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~

Le marquage spécifique au deutérium (EH), par voie de
synthgse organique, de molécules d'intéré&t biolecgique telles
que 1-2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1-
palmitox]-2-dihydrosterculoyl-sn-glycero-3-phosphocholine
(PDSPC) e% les deux isom2res (- etf3-) du cholestérol a
permis grdke & la résonance magnétique nucléaire (RMN) du
deutérium caractériser l'organisation et les propriétés
dynamigues d Tes molécules engagées dans des systemes
membranaires. T'ajout de perturbqp;s tels que 1'antibioti- =~
que polyenigue Amphotéricine B 3 certaines des membranes
mod2les mentionées ci-dessus a &té €galement Etudié.

Les données spectrales de la RMN-2H ont 6t& analysées
en_ termes de flyctuations angulaires (parametre d'ordre S.)
des segments C-"H et d'orientation {param2tre Sx) de ces
segments pat~rappbrt‘a 1taxe du mouvement {la normale 3 la
bicouche).

I1 a 6té& montré dans une premi2re partie que le cyclo-
propane présent (en position 9°-10')} sur 1'une des chaTnes
d'acides gras de PDSPC modifie considérablement le profil
d'ordre (S.) en fonction du carbone marqué, comparativement
a des syste@mes lipidiques a chafnes saturées ou insaturées.
En effet, le cyclopropane poss&de un param2tre d'ordre S..
supérieur d'environ 40% 3 la valeur de S. pour des positions
marquées antérietres au cycle (ex: Sy au niveau C5'). Pa-
rall2lement au calcul de 1'ordre-du cycle, 1'orientation
moyenne de ce dernier a 6té déterminée et montre que la
liaison 9-10" du cyclopropane est quasiment parailzle 2 1la
surface de la bicouche. Contra-irement aux résultats de la
chatne sn-2, 1a chatne palmitique (en position sn-1) offre
un profil d'ordre-position semblable a celui que 1'onrn ren-
contre dans des systemes ayant les deux-chafnes saturées.

La transition de phase gel-cristal-liquide des membranes
mod2les de PDSPC, observée grace aux modifications de forme
des spectres de poudre du deutérium, se produit entre -10°C
et -15°C. L'analyse des temps de relaxation, T,_, du deuté-
rium a apporté des conclusions semblables a celfes obtenues
grdce au param2tre d'ordre S,. La variation de la vitesse

de relaxation (1/T,_) en fonction du carbone marqué montre
une brusque discon%%nuité au niveau du cycloprcpane, indi-
quant que les deutérons de ce dernier ont une vitesse de
relaxation plus é&levée que les positions antérieures ou
postérieures au cycle. La chatne sn-1 ne présente en aucu-
ne manigre cette discontinuité et offre un plateau de vites-

ses de relaxation par T en fonction du carbone marqué
p ]z: )
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semblable @ celui observé & 1'aide du param2tre d'ordre S,.
A la lumiRre de ces observations, il a 6té conclu que les
variatigns d'amplitude ou de.vitesse de mouvement des liai
sons C-“H étaient transmises & courte distance, et pré&fé-
rentiellement.par 1'intermédiaire de liaisons plutft qu'a
travers 1'espace. La comparaison de syst2mes a chafnes
alkyles saturées (DPPC), insaturées (POPC) et contenant un
groupe tyclopropane (PDSPC) a amené Ta classification sui-

vante, selon une échelle ol T'ordre local (S5.) et la vites-

se de relaxation par Ty, 2ugmentent:
oepc < porc < POSPC, . Y

ceci 3 une méme température par rapport a T_ (la tempéra-
ture de Tla transition de phase gel crista1L$iquide). Les
résultats d'ordre local et de vitesse de relaxation du cy-
clopropane ont amené 3 identifier 1é& cycle 3 une barrire
régulant la propagation du mouvement et permettant ainsi a
la membrane d'B8tre trds stable et cependant tras "fluide"
sur une large &chelle de températures.

Dans une deuxieme ‘partie, 1'interaction de molécules
telles que DMPC et cholestérol, engagées en un systéme
membranaire (en proportion molaires 7:3, respectivement),

3 €té Studiée grace aux réponses en RMN-2H du lipide et du
stérol, et ceci, 3 diverses profondeurs dans la bicouche.
En utilisant un “formalisme analogue 3 celui employé pour
extraire 1'ordre local et 1'orientation moyenne du cyclo-
prepane dans PDSPC i1 a €té possible de calculer la posi-
tion de 1'axe du .mouvement du stérol ainsi que le parame-
tre d'ordre S ;7 (ou S&) de ses quatre cycles. 11 a été
constaté gque Tés fluctuations angulaires du B-chclestérol
*son quasi-indépendantes de la tempéreture alors que les -~
segments lipidiques, au méme niveau membranaire, sont beau-
coup plus sensibles 3 un changement thermique du systeme.
Deux cas sont 2 distinguer: en desscus de la température

de transition de phase, T., du lipide pur (23°C) let fldc-
tuations angulaire€ \des segments lipidiques ont une ampli-
tude plus faible que les fluciuations des quatre cycles du
A-cholestérol, alors.qu'au-dessus de T. la situation est
inversée. En comparant Te profil d'ordre-tempér fture du 13-
pide pur avec celui- du lipide contenant 3-cholestérol, il
apparaTt que la faible sensibilité thermique des fiuctua-
tions de E-cho1estéro1 contrdle les variations angulaires
des chaines alkyles du lipide: le stérol réduit Spqq du Ti-
pide en dessous de T, et augmente ce dernier au-dessus de
Tc. Le marquage du tholestérol sur la chaine terminale a
permis de montrer que cette derni2re poss2de un paramdtre
d'ordre S quasi-identique 3 celui des quatre cycles. Les
données dgo1a RMN-2H du lipide marqué en bout de chaine,
cumulées 3 celles du cholestérol marqué en fin de chaine
ont permis’ d'étendre 1'effet d'ordre-désordre, tel que dé-
crit plus. haut, 3 toute la membrane lipidique. I1 a égale-

—
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ment &t& meontré que 1'isom2re «- du cholestérol possade
certaines des propriétés.de contrdle de la flexibilité des
segments l1ipidiques. I1 est cepegdant moins efficace dans
ce réle quelg—cho1estéro1: iT induit en effet moins d'or-
ur DMPC que ne le fait 71'isomgre - du choles-
térol, au-dessus de T.. De pius, le calcul de la position
de 1'axe du mouvement d'épicholestérol montre gque ce dernier
n‘occupe pas une position verticale dans Ta membrane 1ipi-
dique comme le fait A-cholestérol_mais offre plutdt une
inclinaison marquée par rapport 3 la normale & la bicouche.
Cette particularité a &té invoquée comme &tant 1'une des
raisons pour lesquelles o-cholestérol n'est pas présent
dans les membranes naturelles. I1 a &galement &té& observé
que 1'isomere «-, 3 1'inverse de 1'isomdre B -, change d'o-
rientation moyenne par rapport 3 la normale 2 la hicouche

.torsque 1'on augmente Ta température. Le profil d'ordre-

température du Jipide en présence de cholestérol (d- oufs -)
présente un changement de pente remarquable, autour de T,

(1a température de transition de phase du lipide purl}, ce #
qui indique que mEme dans des systémes complexes, le lipide
conserve uhe "mémoire" de sa transition de phase. Les temps
de relaxation Ty, du/@-cholestéro1 dans DMPC prit &té inter-
prétés en termes de mouvement lent et mouvement rapide. Bien
gque 1'analyse requidre de plus amples données expérimentales,
i1 appara’t que le mouvement lent participe pour 65 a 84%
dans la relaxation par T12 du cholestérol.

La troisi2me partie de ce travail consistait 2 dtudier
T'effet d'un antibiotique polyé&nique, Amphotéricine B, sur
une membrane mod2le (DMPL) en présence ou absence de stérol.
Cette &tude a E€té& ré&alisée en marquant au deuté&rium soit le
lipide, soit Te cholestérol(« - ouf>-). I1 apparaTt que
T'Amphotéricine B, lorsqu'employée sur une membrane conte-
nant uniquement DMPC {dans un rapport 3:7, respectivemennt),
accrott d'une manire générale 1'organisation du lipide et
forme un  agrégat avec une certaine partie de DMPC. Cet ag-
grégat dont les proportionsmolaires sont proches de 1:1, est
guasi-insensible 3 des changements de température. Lorsque

1'antibiotique est ajouté & DMPC, en présence de ﬁ-choTestéroT,

la composante spectrale représentant 1' agré&gat cité plus
haut n'est plus observée. De plus les spectres du lipide ou
du A-cholestérol ne sont pratiquement pas modifiés par 1'ajout
d'Amphotéricine B, exception faite des positions marquées au
centre de la bicouche. Alors que 1'addition d'antibiotique
n'induit pas d'ordre sur DMPC ou sur (5 -cholestérol, i1 en
induit sur le.lipide ou le stércl du syst2me &-cholestérol:
DMPC. I1 a é&galement &té observé que 1'Amphotéricine B dépla-
ce la position du minimum observé pour les T du A-choles-
térol d'environ 5°C vers les températures plus élevées. Grace
4 ces constatations, i1 a &té proposé que le "complexe"
Amphotéricine B:Cholestérol &tait plutdt dynamique que stati-
que et que les stérols, de par leur caract2re de "cylindre"
rigide,constituaient 1'infrastructure de teils complexes.
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PART I

GENERALITIES



CHAPTER I.1l

INTRODUCTION

I.1.1 The Membranes of Life

Black holes, quasars, pulsars and neutron stars are
some of the astonlshlng remote celestial phenomena which
force man to guestion himself about the prigins of the Origin.;

More intriguing is life. |

If we can ﬁnderstand black holes, the origins of life
still remain a subject of controversy. .The concept of life,
whatever definition one can give, is tightly related to the
existence of a biological membrane: "... sans la membrane 3
perméabilité sélective, il n'y a pas de cellule viable"
(Jacques Monod, 1975).

The most universal function of a membrane is to sepa-
rate the insidg from the outside, thus defining the cell‘or
the cell organeile as an entity. The plasma membrane defines
the living cell, the skin defines the man. However, the mem-
brane has many other functions. It also provides a permea-
bility barr;er between the interior and the exterior of the
cell, maintaining high gradients of chemical potential for
entities such as Na+, K+ or Ca++. The membrane can Dossess,\

intimately inserted in its structure, entities, such as

enzymes, which are responsible for the transport of essential
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compounds: amino acids, sugars and many other molecules.
The membrane gprface can act as an initial binding site for
hormones and contain antigens which define the immunological
properties of the cell.

Thus, the biological membrane appears to.be the site
where many physical—chemical_;eactions occcur. However, these
mechanisms of action are not always well characterized, and

often, not understood at all. This poor state of knowledge

arises essentially frym the complexity of the membrane. The
principal-components of the membranes are lipids, proteins
and carbohyd;ates. The‘m jor clas;es of membrane lipids are
phospholipids such as the diacylphosphatidylcholines, neutral
lipids such as the sterols and glycolipids such as monoglu-
cosyldiglycerides. It seems that the biological activity of
the membrane is intimately related to the concentration of
these compounds, as well as to their sbatial and/or temporal
arrangement. Thus, the study of the structure and dynamics

of the membranes could provide a potential tool in the under-

standing of various biological mechanisms.

I.1.2 The Membrane Morphology

'
An early overview of the structure and dynaﬁics of
the biological membrane was presented by Bothorel and Lussan

(Bothorel & Lussan, 1968, 1970; Lussan & Bothorel, 196%a,b).



Their model (Figure I.l-la) can be thought as a dynamic
arrangement of lipids and proteins'to form the membrane.
unit. This concept was further developed by Singer and
Nicholson (Singer, et al., 1972) who pictured the biological
membrane as a "fluid mosaic” (Figure I.1-1b). All these
models for membranes were based on thermodynamical consi-
derations of the relationships of the.various membrane
components.

The basic idea resides in the amphipathic properties
of the membrane elements: membrane organization thus de-—
pending oﬁ both hydrophilig and hydrophobic interactions.

A hydrophiliC'intéractidn ﬁay be defined as a thermody-
namic preference for the ionic and polar groups to interact
with water rather than with a non polar environg?nt. In

the same way, a hydrophobic interaction can be defined as
the thermodynamic sequestering of non polar groups away from
water (for example, the immiscibility of hydrocarbons and
water) . B

Hydrogen bonding and electrostatic interactions may
also contribute to the general membrane oréanization (for
example, binding sites for hormones at the membrane surface).
However, these interactions, though not negligible, are of

secondary importance compared to the hydrophobic and hydro-

rhilic interactions.
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Fig. L1-1 Models for biological membranes.
2) The dynamic model, from Bothorel and
Lussan (1968).
b) The "fluid mosaic” model, from Singer
and Nicolson (1972).



The final consequence of these thermodynamic con-
siderations is explicitly seen in Figures I.l-la,b. The
lipids, possessing a polar head and hvdrophobic acyl chains
are oriented such that the polar groups face the water and
the fatty acyl chains face away from it: two laye&é\~ a
bilayer - of such lipids are geeded to maximize both hydro-
phobic and hydrophilic interactions. In these models, the
proteins appear as large bodies: located within the lipid
bilayer and/or on its surface. 1

it is important at thisfstage to differentiate between
proteins according to their location with respect to the 1li-
pid bilayer. One usually distinguishes péripheral from
integral proteins. These two species are characterized by
“the biochemical treatﬁent‘needed to extract them from the
lipids: peripheral proteins will be easily extracted whereas
integral proteins will require strongef chemical action. The
first category can be extracted by mild treatments such as -
increase in ionic strength of the medium or addition of che-
lating agents; these proteins dissociate, molecularly intact,
free from lipids and in the dissociated state they are solu-
ble in neutral aqueous buffers. Peripheral proteins can be
thus-expected to stay in contact with the membrane by weak
non-covalent in;gractions (possibly electrostatic - Dufourcy,

et al., 1981) aﬁd therefore be located at the surface of

the membrane. The other category, the integral proteins,

£



requires drastic treatment such as the use of organic sol?
vents, detergents or protein denaturants to be dissociated
from membranes. After isolation, they are usually not free F
from lipids and are not soluble (when completely free from
lipids) in neutral aqueous buffers; they often form aggre-
gates,

One sees from the above presentation that only the
integral proteins will participate to the membrane structure.
This will regquire that-such proteins must be amphiphatic as
are the 1lipids, that is, they must possess structural asym-
metries such as one pelar end and one non polar end or two
polar talls separated. by a non poiar region when t%ey span
the membrane. The polar region will be constituted by ionic
amino acid residues or covalently bound saccharide residués
and will be in contact with the agueous phase; Conversely,
the non bolar region will be composed of non polar amino
acid residues and will be free from saccharides. It is thus
clear that the only possible location for this water inso-
luble region is the hydrophobic membrane interior, that is,
in contact with the lipid fatty acyl chains. Therefore, the
structure of intégral proteins depénds-strongly on the amino
acid sequence within the membrane, and on its interaction
with the surroundings. The final result being a protein
conformation such that the free energf of the system is at

a minimum.



As was mentioned before, the concentration‘of lipids
versus that of proteins may vary in a way such that some
membranes are almost completely constituted by lipids,
whereas others show a-very high protein content. It may
be difficult to determine which of these elements is the
matrix. To paraphrase Singer and Nicolson: "which éomponent
is the mortar, which the bricks?" A lipid matrix and a pro-
tein ma;rix may be expected to exhibit very different struc-
tural and functional properties; the guestion is thus of
first importance. According to this discrimination, high
lipid content membranes can be viewed as ‘a two-dimensiocnal
liguid crystal-like phase (the lipid bilayer) with monomeric
or aggregated integral proteins dispersed ih it. The bio-
logical membrane can therefore be considered to be dynamic
rather than static.

- When one wishes to study such complex systems it is
spitable to understand first the lipid matrix properties,

and then observe their modification upon the addition of

"perturbants" such as sterols, antibiotics (vide infra) or

. -
proteins.

I.1.3 The Model Membranes

The lipid matrix of natural membranes contains various

classes of lipids among which the phospholipids (PL), whose

N

-



general structure is shown in Figure I.l-2a, are the most
common. The fatty acyl chains, Rl and Rz, may contain
unsaturations, small rings or branched ﬁethyl géoups, and
have a length varying from 12 tc 24 carbon atoﬁs. Some
common head groups, denoted as X, are shown in Figure I.1-2.
Depending on the hegd group, the lipid can be zwitterionic
or negatively charged, at physioclogical pH.

A mean of understanding the lipid matrix properties
is to study model membranes, that is, agueous mixtures of
given phospholipids.

As shown in Figure I.l-2b, PL may adopt, when mixed
with water, lamellar liguid crystalline phases. As has
already been discussed, to a?count for the amphipathic pro-
perties of PL, these lamellar phases will be constituted by
bilayers of lipids separated by a water layer. These phases
are characterized, as are many other binary systems, by the
concentration of the components and the temperature.

In the present work, two lipids will be studied as
aquecus dispersions: 1—Paimitoy1-2-DihydroSterculoyl-gg—
glycero-3-PhosphoCholine (PDSPC) and the 1,2-DiMyristoyl-sn-—
glycero-3—PhosphoCholine (DMPC).

It would be trivial to think that the properties of
these models will mimic exactly those of the natural mem-
branes. However, in some cases the structure and evolution

of the living membranes may be mainly understood by analogy
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CH,00CR,
R,CO0—C—H

i
CH,0-P~O0X

0 a)
XZ-CHECH(NH?)COOH
(Phosphatidyl Serine (PS))
X=*—CH2CHOHCH20H
(Phosphatidyl Glycerol (PG))
X=~CH,CH,N(CH,), o
(Phosphatidy]l Choline (PC))
X=—CH,CH,NH,
(Phosphatidyl Ethanolamine (PE))

Fig. 11-2. The model membrane.
a) General phospholipid structure.
b) Lamellar liquid—crystalline phase.



T

11

with the model membrane systems. Their responses to pertur-
bations may give some insight into the response of the

biological medium.

I.1l.4 Deuterium NMR in Biology
A

Model and natural membranes have been studied by a
wide variety of techniques: differential scanning calo-
rimetry (ﬁSC), electron microscopy; x-ray and neutron
diffraction, electron spin resconance (ESR), nuclear magnetic
resonance (NMR), infra-red (IR), Raman and fluorescence
spectroscopies. The aim of all of these physical methods
is to characterize the organization and dynamics of membrane
components. The lipid structures are ligquid-crystalline,
and therefore, the concept of orientational order (Saupe,
1964) within the bilayer can be extended to these systems.
-Among the techniques cite@ above, deuterium NMR (2H—NMR)
appears to be the most powerful for the est;mation of such
order. Indeed, by selective isotopic substitution of pro-
tons, the local order parameter, associated with the fluc-
truations in time of the C-2H bond, may be directlx measured
from the solid state 2H-NMR observables.

Chemical synthesis (see Chapter I.3) or biochemical .
incorporation may provide a méans to place a g;uterium probe,

a reporter, almost anvwhere in the molecule of interest.
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The- advantages of having such a probe and using such a

technique (2H—NMR) may be sketched as follows:

The position of the probe.on the molecule is known.
Due to the low natural abundance of deuterium

2H-NMR‘signals will be only dﬁe to,

(0.016%) the
the incorporated deuterium.

Deuterium has a spin I=1, which means that under
certain conditions there will be guadrupolar inter-
actlions (see Chapter I.2) between thé electric
quadrupolar moment of the nucleus and the surrournding
electric fields. This coupling will yvield a con-
siderable amount of information about the microscopic
environment of the probe. For instance, a spectral

feature called the deuterium powder pattern is a

proof that the lipid bearing the 2H probe is in an

anisotropic medium, for example, a lamellar ligquid

crystal.

The spin lattice relaxation of deuterium is totally
dominated by the gquadrupolar interaction (Abragam,
1961) which simplifies analysis of relaxation data.
The replacement of hydrogens by deuterons is not
expected to perturb structure and dynamics of the
molecule under study. The problem of perturbation
by the probe_is encountered, for instance, in fluo-

rescence spectroscopy (when using external probes)

¢



or ESR (the spin-label used here as a probe is
usually a rather bulky group); the observagles
may be perturbed by the c¢bserver. |
6. Theéé two latter technigues which can also estimate
order parameters are more sensitive than 2H—NMR:
a 16@ amoun? of the perturbant probe may be used
édiminishing thus the perturbatioﬁ. However, this
low améunt of érobe can be suspected not to give a
statistical describtidh of the medium as does
2H—NMR (bavis;‘}983), thus turning the advantage

into a drawback.

In order to terminate this paragraph, we refer the
reader to very good reviews on the field of 2H—NMR in biology,
dealing in detail with its drawbacks and its advantages over

the .other physical techniques (Seeliqg, 1977; Smith, 1982;

Davis, 1983).

I.1.5 Aims of the Research -

As the title of this thesis suggests, the work des-
cribed herein is an attempt to extract from the 2H-NMR
oBservables the ordering, that is, the amount of motion -
(fluctuations of C-2H bonds), at several locationé in the
model membrane. This knowledge 1s hoped to provide answers

N
to the following guestions:



a) Why the cyclopropane-containing lipids (the ring
being on the fatty acyl chains) is the £final stage
in the growth of some bacteria-and protozoa? Does
the cyclopropane ring stabilize the membrane of

\

these organisms?

b) What'is the role of cholesterol in biologiéal
membranes?
cl What happens to a membrane on addition of a polyene

antibiotic such as Amphotericin B (Ampho_B)?

d}~" ~ Does the Ampho B complex with cholesterol to form
2 geometrical entity within the membrane, called a
pore, allowing tﬂe leakage of the internal cell

components ané hence the death of the cell?

It would be ambitious to think that all of these
striking qﬁestions can be answered by looking at model mem-
branes‘usiqgfonly the 2H—NMR technique. Nevertheless, even
if a comple{é éhswerlcannot be given, it will be seen through-
out +this thesisuthét SO$e pathways of understanding hawve been
found. These beginnings of answers will lead to new hypo-
théses (see the end of the thesis) which have to be taken
as all hypothesesi they have to be questioned.

The hope here is that some of these ideas about mem-

brane behaviour will have Been pointed in the right direction.

N .
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I.1.6 Thesis Outline

The thesis is split into five main parts. The first
(Chapters I.l to I.3) is a general introduction to 2H-NMR
in anisotropic systems.- - Chapter I.2 describes the-theocry
of 2H—NMR whereas_Chapter.I.B shows "how to make it work",
that is, the materials (chem}cal synthesis) and the methods
(hardware and software). The second part (Chapters II.l
to II.3) reports and discusses the corganization and the
dynamics of cyclopropane—containing iipids as water-mixtures.
The third part will describe the behaviour cof sterol-con-
taining membranes (Chapters III.l to III.2) where the fourth
will show what happens when one adds Amphc B to a membrane
without sterol (Chapter IV.2) and with sterol (Chapters IV.3
to IV.4).

Although the different parts contaiﬂ their - own con-
cluding chapters, a main conclusion will be drawn and some

suggestions for future work given (Chapterslv.l and V.Z);
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CHAPTER I.2

THE THEORY OF DEUTERIUM NUCLEAR MAGNETIC RESONANCE

-

I.2.1 Intreoduction,

Entities possessing both an angular momentum and a
magnetic dipolermoment exhibit magnetic resonance properties.
Such properties are fQund,,for instance, on nuclei haviﬁg a
magnetic moment ; and‘a spin angular momentum HI. The cor-

responding operators are linked by the relationship: -
U — YA.I 7 : (r.2.1)

where ¥ 1s a scalar, the mégnetogyric ratio?ﬂwhose value is
intrinsip to each nucleus and where-h.IéhE?defined such that
the spin operator I is dimensionless. The nuclear spins
within a sample may interact with maénetic, and with electric -
(fo; I>}) fields. The magnetic couplings can be external
{applied magnetic fields) and therefore allow the.detection
of NMR signals or they can be internal_(local fields within
the sample) giving information on molecular motions. The
electfic interactions belong also to the internal coupliﬂé
éa%egory.

The nuclei, by means of both intefnal and external

couplings, can then be used as probes to study the dynamic

-~
behaviour of molecules in a given sample.
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The best way to describe the couplings of the nuclear
spins with their surroundings is to use the concept of the
nuclear spin Hamiltonian, H, (Abragam, 1961). This spin
Hamiltonian must be able to account for all the phenomeno-
logical coupling parameters, that is, describe the obser-
vables (spectra and relaxation) in a correct manner.

The domplete spin Hamiltonian, for spin I>1, in an
anisotropic environment, for example, a liguid crystal, mav

be written as:
H=H_, + H, + H_ + H . (.2.2)

where HO and Hl represent the Hamiltonians describing the

couplings ¢f the magnetic dipole moment of a nucleus i,ﬁi,

-3

with the externally applied static magnetic field H0
. . .

the radio-frequency (rf) field Hl(t), respectively. HD des-

and

cribes the internal dipolar couplings with other neighbouring
spins. Nuclei with spin I>} can experience guadrupolar .inter--
actions, represented by HQ, between their gquadrupolar moment
and the internal electric field gradient (efg)- at the nucleus
site (see I.2.3). .

In a large magnetic field, for instance H.=7.03 Tesla,

0
the Larmor freguency of the deuterium atom (I=1) is 46.063
- MHz. The maximum quadrupolar splitting which can be gbserved

for deuterium (2H) in C—2H bonds in anisotropic media is
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v

around 250 kHz, therefore demonstrating that the guadrupclar
‘interaction represents less than 0.5% of the Zeeman coupling.
The guadrupolar interaction.can thus bg treated as a small
perturbétion of the Zeeman coupling. Moreover, the dipolar,
HD' interaction for these C-2H segments yields a maximum
dipolar splitting of about 4 kHz. It can then be seen that
the dipolar coupliné, though not theoretically negligible

is much smaller than the guadrupolar term and, therefore,
will be practically neglected. Since the present work deals

-

with deuterium in biological membranes, HQ will be more dis-

cussed than the cther internal coupling. Prior to detailing

the quadrupolar interaction, the couplings between the nu-
->

cleus and the externally applied magnetic fields, H0 and
- ]

Hl(t), will be briefly described.

I.2.2 The Nuclear Zeeman Coupling

The simplest NMR experiment consists of placing-a

sample containing resconant nuclei inside a magnet and applying a

—
rf field Hl(t) in order to observe a signal. The inter-
action energy between the magnétic moment ﬁ and the magnetic
— .
field H can be represented in such a case by the Zeeman
Hamiltonian, #,: ‘ : . '

Hz = - u.H = - yvA.I.H (I.2.3)



= - Yﬁ.I.(H0+Hl(t))

- —

where HO and Hl(t) are tﬁe éxternally applied static field
and time-dependent rf field, respectively. The following
discussion will be limited to the "high field" approximation
(Abragém, 1961; Slichter, 1980), tﬁat is, the case where the
Zeeman interaction dominates the other couélings. In such

a situation, the axis of quantization of the nuclear spins

-

will be defined by H0 and the internal couplings treated as
a perturbation of the Zeeman energy levels. As a general

convention, ‘the ‘axis of gquantization of the spins is often

‘chosen as being the z-axis of the coordinate system bound
" . ;

to HO.- Hence Equation (I.2.3) can be expressed as:

HZ = - mOﬁIZ - yRI.H, (£) (I.2.4)

1

where wg = YHO is the Larmor precession frequency. The

———
oscillating rf field Hl(t) is usually applied in a direction

perpendicular to Hy such as , the x-axis.
: 4

- ->

Hl(t) = 2Hl cos (wt+d) .1i. : (I.2.5)

In Eguation (I.2.5), 2Hl is the amplitude of the rf field,

w the frequency, ¢ the relative phase of the applied radia-

- -

tion and i the unit vector of the x-direction. It can be
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shown that this linéarly polarized field is eguivalent to
the sum of two tircularly polarized fields, one rbtating in
the sénse of the Larmor frequency, the other in the opposite
direction. It has aléo been shown that this later compﬁnent
has no effect in an NMR exgeriment (Carrington & McLachlan,

r—

1967). Hl(t) can therefore be taken as:

—_— - -

Hl(t) = Hl(cos(wt+¢)i + sin{wt+¢)J}. *(1.2.6)

4
The full Zeeman coupling is then represented by:-

Hz = - thIz - hvl(Ixcos(mt+¢) + Iy sin(wt+¢}) (I.2.7)

where 2ﬂUl = YHl and Ik’ (k=x,v,2z) represents the spin along

the k direction.

I.2.3 The Electric Quadrupolar Coupling

As has been demonstrated in (I.2.l) the guadrupolar
interaction dominates both the spectral lineshapes and the
LR
relaxation phenomena. The magnitude of the ratio between

_HQ and HZ allows us to treat HQ as a perturbation of HZ. In

what follows, it will be seen that the quadrupolar coupling
™ may split the Zeeman resonance lines into several components.

The number of these components and the magnitude of their
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frequency separation will yield information about the efg
at the nucleus site. The alterations of the Zeeman resonances
can be useful in the study of solid state or ligquid crystal-

)

line systems.
A nucleus with spin I>! may possess an electric qua-

drupolar moment, eQ, and may be surrounded by an efg in a

given sample. In a classical description, the energy fésulting

from the interaction between a charge distribution of density

.p and an external potehtial V can be written as (Slichter,

1980) :
E = fp(r).v(r)dv - . (1.2.8)

The guantum mechanical equivalent of Eguation (I.2.8)

'may take the form (Slichter, 1980):

CQ .
H =Z_(VA + V, _A_ +V:2A

Q 00 +1%31 ) (I.2.9)

72

with C. = —~EQ———, where I is the total nuclear guantum number.
Q I(2I-1)

In Equation (I.2.9) the V_, are the components of the irre-

ducible efg tensor estimated at the deuterium site and Ak

the ‘components of the second rank irreducible tensor opera-

tor, formed by applying the Wigner—Eckart theorem (Slichter,

1980) on a set of nuclear wave functions.* The terms Ak and

* An example of the use of the Wigner-Eckart theorem to cal-
culate the quadrupolar Hamiltonian is given in Appendix A
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V_k are formulated below:

2
37V
vy = (=) : a)
%z
2 2
— % 2. _B_V =1 ———a v
Vi = 7 3 lggg) #ilgggg)] b)
v;z =_£ [(.8.32,. - (232) ;Zi(%;vé—)] c) (I.2.10)
/6 3x gy ¥
_ 2 2, -
Ry = (31, —I)_ d)
Ail = I /hg (I_Iz + IzI:) e)
|
_ 2
A, =2/6 1, £}

where I "= IxiiIv represent the raising and lowering oper-

-

ators, respectively.

Now, 1t is possible to write the Hamiltonian des-

o

cribing the state of a nucleus (I>%) coupled to an electric
-

field gradient when a static magnetic field H

———

0 and an rf

field Hl(t) are applied (Equations I.2.9 and I.2.3):

5 .
= - Q -1k
Ho= - YAI.(H, + H,(£)) + g (Jl? V_ A (I.2.11)
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This formulation is general and H can be estimated in any

axis system. However, it 1s convenient to expfess

E@uation (I.2.11) in the'laboratorf—fixed coordinate sys-
-

tem, L(xo,yo,zo), such as HO lies along tﬁe zo—axis. The

quadrupolar term will therefore be evaluated in L, so we

need to add the superscript L in the V_, and Ak terms.

k
The efg tensor is commonly defined in the principal coor-
dinate system, P(x',v',z'), bound to the nucleus, such as

the z'-axis lies along the C-2Hrbond vector. In the axis
system( P, the efg tensof 1s symmetric and traceless (Vzl=0).
To calculate H in the l?boratory frame one needs to express

the ka elements in the frame L. This may be accomplished

using Wigner-rotation matrices* (Rose, 1957):

_ P
Vi = DDy, (%BMY, (1.2.12)

where D2 X is a second rank Wigner-matrix element and «,8
’ _

and vy the Euler angles as defined by Rose (1957) to rotate

from the principal axis system P to the laboratory axis

system L. ¥§

Using Equation (I.2.,12) HQ becomes:

o) _qyk L -
HQ = 7= I (-7 A _E.Dg'_k(&,B,Y)Vg (I.2.13)

* An expression of the second rank Wigner matrix is shown in
Appendix B.
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This expression can hopefully be simplified by keeping only
the .terms which commute with Hz' thatlis, those which com-

mute with I,- One can easily see that only Aé
this céndition. Equation (I.2.13) transforms then to:

fulfills

-

C

_ 9 .L . P
H, = — AOIDO’O(G,B,O)VO + 7

0= 3 @, 8,00V ] (1.2.14)

x2,0¢

»

where the symmetric and traceless properties of VP have been
used (Vfl=0) and where y=0 since when k=0, the DQ 6¥Q,B,Y),
- . r

elements are independent of vy.

I.2.4 Motional Averaging

Equation (I.2.14) is only valid for rigid molecules
and could be used to describe, for instance, the spectral
shapes of a polycrystalline sample containing deuterium atoms
(Seelig, 1977).

If there are molecular motions, Equatién (I.2.14) has
to take into account the time-dependence of anisotropic
interactions. This is reflected in HQ by a time-averaging
of the Euler angles. In solution, that is, isotropic medium,
the Wigner—-matrix elements have their mean value averaged
to zero; HQ cancels and will no longer affect the Zeeman

energy levels; the possibility of extracting data from the

perturbaticon of the Zeeman resonance lines is therefore lost.
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Nevertheless the guadrupolar interaction still exists in
solution and will play an important role in relaxation. In
anisotropic media such as lamellar iiquid crystals the Euler
angles are still time-averaged but.pot necessarily to zero.
One can hqpe to obtain ipformation-from the splitting of

the Zeeman lines. One of the aims of deuterium-NMR in mem-
brane research is to relate the quédrupolar splittings to™
the local orxder of the lipid éomﬁonents. A convenient way

to picture the macromolecular ﬁodél membrane sample is to
think of a multitude of microdomains oriented at ;gndom,
these microdomains being represented by a piece of a planar
bilaygr. Natural membranes possess.only one bilayer and it
is usually assumed that the radius of curvature is large
enough such that the hypothesis of local planar bilayer
domains remains correct. -

In the liguid q;ystalline phase, the local bilayér
nermal, H, is an axis of symmetry. It is then possible to
use the local syﬂhetries of the phase to relate the motions
of the principal axis system, P, to an axis system, B, fixedf
to the bilayer. In order to describe the motions at several
levels in the lamgllar liguid crystalline phésg one needs
then fo replace the initial transformation” from P o L by two
transfofmations: from P to B and from B to L. Thus, instead

¢

of Eqguation (I.2.12) one has:
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2 2 : '
VL = z 2 ? , VP I.2.15
where (ap,Bp,Yp)‘are the Euler angles to rotate the components
of the efg tensor from P to the bilayer-bound axis system, B,
and (yb,Sb,Yb) the Euler angles reguired for the rotation

from B to the laboratory-fixed axis system, L. Egquation

(I.2.14) now becomes:

C
_ . P
o = 25 2900, (01850 O (e BL,0MVG + D, (a8 ,00V,)  (T.2.16)

/ ’
where the bars indicate that the D2 n Wigner-matrix elements
r

are time-averaged through the time-dependence of the Euler

angles (o ,Bp) and where the fact that the zo—axis of the

P

laboratory frame, L, is an axis of symmetry has been used
(HQ independent of ab) (Davis, 1983}). There is no time

average on the DO 0(O,Bb,O) element; indeed one assumes here
r -

that the local-bilaver-normal frame of reference is not

reorienting fast enough to induce a time dependence of the
Euler angle Bb. This important assumption is directly felated'
to the lateral diffusion of molecules within the bilayer.
Indeed, these la£eral motions are identical to bilayer normal
reorientations from the NMR viewpoint. Consequently, if

the rate of lateral diffusion is high enough and/or the radius
of curvature of the bilayer small enough, the DO,O(O’Bb’O)

matrix element has to be time-averaged. However, for

a

1
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simplicity, the assumption of the time-independence of this

matfix element will be made. The possibility of wviolation

of this assumption will be examined in Chapter II.2.

In its principal frame the efg is usually defined
such as Vg = V;z = eq and so that the z'-axis . is directed
along the C—%H bond. An;Fsymmetry parameter_.can thus be
identified as (Seelig, 1977)«

1- 3 -
vxx -V ( '
= X*_ XYY
n 5 — (I.2.17)
z2 .

where the Vii terms represent the second derivatives of the
efg with respect to 1 at the deuterium site. Eguation (I.2.16)
can thus be rewritten as:

CHL = E:-(:-2*(312-1-2)13 (0 0) [P, .l 8' 0) +-1D (@ B &) ] (i 2.18)
oF =2 4 - 0,0 'ab’ 0’0 pr PI /6_ 12'0 p: pr -l
Replacing the Wigner-ma¥rix elements by their value, the solu-
tion of the spin Hamiltonian gives, to first order, the ehergy

levels of a spin-l1 system: G

-

- . 2 -
_ e g0 2 _ : 2 _
E, = - hvgm +.ZTT3%:TT (3m T(1+1)) % (3os”B 1)

(I.2.19)

' 2 .2
x [%(3cos Sp—l) + %Vncos2ap51n Bp]

[ 5

>

In Equation (I.2.19) the effect of the rf field Hl{t) has not

been taken into account. It can easily be seen that in the

3y
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absenéé of the gquadrupolar interaction, the Zeeman term of
Equatioh (I.2.19) gives three equally‘spaced energy levels.
corresponding tom = + 1,0, -1, and leads to a single
absorption line at the frequency Vg (Figure 1:2:1). From
-_Equation (.2.19), one can see that the effect of the qua;

drupolar term is to split that single line by the value:

2
_3e 2, 2, _ . 2
Ay = 5_%2 1 (3cos Bb 1) [%(3cos Bp 1) + 3 ncosZaps:.n Bp] (I.2.20)

- - -+

If all niclei have the same orientation with respect to HO

(unigue value of the angles Bb, 8_ and ap) the quadrupolar

P
interaction will split the Zeeman spectrum into two lines

whose frequéncy separation is Av. This situation is illus- .

trated in Figure £.2-1. However, in a macroscopic sample one

o

often deals with random dispersions:’ all orientations are

possible. This can be pictured as a multiple of microdomains

whose n-directionis distrijuted over the surface of a sphere

(Figuie I.2-2a). Their probBability distribution is P(Bb)
VADS]

= ésin(Bb). Hence, in a randomly dispersed sample, one will

obsgrve all the resonance lines due to the variation of Bb
N .

~from 0° to 90° with respipt to HO’ weighted by the probability

1

P(Bb). The shape of/ﬁheﬁ?bserved spectrum is called a "pow-
der pattern" (Seelig; 1877). Examples of such shapes are
given in Figure I.2-2 for sevefﬁﬁ values of the asymmetry

parametexr n.

u’
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~ Fig. 12-1. Energy levels for a spin—1 in a high magnetic.
field. - ' . :
The quadrupolar interaction gives rise to two transitions at
frequencies v, + 1, (see text). ‘
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Fig. 12-2. Theoretical spin—1 quadrupolar powder patterns.
a) Random distribution of O—directions over the surface
of a sphere. ‘
b),c) arid d) Theoretical spectral shapes for several
values of the asymmetry parameter 71 (see text).



1.2.5 The Order Parameter Tensor

The term in brackets of Equation (I.2.20) exhibits
the concept of ?orientational avérages". When uéing spec—
troscopic techniques to study ordered anisotrogic systems, "
i1t can be useful to aesc£ibe the average orientational order,
in the presence of molecular motions, iﬁ terms of an order
parameter tensor (Davis, 1983). The concept of order‘para—
mete;s, Sij’ has been qriginally introduced by Séupe to des-
cribe the fluctuations of second-rank tensors in a mOStL“\\E//ﬂ\
general way (Saupe, 1964). S . :

Let us attach a cartesian coordinate system P(x', v',
z2') to the C—2H bond and a second axis system B(a,b,c) such
that c_lies along the bilayer normal H; The degree of orien-
tational order of this C;2H bond may be defined in terms of

the order tensor (de Gennes, 1974):

uv _ _ =z o 5 ’
Sij = 2(3cos§iucosejv ouvoij) (I.2.21)

where cosBiu and cosejv are the direction cosines defining
the orientation of the C—2H bond vector with respect to the
axis system B, with i,3=1,2,3 (or x',v',z'); u,v=a,b,c. &

is the Xronecker symbol.

In the liguid crystalline phase, the bilayer normalj—\\
aa bb b

H, is an axis of symmetry so, S$5% = S°% and $2° = 0 by
1] 13 13
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symmetry. In addition, if the two layers are identical

(the a-b plane being a plane of reflexionf, SE? = SE? = 0.
The symmetry of the lamellar liquid crystalline phase reduces
then to the order tensor S..(S.. = s?? = - 25?? = - 28??).

- R 1] 1] 1) )

" The order tensor of any rigid molecule has,)the;efore, five

independent components. Using the expression of sij’ Equa-

tion {I.2.20}) can be rewritten as:

=3 1 2, _ 1 _ . )
Av = 5 AQ 3 (3cos Bb 1)[833 + 3 n(sll 322)] (1.2.22)
eng
where AQ = o is called the static guadrupolar coupling

constant. If the molecule has a three-fold or higher axis

. 8
of symmetry, n=0 and Eguation (I.2.22) reduces to:

-3 24 _
Av = AQ i (3cos Bb 1)533 (1.2.23)

Equation (I.2.23) can also hold if the molecular motions are

such that § = 522, independept of the size cf n (Davis,

11
1983). For C—2H bonds in ‘liguid crystalline bilayers of

phospholipids it has been observed that n = 0.05 (Derbyshire,
et al., 1969; Barnes, et al., 1973; Fung, 1974). ,Therefore

S may also be called S and can provide a measure of

33 c-2u

the angular excursions of the C—ZH bond vector with respect

to the director axis ¢ (or Ey,
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I.2.6 Relaxation

The precedin