT/FR (NS)

-1

ADJUST INTENSITIES FOP FRACTIONAL WEIGHTS .

DO #10 I¥=1,NPTS
TSPRC (TK)=PSPEC (IK) /SINT

CONVERT FRQUENCIES TO KHZ ,

DD 232 TIFLD=1, NPTS i
FLD (ITLD)=FLD (TPLD) /1CCO.
CONTINDE

WRITE SPECTROM TO PLOTTING PILT

WRIT™E(7,36) (FS©EZC(I),FLD(I),I=1,NPTS)
FOPMAT(6F13.6) :
TF(NSOX,FQ0.0) GO TO 9999

Ir SdHHATION REQUESTED, ADD INTO SUMMED SPECTRUN

DO u42M IL=1,NPTS ,

SSPEC (TL)=SSPEC {(TL)+PSPEC (IL)
CONTINUE _ '

IF (NSUM.FQ.0) GO TO 9°9

WRITE SUMMED SPECTRUM TO PLOTTING FILE
W2 TTF (7, 36) (SSPEC(I),PLD(I),I=1, NPTS)

sToP
END

o~

-.\‘,_‘,4\
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SUBROUTINE FOR CONVOLUTION OF LCRENTZIAN
-ABSORPTION MODE LINESHAPE. .
TARES ADVANTAGE OF EVEN SYMMETRY OF
LORENTZIAN. FUNCTION AND CALCULR1IES
INTENSITY FOR CKE HALF OF SYMMETEIC
LIRE, TEEN REFLECTS ABOUT CENTEE.

FEECUIRED-PARAMTERS {
NCEN=CEANNEL NUMBER IN SPECTRUM ABOQUT
WHICH CONVOLUTION TAKES PLACE
NHALF=EALF THE NUMBER OF POINTS IN SPEC
LWDTH=LINEWIDTH IN HZ. (HALF WILTH AT
EALF HEIGET)
DELF=FREQUENCY SEPARATION BETWEEN POINTS IN SPEC
SPEC=ARRAY HCLDING THE SPECTRUN
XINT=INTENSITY CF PROBABILITY CISTRIBUTION
IN THEE CAIIING PROGRAM
KPTS=NUMBER OF FOINTS IN SPEC
—
SUBROUTINE 3LOR (NCEN,NHALF,LWDTH,DELF,SPEC, XINT,NPTS)
DIMENSION SPEC (501)
REAL IWDTH

STARTING AT CERTRAL LINE POSITILYN
CALCULATE INTENSITY OF LORENTZIAN LINE
FOR EACH PQINT IN SPEC (=WING)

DO 10C I=1,NHALF
X=FLOAT (T)*LELF/LWDIR
X2=%*Y
WING=XINT/{1.+312)

N1,N2 ARE CEANNFL NUMBERS ON EACH
SIDE OF CENTRAL FOSITION

N1=NCEN+T
N2=NCEN-I

IF STIIL IN BOUNDS, ADD INTENSITY
TO SPECTRUM

IF(N1.LE.NPTIS) SPEC (N1)=SPEC (N1)+WING
IF(N2.GE. Q) SPEC(N2)=SPEC(N2)+WING
CONTINUE :

RETURN
END
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SUBROUTINE POR CONVOLUTION OF LCRENTZIAN

DISPERSTON MODE LINESHAPE,

TARES ADVANTAGE OF ODD SYMMETRY QF .
LORENTZIAN FUONCTION AND CALCULATES"
INTENSITY FOR CKRE HALF OP SYMMETIRIC
LINE, TEEN REFLECTS ABOUT CENTRE.

REQUIRED PARAMTERS

NCEN=CEANNEL NOUMBER IN SPECTFRUM ABOQUT
WHICH CONVOLUTION TAKES PLACE

NHALF=EALT TEE NUMBER OF POINTS IN SPEC

L¥DTA=LINEWIDTH IN HZ. (HALF WILTH AT
EALT EEIGHT) '

DELP=FREQUENCY SEPARATION BETWEEN POINTS IN SPEC

SPEC=3RRAY HCLDING THE SPECTFRUM

XINT=INTENSITY QF PROBABILITY DISTRIBUTION

IN THE CAIIING PROGRAM
NPTS=NUMBER OF ECINTS IN SPEC

SUBROUTINE LLOR (NCEN,NHALF,LWDTH,DEL?,SPEC, XINT,NPTS)

DIMENSICN SFEC (571}
REAL LWDTH

STARTING AT CENTIRAL LINE POSITICN
CALCULATE INTENSITY OF LORENTZIAN LIN
FOR EACH POINT IN SPEC (=WING)

1}

DO 1C0 I=1,NBALF

X=PLOAT(I}*TELF/LWDTH
/\%x;*x
T WING=(XINT*X) /{1.+X2)

Nnano

s BeNs ke

10¢

- N1,N2 ARE CEANNFL NUMBERS ON EACH
SIDE OF CENTERAIL POSITIO§/’

N1=NCEN4I | N/
N2=NCEN-I -

IF STILL IN BOUNDS, ALD INTENSITY
T0 SPECTRUM

IF (N1.LE.NPTIS) SPEC (N1)=SPEC (N1)+WING .

IF (N2.GE.0) SPEC (N2)=SPEC (N2)-WIKG
CONTINODE '
RETURN

END

-

o
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