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. ABSTRACT

Solid-state nuclear magnetic resonance (NMR) techniques were
applied to the study of the phase behavior and to the determination of the
headgroup conformation of phosphonolip_ids, both ‘natural and synthetic. The

results are compared with those for analogous phospholipids in biological and

model membranes.

31p NMR was used to characterize the phase behavior of phospho-

and phosphonolipids present in polar and total lipid extracts of the protozoa
Tetrahymena thermophila‘. The 3P NMR spectra of aqueous dispersions of polar
and total lipids consist iﬁ the partial superposition of two powder patterns, one for
each phosphorus-containing lipid class. At low temperature, both lipid extracts gii:e
rise to lineshapes characteristic of the lamellar structure. Spectra of the polar lipids
~show that between 15 and 40°C, a broad, reversible transition from bilayer to
hexagonal phase takes place. On the other hand, the phase behavior for total lipids
is different: no hexagonal phase is formed, the lipids remain in the bilayer phase at a
higher temperature, and a transition to an isotropic phase occurs between 35 and
40°C, which is not easily reversible. A large .proportion of ethanolamine-containing
lipids, both phosphate and phosphonate ané[ogs, is responsible for the hexagonal
phase formation observed with the polar lipids. When neutral lipids are present with
the polar lipids, the bi[ayer is stabilized up to a higher temperature. One of the
neutral lipid components, tetrahymanol, a pentacyclic triterpenoid, is believed to be

responsible for this stabilization.



The absolute value of the 3'P NMR chemical shift anisotropy Ag is
smaller for phosphonolipids than for phospholipids. The trace of the chemical shift
tensor for phoéphonolipids is smaller than that for phospholipids, reflecting the
lower éiectron density around the phosphorus atom in the phosphonate. At 0°C, the
values for the.phosphonolipids are Ag = —31 ppm and o; = —20.1 ppm, and for

the phospholipids Ac = —48 ppm and o; = 1.2 ppm. Without the knowledge of

the complete chemical shielding tensor for the phosphonate moiety, it is impossible
to determine the individual contributions of electronic, geometrical and motional

factors on the difference in Aa.

For fhis‘nj_eason. the symmetric part of the 3'P. NMR chemical shielding
tensor was'determinea in a single crystal of 2-aminoethylphosphonic acid (AEP).
The principal values, relative to 85% HgPQO, are 04y = —87.1, 0, = —15.6 and
Uaa = 47.5 ppm.  Four orientations of the chemical shielding tensor on the molecule
are possible, but only one of them shows correlation with the bond directions. The
~ two most shielded components of the tensor lie almost in the plane containing the
o P=0 bonds, with ¢, approximately bisecting the O—P—0 angle and 054
roughly along' the O-O connecting vector, leaving the phosphorus relatively
déshielded in the perpendicular ¢4 direction. The results can be correlated with the
electron density distribution around the phosphorus atom, as determined by the

bonding pattern of the phosphonate.

Since 3P NMR is not sufficient to completely determine the headgroup
conformation of a phosphonolipid, deuterium was used as a probe for the higher
part of the headgroup. The synthesis of deuterated 1,2-di-O-hexadecyI-sn-gchero-
3-(2-aminoethyl)phosphonate specifically labelled in five positions of the headgroup,
i.e. sn-1, sn-2 and sn-3 of the giycerol moiety and positions 1 and 2 of the

headgroup, was carried out. The headgroup was prepared via the Arbuzov reaction

ii



from triethy! phosphite and 1,2-dibromoethane (available fully deuterated), followed
by hydrolysis of the diethyl ester to give 2-bromoethylphosphonic acid. Because of
its molecula'r symmetry corresponding to Mo glycerol units linked tail to tail,
p-mannitol was used as a precursor for the glycerol moiety. D-[1,1,6,6-2H,]Mannitol
was obtained by reduction with NaB2H, of the dilactone of D-mannaric acid, itself
synthesized by oxidation of D-mannitol. Reduction of 8-D-fructose with sodium
borodeuteride gave D-[2-2H]mannitol. The following steps were carried out for the
preparation of 1.2-di-O-hexadecyl-sn-gcherol. D-Mannitol was converted to its
1,2:3,4:5,6-tr-O-isopropylidene  derivative, which gave 3,4-O-isopropylidene-

p-mannitol by selective hydrolysis. The ether chains were introduced at this stage

by reaction with 1-hexadecyl methanesuifonate under strongly basic conditions, :

followed by hydrolysis of the isopropylidene protecting group. The resulting
1,2,5,6-tetra-O-hexadecyl-D-mannitol was s.plit into two identical glyceraldehyde
molecules with periodic acid. Reduction with NaBH, or NaB2H, afforded the
desired compound which, after esterification with 2-bromoethylphosphonic acid and

amination with ammonia, gave the complete phosphonolipid.

Differential scanning calurimetry thermograms demonstrated that
1,2-di-O-hexadecyl-sn-giycero-3-(2-aminoethyl}phosphonate dispersed in excess
buffer undergoes two endothermic transitions. The main transition from gel to liquid
crystal is centered at 70.2°C, and the second transition at 84.5°C is attributed to the

lamellar-to-hexagonal phase transition.

The principal components of the 3{'P NMR chemical shielding tensor
were measured on a powder of the synthetic phosphonolipid and found to be
044 = —94, 0y = —27 and 043 = 61 ppm. The S1P and 2H NMR spectra were
obtained as- .a function of temperature for 1,2-di-O-hexadecyl-sn-glycero-

3-(2-aminoethyl)phosphonate and its analogs deuterated in positions 1 and 2 of the

)
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headgroup and in position 3 of the glycerol moiety. Both techniques confirm the

phase behavior determined previously. The absolute vaiue of the 3'P NMR chemical

‘shift anisotropy decreased slightly between 28 and 75°C, while above the bilayer-to-

hexagonal phase transition temperature the magnitude of it drepped by a factor of
two with a change of sign. In the gel phase, no 2H NMR quadrupolar splittings
could be measured because of a featureless lineshape; the splittings were more or
less constant through the liquid crystalline phase and their value was halved in the
hexagonal phase. These NMR spectral parameters, together with the full 1P NMR
chemiéai shielding tensor for the phosphonolipid — the principal components
coming from the powder spectrum and the principal directions being those of AEP
— were used to determine the headgroup conformation in the liquid crystal and
hexagonal phases. A simple model for headgroup reorientation, which involves
rapid transitions betweéﬁ two enantiomeric conformations of the headgroup and
free rotation about the glycerol C2—-C3 bond dire;tion, was used to calculate
possible torsrilain angles. The results show that the conformation of the headgroup
up to the phospharus atom is very similar in phospho- and phosphoh&lipids. i.e. the
C2-C3—-0-P torsion angle is nearly trans and the C3—0—P —C1 angle variable
over the range of values investigated, with a bend at the phosphorus atom.
Contrary to the phosphodiester n’ioiety in analogous phospholipids wh@ph adop"ts a
gauche-gauche conformation, two solutions for the next torsion angle
O —-P-C1—-C2 were found around 100 and 130°. The last segment P—C1—~C2—N

is nearly trans, whereas the corresponding O-C1-C2—-N segment in

‘phospholipids is gauche. Despite the differences in the torsion angle values, the

overall appearance of . the headgroup is similar for both phospho- and
phosphonolipids. The headgfoup first extends out of the bilayer plane, bending at
the phosphorus atom and the terminal portion lies nearly parallel to the membrane

surface.
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CHAPTER 1

INTRODUCTION

1.1 Bioloegical membranes

All living organisms possess at least one essential membrane, which
permits distinction between the inside from the outside world, the plasma
membrane. Eucaryotes also have a variety of more specialized membranes such
‘as those of mitochondria, chloroplasts, endoplasmic reticulum, Golgi apparatus,
vacuoles, psroxisomes, lysosomes of nuclei. The cell membrane has many
functions. It provides é permeability barrier between thie interior and the exterior of
the éell; it is also a working apparatus that assures the relative constancy of the
cellular interior. Membranes contain enzymes which develop chemical pdtential
gradients by utilizing high-energy compounds such as adenosine triphosphate
(ATP). In addifion. plasma membranes contain specific receptors for external stimuli
that may result in such varied responses as oriented movement of the cell,
stimulation of membrane-bound enzymes, or generation of chemical or electrical
signals. The plasma membrane plays an important role in processes such as
phagocytosis, pinocytosis and secretion. ltis also the locus of cell-specific antigens.
Proteins and specific enzymes concerned with ion and metabolite transport across
the merﬁbrane barrier are also localized in this structure.- "~ Enzymes of the
mitochondrial membranes are involved in the electron transport chain and in

oxidative phosphorylation to generate the ATP required for most cellular functions.



In all membranes, two major components are found: lipids .and
proteins. These two components play complementary roles in the control of
membrane permeability. Its impermeability lies in the lipid core which, being
hydrophobic, does not allow the passage of water or charged molecules.

Membrane proteins serve as carriers, channels and receptors.

In this work, the structural aspects of the lipids will be considered.
Lipids are universal components of biomembranes. In order to understand how
they contributé to membrane function, it is necessary to know which lipids are
actually found in membranes and to be able to correlate the specific molecular
conﬁgurétion of these lipids with specific physiological functions of the membraneas

in which they are found.

1.2 Lipids’

Lipids are defined as substances that are insoluble in water, solubie in
organic solvents, 6ontain. long hydrocarbon chains in their molecules gnd are
present in or derived from living organisms. This definition covers a wide range of
compounds and includes simple compounds such as long-chain hydrocarbons,
alcohols, aldehydes and fatty acids, and derivatives such as glycerides, wax esters,
phospholipids, glycolipids, sphingolipids and others. Also included are the fat-
soluble vitamins and their derivatives, as well as carotencids and sterols and their
fatty acid esters, because they are usually associated with membranes and are
obtained together with the phospholipids and neutral lipids when cells or tissues are

extracted.

7 Taken from Kates (1).



1.2.1 Neutral lipids

Hydrocarbons form the simplest types of lipids. The chains can be
normal and saturated — general formula CHa(—CH,), ~CHy —, monobranched of
the iso-series — general formula (CHg —),CH(—CHy),,—CHo — or anteiso-series —
genéral formula (CHS—CH2—)(CH3—)CH(—CH2),,—~CH3 — _multibranched
(isoprahes). mono- or polyunsaturated — the double bonds are usually cis —, or
can contain various combinations of branching and unsaturations (e.g.

carotenoids).

Long-chain alcohols form another class. Primary alcohols are most
common. Again they can be normal and saturated, mono- or multibranched
(isopranols), unsaturated, or possess a combination of branches and double bonds
(terpenols). Sterols are widely distributed in animals (zoosterols) and in plants
{phytosterols). Scheme 1-1 illustrates the structure of Cholesterol, one of the major
sterols found in animals. Members of the fat-soluble vitamins A (retinol), D
(calciferol) and E (tocopherol) are closely related. Long-chain amino alcohols,
usually homoldgues of sphingosine (Scheme 1-2), occur largely in complex form as
sphingolipids: ceramides, cerebrosides, sphingosyl phosphatides and

gangliosides.

Long-chain aldehydes occur in free form, but also in the form of
alk-1-enyl ether (plasmalogen analogs of glycerides and phosphatides). Normai
saturated and unsaturated, as well as isoprencid aldehydes {e.g. retinal) are found

in nature.

| Long-chain carboxylic acids (fatty acids) occur in many forms, with
variations in degree and kind of branching, number of double bonds, presence of

other functional groups, and chain length. Table 1-1 presents the most common



Scheme 1-1. Structure of cholesterol, cholest-5-en-38-0l.



Scheme 1-2. Structure of sphingosine or trans-4-sphingenine, (2S,3R,4E)-2-amino-

4-octadecen-1,3-diol.”
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fatty acids. A symbol has been assigned to each fatty acid and is composed of the
chain length, number of double bonds and their position, Fatty acids are found

largely in esterified form, e.g. as waxes, glycerides, phosphatides, atc.

The simple lipids described above usually combine to form derivatives.

Waxes are fatty acid esters of fatty alcohols. Sterols and vitamin alcohols also form

esters with fatty acids. Acylglycerols (neutral fats) are fétty écld esters of glycerol.

' This class includes monoacylglycerols, which exist in two isormeric forms, sn-1-2 and
o.jsomers, diacylglycerols which also occur in two isomeric forms, sn-1,2- and

1,3-isomers, and ﬁ'nally triacylglycerols, Where the acids may be all alike, two alike, or

éll different. Two general classes of glycerol ethers are known: alkyl ethers and

alk-1-enyl ethers (plasmalogens). Alkyl ethers take the form of monoalkyi ethers —
only the sn-1-isomer has been found in nature —, and dialkyl ethers (i.e. the

sn-2,3-isomer of the branched-chain alcohol phytanol). Gilyceryl ethers of other

configurations have been synthesized but so far have not been found in nature. The

alkyl ethers of giycerol occur as mono- and diacyl derivatives. The aldehydo enol

ethers of glycerol occur haturally, with the alk-1-enyl linkage in the cis configuration,

in the form of esterified derivatives such as phospholipids (plasmalogens) and

neutral lipids (neutra. plasmaiogens). Only the sn-1 -isomer has been found in

nature. Ceramides are N-acyl derivatives of long-chain bases.

2 For asyn}metrically substituted glycerol derivatives, the stereospecific numbering
(sm) syéiem of nomenclature is used to distinguish between the two primary
alcohal groups. If the secondary hydroxyl group in glycerol is oriented to the left
of C2 irf'the Fischer projection, the carbon atom above C2 is designated C1 and
the one below C3. The use of this stereoépeciﬁc numbering is indicated by the

prefix sn'béfore the stem-name of the compound (2, 3).



1.2.2 Polar lipids

‘ Phospholipids are constituents of cell membranes and may be
classified into two main groups: glycerophosphatides and sphingosylphosphatides.
The glycerophosphatides consist of derivatives of 1,2-diradyl-sn-glycero-
3-phosphate or phosphatidic acid (PA). The phosphate is usually esterified with an
amino alcohol {nitrogenous base) or a polyol. Nitrogenous bases include serine,
ethanolamine and its N-methyl, N.N-dimethyl and N,N,N-rimethyl (choline)
derivatives. Polyols include glycerol, glycerol phosphate, inositol and inositol
phosphates.  Diphosphatidylglycerol or cardiolipin (CL) is also encountergd.
Variations in the chain substitution include structures such as 1,2-diacyl-,
1-alk-1-enyl-2-acyl- (plasmalogens), 1-alkyl-2-acyl-, 2,3-dialkyl-, 1-acyl- {lyso) and

1-alkyi- forms. Scheme 1-3 gives the structures of some phospholipids.

The most common lipid in the sphingosyl phosphaticie class is
sphingomyélin (SM), the phosphocholine ester of an N—acylsphingoSihé (ceramidé).
Other classes of polar lipids include glycolipids, which consist of mono-, di- or
trisaccharides linked glycosidically to the hydroxyl group of a diradylglycerol,
glycophospholipids, phosphoglycolipids, cerebrosides, which are glycosides of
ceramides, gangliosides, which are complex cerebrosides containing sialic acid,

and sulfolipids.

1.3 Phosphonates

1.3.1 Occurrence of phosphonates in living systems

All phosphorus accessible to living organisms occurs in phosphéte

minerals as orthophosphates. The phosphorus atou;r(éécurs at the +5 level of

e
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Scheme 1-3. Structure of some phospholipids. PA, phosphatidic acid; PS,
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oxidation with four oxygen atoms bonded to the phosphorus in a tetrahedral
structure. The organophosphates which occur naturally in a living system are
usually oxygen esters, diesters, or anhydrides of phosphoric acid. There are rather
infrequent exceptions to this bonding of phosphates in living systems. One
exception is the natural occurrence of the carbon-phosphorus bond in the

phosphonate class of organophosphates (4).

The actual identification of a n‘aturally occurring phosphonate came in
1959 by Horiguchi and Kandatsu (5), who identified 2-aminoethylphosphonic acid
(AEP) in an amino acid extract from an hydrolysate of rumen protozoa! lipids.
* Phosphonates have subsequently been shown to occur naturally in a variety of
phyla in the animal kingdom, in lower plants and in some ba'cteria (6). AEP has
been found as a free molecule, in lipids and in macromolecular material. The lipids
containing AEP are analogs of phospholipids and are both glycerophosphenalipids
(Scheme 1-4) and sphingophosphonolipids (Scheme 1-5). Although the C—P
bond could theoretically occur at the position 'of either of the two phosphate ester

bonds in the phospholipid, the known naturally occurring materials contain the C—P

bond only in the position it is found in AEP. The macromolecular materials are

proteoglycan type materials and may contain fatty acids. These phosphonate
molecules may make up a significant proportion of the phospholipids which occur in

a given organism or tissue,

1.3.1.1 Glycerophosphonolipids

AEP was found to be bound to glycerol in lipids of Anthopleura
elegantissima (7). Klttredge et al. (8) isolated and characterized N-methyl-AEP and
NN N-+rimethyl-AEP from A. xanthogrammica. These derivatives were then

identified in phospholipid fractions other than sphingolipids, which would

10
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presumably indicate their presence as glycerophosphonolipids. Liang and
Rosenberg (9) identiﬁed diacylglyceryl-AEP, the AEP analdg of PE, in Ii;:iid extracts
of the protozoan Tetrahymena pyriformis. Thompson (10) found that a large
percentage of this phosphbnolipid contained an alkyl ether bond at carbon 1 of the
glycerol. Later work has shown that the major component of the ciliary lipids of
T. pyriformis is glycerophosphonolipids. These phosphonate-containing analogs
seem to be enriched in ciliary lipids over the remainder of the protozoal lipids (11,
12). Since that time, diacylglyceryl-AEP and diacylglyceryl-N,N,N-trimethyl-AEP,
which is the phosphonate analog of PC, have been isolated from bovine liver (13)

and bile {(14).

1.3.1.2 Sphingophosphonolipids

Ceramide AEP was first identified as a component of the lipids of the
sea anemone A. elegantissima by Rouser et al. (1 5). Simon and Rouser (16) then
elucidated the structure of the ceramide AEP and found the base to bé sphingosine
with the AEP esterified to the first hydroxyl group and an N-acyl group at the second
carbon. The fatty acids were predominantly saturated and had chain lengths from
14 to 18 carbons. Ceramide AEP has been identified in a variety of other species.
These ceramides contain sphingosine or closely related derivatives as long-chain
bases. More complex sphingolipids, containing both a phosphonate and a
carbohydrate moiety, have also been characterized. Cerebrosides containing AEP
or N-methyl-AEP, palmitic acid, galactose, and a long-chain base have been isolated

from viscera and muscle of Turbo cornutus (17-1 9).

13



1.3.2 Role of phosphonates

The discovery of AEP has led to investigations on the distribution,
metabolic pathways, chemical properties and biological significance of naturally
occurring phosphonates. The answers to many of the questions concerning
phosphonates have proven to be elusive. Of increasing importance are the
questions concerning the role of the unusual materials in the intact organism and the
explanation for their existence, Since there is no documented role for free AEP, the
role of the aminophosphonates in vivo consists of two interrelated aspects: first, the
role of the aminophosphonates in the structure and functioﬁ of the rﬁolecule into
which it is incorporated and, second, the role of that macromolecule in the structure
and functon of the ‘Organism in which it is found. The’ first aspect must be
addressed by examining the aminophosphonates and the- fﬁélecules into which they
are incorporated naturally. The molecular properties ‘involved include effects on the
pl, solubility, and steric relationships. Secondary effects such as change in
structural conformation of macromolecules may result from the primary effects. All
of these factors have the capability of imposing metabolic or functional restrictions
on the phosphonate-containing molecules or of imparting a uniqu'e function to the
materials. Many prosphonate-containing molecules have been observed to be
resistant to enzymatic hydrolysis (12, 20). This property may be observed at the
C—P bond or at other parts of the molecule as well. Rosenthal and Pﬁusada (21)
have investigated the effects of phosphonates on phosp;holipases. Th‘e enzymes

- most effectively inhibited by phosphonates are those that would hydrolyze an ester
at the location of the C—P bond. They also found that the phosphonate analog of
PC was a weak inhibitor of phospholipase C from Clostridium perfringens.

| Thompson (22) has also noted that the presence of incorporated AEP prevents the

degradation of phosphonolipids by phospholipases. Thus, the presence of a C—P

bond can impart resistance to a variety of hydrolytic éhzymes. In addition to the

14



resistance to enzymatic hydrolysis, there are some structural considerations of
importance. The presence of an alkyl ether in the glycerophosphonolipids imparts
an inert character to the molecule but does not disturb the normal lipid interaction.
The presence of AEP together with sphingosine may provide a molecule of even
more inert character in the hydrocarbon backbone than the

glycerophosphonolipids.

The second aspect of the role which the phosphc)nate molecule plays

in the organism Is directly related to the properties of the molecule itself. The inert {

character of the phosphonate-containing molecules may be used to generate
membranes or structural components which are resistant to oxidation, hydrolysis, or
metabolic processes. Whether there is an actual biological requirement for these
resistant structures is not known. The nonrandom incorporation of AEP into
anatomic structures in T. pyriformis (11, 12) and other organisms is indicative of a
unique function. It has been proposed that in 7. pyriformis the AEP was
incorporated into structural material and conferred resistance to enzymatic
hydrolysis on the cell membrane. This AEP-containing material is apparently not
metabolized further, is necessary for structural integrity and is synthesized only
during cell growth. Thus, phosphonates may be a storage mechanism for
phosphorus in a phosphorus-deficient environment. This phosphonate phosphorus
may then be utilized asjrequired for the structural integrity of membranes (12.\20),
since it is apparently not available metabolically. 1t is apparent that structures and

functions involving phosphonates are intimately related.

1.4 Céll and model membranes

The model presently universally accepted to represent the structure of

biclogical membranes is that originally proposed by Singer and Nicolson (23). In

15



this model, the basic matrix is constituted of a relatively fluid phospholipid bilayer in
which are imbedded mainly globular amphiphilic proteins (Figure 1-1). From a
thermodynamic point of view, two types of noncovalent interactions are thus
maximized:  hydrophobic and hydrophilic. Nonpolar fatty acid chains are
embedded inside the bilayer, whereas polar or ionic groups of phospholipids are in
direct contact with the aqueous phase located on both sides of the membrane.
Furthérmore. nonpolar amino acid residues of proteins are imprisoned as much as
possible inside the membrane, out of water contact, and their polar or ionic
residues, as well as oligosaccharides, are in contact with the surrounding aqueous
rhedium. The individual molecules in the Iipid-protein mosaic are able to diffuse with
respect to each other. The bilayer acts as a two-dimensional liquid through which

the lipids and proteins may move laterally.

Due to the complexity of natural membranes, it is often difficult to
localize specific interactions occurting in biological membranes. In order to simplify'
the system, r_nodel memb’l"anes are often used. As a consequence of the
combination of a polar and an apolar part in the same molecule, membrane lipids
spontaneously form aggregates when they are dispersed in water. The molecular
organization of such aggregates is dependent on the molecular shape of the
constituting molecules (24). Lipids which have a good balance between the size of
the polar headgroup and that of the hydrophobic part easily form bitayer structures
{e.g. PC, PG and SM). They consist of concentric multilamellar dispersions or
liposomes of variable sizes. Each lamella is a bilayer similar to that formed by the
lipids of natural membranes. Bilayers of lipids and water layers -alternate in the

multilamellar dispersion. ~ .

Most discussions of lipids in membranes have presumed the

dominance of a bilayer structure, in either the highly ordered and immobile gel

16



Figure 1-1. The fluid mosaic model of membrane structure. The membrane
consists of a fluid lipid bilayer, in which globular proteins are embedded on one side
or another, or span the entire membrane thickness. Phospholipids are represented
by a polar or ionic heéagréup (spheres) and hydrophobic fatty acid chains (wavy
lines). The solid bodies with hatched section represent integral globular proteins.

From Singer and Nicholson (23).
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phase, or the less ordered and mobile liquid crystalline phase. Various studies have
suggested the possible existence of two other morphological states of the lipids, an
inverted hexagonal (H)) phase and an isotropic phase. The hexagonal phése has
been characterized by x-ray studies on model systems (25). It consists of long
cylinders of phospholipids where the polar headgroups surround an inner aqueous
channel. Lipid molecules with a polar headgroup of limited size and hydration (e.g.
unsaiurated PE) prefer this arrangement (24). When the polar headgroups are
dominating in lipid molecules (e.g. lysoPC), a reversed hexagonal (H,) organization
is formed upon hydration with a limited amount of water, which is converted into a

system of globular micslles in excess water.

1.5 Nuclear magnetic resonance spectroscopy

Phospholipid membranes can be examined from two points of view. In
the first, the membrane is considéred as a collection of phospholipids with particular
macroscopic properties, e.g. thermodynamic properties such as phase behavior
and transitions. The second is a molecular or microscopic one, which examines the
structural and motional properties of the various parts of the phospholipid molecule,
Nuclear magnetic resonance (NMR) techniques have been applied to both types of
studies. It has been useful in demonstrating the presence of the phases mentioned
above in many different lipid systems and biological membranes (24). NMR can
also provide information about the local environment in a very small, submolecular
region of the membrane, in fact, at the level of individual atoms. Different techniques
of NMR apply to studies of static or averaged structural and dynamic parameters.
14, 2H, 13C, 14N, 15N and 31P NMR can provide different types of information on the
same membrane structure (26, 27). Solid-state NMR studies (28) of biomembranes

have been carried out mostly with deuterium and phosphorus-31.
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1.5.1 2H NMR

2H NMR spectroscopy has been of great help in the study of the
physical state of the hydrocarben chain region of phospholipid bilayers (29, 30).
This requires the synthesis of specifically deuterated phospholipids. These lipids
are then dispersed in water; proteins or other membrane components may be

incorporated if required.

The 2H NMR signal has a symmetric appearanee (Figure 1-2). The
separation between the two maxima Avq is called the quadrupolar splitting and an
order parameter can be calculated directly from it. This order parameter is a well-
defined phys:cal parameter and is suited | for describing membrane lipid properties; it

is the C—2H vector angular fluctuation average over the time scale of the deuterium

NMR experiment (=105 s) (31). The quadrupolar splitting can be measured only in '

dispersed preparations, since in small vesicles the interactions of interest are
completely motionally averaged, resulting in a single line. The signals can be
assigned in a straightforward manner and there are no complications from naturally
occurring deuterium. Since 2H NMR relaxation proceeds by only one mechanism
(quadrupole relaxation), spin lattice relaxatien time (T,) measurements provide a

good indication of motionin a phoepholipid system.

1.5.2 31P NMR

A great deal of insight into the phase behavior of lipids in membranes
and into the degree of organization of lipid headgroupe has been gained by 31P
NMFI Many of the detsils of the method are given in Seelig (32‘ and Cullis and
de Kruijff (24). The relatively high sensitivity of this nucleus is an advantage 31p
NMR has been applied to membrane studies mainly for the detectten/of phase

changes. Hydrated phospholipids may adopt a variety of conformattehs according
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Figure 1-2. Example of a solid-state 2H NMR spectrum. The sample is a fine
powder of L-alanine-3,33-dy and the spectrometer frequency 46.1 MHz. ~fhe

quadrupole splitting Avq is easily measured as the separation of the two peaks.
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to the nature of the lipid, the amount of water, the presence of ions, the pH, the
temperature, etc. Two of these dispositions are depicted in Figure 1-3, the so-called
bilayer and hexagonal H; arrangements; other phases such as cubic, miceilar and
inverted micellar are also possible. Classically, the various phases have been
distinguished by means of x-ray diffraction; iwowever. 31p NMR can be used instead,

and often advantageously (32, 24).

The technique is based on the large chemical shift anisotropy
exhibited by lipid pﬁosphorus. in the presence of proton decoupling, the anisotropy
results in characteristically broad spectra whose shape and width depend on
phosphoelipid motion; in turn, this is related to the lipid phase. In large bilayer
structures (radius greater than 200 nm), as is the case for most biomembrane
preparations, the only possibility of motion at the NMR time scale is the rotation of
the phospholipid molecules about their long -axis. Tﬁe result is a very broad
spectrum with a low-field shoulder and a high-field peak (Figure 1-3). In the
hexagonal (H)) phase, lipids experience additional motion averaging, because of the
lateral diffusion around the small aqueous channels. As a resuit, 3'P NMR
lineshapes occur with reversed asymmetry as compared to the bilayer spectra, and
with about half their width. Finally, in the case of small sonicated liposomes, or in
micellar configurations, effective isotropic motion occurs, and lateral diffusion
succeeds in averaging all orientations, leading to narrow symmetric 31P NMR
spectrum, as shown in Figure 1-3. A detailed up-to-date review of the application of

31p NMR to membrane studies may be found in Smith and Ekiel (34).

1.5.3 Headgroup conformation

Many techniques ha\}e given a picture of the headgljbups of PC and

PE. The conformation of the PC headgroup in a membrane is now widely accepted
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Figure 1-3. Polymorphic phases available to hydrated liquid-crystaliine
phospholipids and the corresponding 3'P NMR spectra. The bilayer spectrum was
obtained from aqueous dispersions of egg yolk phosphatidylcholine; the hexagonal
spectrum corresponds to soybean phosphatidylethanolamine; the "isotropic motion"
spectrum was obtained from a mixtureof 85 mol% soya phosphatidylethanolamine
and 15 mol% phosphatidylcholine. The spectra were obtained at 30°C in the

presence of broadband proton decoupling. From Cullis and Hope (33).



to be approximately that shown in Figure 1-4. The headgroup is seen to lie parallel
to the membrane surface with the quaternary amine function directed upwards. The
most direct evidence for this conformation comes from crystal structure of
dimyristoylphosphatidylcholine (DMPC) (35). The orientation of the PE headgroup is
also parallel to the bilayer surface. Figure 1-4 shows the crystal structure of
dilauroylphosphatidylethanclamine {DLPE) (36, 37). A gauche-gauche conformation
is almost always found for the O—P—O ester linkage. whether in phospholipids,
small model compounds or nucleic acids (38). This conformation introduces a bend
already ‘at the phosphorus, probably impartirjg an orientatiohal preference. Steric

factors would then place further limits on the available conformations.

2H NMR in combination with 3P NMR has been proven useful in the
"analysis of headgroup structure and these data are compatible with the crystal

structure, although they can be interpreted in terms of other conformations (39-41).

1.6 Aim of the résearch

The conformation and motional properties of the polar headgroup
region of phospho- and phosphonolipids are of considerable interest. This
attention is well deserved, since it is at the level of the headgroup that the bilayer
interacts with its environment, the surrounding water. The presence of the
phosphorus-carbon bond in phosphonolipids might confer to them a different
headgroup conformation which could be responsible for a special function. In this
work, NMR techniques were applied to the study of biologicai and model membrane

systems containing phosphonolipids.

The aim of the research was to determine the headgroup conforrﬁétion

of phosphonolipids using NMR techriiques' and’ to compare it with.fﬁat of
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Figure 1—4. Crystal structures of dimyr_is}gglphbsphatidylcho[ine (DMPC) (35) and
dilauroylphosphatidylethanolamine (DLPE) (36, 37). Oxygen atoms are shaded.

From Browning (27).
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phospholipids. To achieve this goal, the work was divided into several parts. The
protozoa Tetrahymena thermophila possess a large proportion of phosphonolipids
in its various membranes. In the first part, the lipids of this organism were studied by
31p NMR. The technique was useful mainly to determine the phase behavior or
phospho- and phosphonclipids in polar and total lipid extracts. For a quantitative
interpretaiion of the 31P NMR data obtained for phosphonates, the chemical shift
tensor is required. In the second part, the principal values of the 31p NMR chemical

shielding tensor and their orientation were measured on single crystals of AEP,

which was used as a model compound. Phosphenolipids selectively labelled in the

headgroup were then synthesized in the third part, in preparation for the model
membrane studies. Finally, in the fourth part, 2H and 3'P NMR parameters were
measured and, by analogy with previous studies on phospholipids (39-41), were

used to calculate possible headgroup conformations for a synthetic phosphonolipid.

1.7 Qutline of the thesis

The next chapter (Chapter 2) presents a general outline of the theory
of nuclear magnetic resonance together with the particular applications of 2H and
31p NMR to membrane studies. Chapter 3 is devoted to the study of the lipids of
Tetrahymena thermophila, mainly the use of 3'P NMR to examine the phase
behavior of phospho- and phosphonolipids in mixtures of polar and total lipids
extracted from this organism. The complete 31p NMR chemical shielding tensor of
| 2-aminoethylphosphonic acid has been determined (Chapter 4). The synthesis of
headgroup-deuterated phosphonolipids is des'c.ribed in Chapter 5. In Chapter 6,
'using a simple quél for headgroup reorientation.h possible h'eadgroup

conformations for a synthetic phosphonolipid were calculated from 31P and 2H NMR

N
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spectral parameters. Finally, the main conclusions of the thesis research together

with suggestions for future work are presented in the last chapter (Chapter 7).
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CHAPTER 2

THEORY OF NUCLEAR MAGNETIC RESONANCE
AND APPLICATIONS TO MEMBRANE STUDIES

2.1 Introduction

High-resolution nuclear magnetic resonance (NMR) spectroscopy has
been widely used to determine molecular structures and conformations and to study
dynamic chemical processes in solution. For samples constrained to be examined
in the solid state, either for solubility reasons or because sample properties are
modified in solution, conventional liquid-state NMR techniques have not been very

useful.

Essentially the same interactions are responsible for liquid- and solid- |
state NMR spectra. The major difference is that molecular tumbling averages these
interactions in liquids while in solids such motion is either absent or considerably

reduced, and this gives rise to additional complexities in the spectrum.



2.2 The NMR experiment]

Nuclei with odd mass or charge possess the property of spin. The
spin angular momentum vector 1A is measured in units of A, where A is Planck’s
constant divided by 2x. The value of the spin quantum number [ is an integral
multiple of 1/2. The possession of both spin and charge confers on the nucleus a

magnetic moment ¢ which is proportional to the magnitude of the spin:
u = vhl, | | [2-1]

where 7, the magnetogyric ratio, is a constant which varies from one type of nucleus

to another.

The magnetic moments & of nuclei having a net spin will normally be
randomly oriented, but when placed in a static magnetic field they will align with the
lines of force of the field. . The interaction between the applied field By and the
nuclear moment g'enerétes a torque which causes the latter to precess about the
direction of the field. For a given field strength, each nucleus precesses at its own
characteristic a'hgular frequency wg and this is determined by the Larmor

relationship:
wg = 2mry = —7vBy,. [2-2]

Quantum theory demands that the allowable nuclear spin states are
quantized; the spin quantum number m;, which is the component of the nuclear spin
vector in any given direction, can only take up one of a set of 2/ + 1 discrete values

which are: I,/ — 1, ..., =/ + 1, —/. The energy of the different levels is given by:

T Taken from Carrington and McLachian (1), Lynden-Bell and Harris (2), Farrar and

Becker (3) and Muillen and Pregosin (4).
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For nuclei with / = 1/,, only two orientations of the magnetic moments — parallel
and antiparallel to the field — are quantum mechanically allowed. Since the two
orientations have slightly different energies, a small excess of nuclei in the lower
energy state (parallel if a positive value of v is assumed) results._ The population
ratio Ng/Np of the two states (B upper and A lower) depends on the absolute

temperature T, the strength of the magnetic field and the nuclear magnetic moment

according to the Boltzmann relation:
Ng/Np = exp(—vhBy/KT), . [2-4]

where k is Boltzmann constant. A conseguence of the excess population in the
lower spin state is the existence of a net macroscopic equilibrium magnetization M,
directed along B, {by convention the‘z axis). This represents the resultant effect or
weighted average of all the individual magnetic moments of the nuclear species in

the sample.

If this net magnetization is subjected to a second field B, placed at

right angles to the static field By and made to rotate at a frequency wq, then the

magnetization vector M experiencing the resultant of the two fields will be tipped'

away from the original z direction by an angle & which is dependent on the strength

B, and duration ¢t of this second field according to:
g = —yBt. | | [2-5]

A common simplification is to view the spin system from a rotating frame where the

entire coordinate system is taken as rotating about By at the precession frequency

of Mg. Since both the observer and the magnetic moment rotate around together, |

the tipping of M appears as a simple rotation of M about an apparently stationary
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field B4. In practice this displacement of M is achieved by surrounding the sample
with a transmitter coil connected to a source of radio-frequency (rf) power which

when pulsed creates a rotating magnetic field component in the xy plane.

Immediately after M is tipped away from the z direction and the applied
pulse is discontinued the resultant magnetization will have a rotating component in
“the xy plane which can be detected by the decaying sinusoidal voltage it induces in

- areceiver coil placed in this plane. This signal is called a free induction decay (FID).

The tipping of the magnetization M corresponds to the absorption of
energy as some nuclei undergo transition from th_e lower to the higher energy state.
In a typical NMR experiment, a pulse which rotates My by 80° (termed a 90-degree
pulse) usually lasts a few microseconds. This pulse is of such power and
encompasses a range of frequencies Ar to simultaneously tip the magnetizations of

many dissimilar nuclei in a molecule (3-dB attenuation):
Ay = 3.79/mtgge. [2-6]

Thus, multiple energy absorptions take place and the FID consists of superimposed
sine waves each With its characteristic frequency resulting in a complex interference
| pattern. To abstract the individual frequency domain spectrum (a plot of energy
absorption versus frequency), Fourier transformation, é mathematical operation, is

required.

The absorption of energy (resonance) occurs when the sample is
- irradiated with electromagnetic energy at a frequency corresponding to the
precessing macroscopic moment My. In fact, both absorption and emission of
energy are stimulated when a nucleus is in resonance. The probability of a
particular transition, howevqr. is proportional to the population c;f the energy étate

from which it occurs,
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To determine the spectra of low-receptivity nuclei, i.e. those with small
magnetogyric ratio or low natural abundance, a series of repetitive pulses with signal
acquisition between pulses is necessary to develop a strong FID. The successive
free induction decays are automatically digitized ahd accumulated in a computer

prior to Fourier transformation into the conventional spectrum. |

The utility of NMR as an analytical method stems directly from the fact
that for a given nuclear species the resonance frequency is very sensitive to small
\fariations in molecular structure as well as to much larger changes in going from
one nuclear species to another. In complex molecules, the magnetic field is subtly
and nonuniformly altered in the vicinity of some nuclei as a result of shielding
currents associated with neighboring electronic orbitals. The resonance magnetic
field in Equation [2-2] must be replaced by an effective field slightly different from
B,. The internally created secondary fields shield nuclei from the applied field to
different extents, giving rise to a rahge of chemical shifts or resonance frequencies
for nuclei in different molecular environments. Molecules possessing more than one
magnetic nucleus frequently give NMR spectra showing that the magnetic moments
of different nuclei interact with each other, the nature of thel interaction again being

characteristic of the molecular environment of the nuclei.

Some nuclei with spins [ > 1 /o also possess an electric quadrupdle
moment Q which occurs because the distribution of electric charge density inside
the nucleus is ellipsoidal rather than spherical. Nuclei with quadrupale moments
tend to orient themselves in the. strongly nonuniform electric fields produced by
valence electrons in a molecule a'nd this produces various complications in NMR

spectra.



2.3 Relaxation?

2.3.1 Spin-lattice relaxation

When the excitation pulse is discontinued the individual nuclei begin to
undergo relaxation by releasing the absorbed rf energy to the surrounding lattice
causing primarily increased molecular translations and rotations. In this manner, the
original thermal equilibrium Boltzmann population of nuclear spins is re-established.
The relaxation time 7, is characteristic of the time required for the magnetization to
realign itself along the z axis and depends on the mechanisms available for the
+ transfer of energy. Although there are several mechanisms by which this transfer
can occur, the common feature of all spin-lattice relaxation processes is that they
depend on the existence. of some molecular motion to generate a randomly varying
magnetic field or electric field gradient which will have a local field component
fluctuating at the Larmor frequency of the nucleus to be relaxed. It is important to
note that 7, is determined bv molecular motions. Temperature and viscosity
influence translational and tumbling motions whereas molecular size, shape and
viscosity determine rotational motions. In solution large polymeric molecules tumble
at rates comparable to therprecessional frequencies' providing effective relaxation
mechanisms and ieading to short relaxation times. Small molecules undergo
rotational reorientation at rates considerably faster and T, is found to be long,
several seconds or more, because the transfer of energy is inefficient. In solids,
where atomic and molecular motions are severely restricted, T4 can last for hours.
Lattice vibrations are ineffe‘c:’tivie_a:_;in_l_pro_vig_ing the appropriate fluctuating internal
magnetic fields because their frelc‘quehcie?s.' are much higher than the usual Larmor

frequencies.

2 Taken from Carrington and McLachlan (1), Farrar and Becker (3) and Shaw (5).
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The optimum pulse angle in a Fourier transform NMR experiment can
easily be determined with the knowledge of the spin-lattice relaxation time. It is

given by the Ernst angle o (6), where:
cosag = exp(—T/Ty), | [2-7]
and T is the repetition time, i.e. the time between successive excitation pulses,

The longitudinal relaxation time T, can be measured with the inversion
recovery pulse sequence: (T —180° —7—90°, —FID},,, where the subscript after a
pulse represents the phase of the puise. The T delay establishes or re-establishes
the Boltzmann equilibrium between the. populations. A first 180°, pulse inverts the
magnetization vector towards the —z axis. Since no component of this vector lies in

the xy plane, the return to equilibrium is governed by the relaxation time T, only.
After a variable time r, a 90°, pulse brings the magnetization on the >y axis. The

FID can then be detected and its initial amplitude is proportional to M, at the time .
The return to eqqilibrium of M, is given by the differential equation:
dM,/dt = —(M, — Mg)/T4, | ‘ [2-8]
which gives after integration:
M, = My[1 - 2exp(—7/T4)1. [2-9]

In practice, to account for pulse imperfections and nonequilibrium conditions, the

data is fitted to the fo!loWing equation:

A(r) = ¢y + caexp(—r/c,), [2-10]
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where A(r) represents the amplitude of the signal following the 90°, pulse at time 7.
From Equation [2-9), the delay T between each puise sequence must be at least

5T, to allow for the complete return of the magnetization to the +z axis.

2.3.2 Spin-spin relaxation

_ A second process called spin-spin relaxation T, can take place during
the NMR experiment. The NMR signal detected in the xy plane, the FID,
exponentially decreases with time. If when the excitation pulse ends all the nuclei in
the sample were experiencihg the identicai field strehgth. then the individual nuclear
moments onuId continue to precess in phase and the rotating component in the xy
plane would disappear at a rate governed by 7y, which reflects the return alignment
of M along the z axis. In a typical sample where molecular diffusion and
reorientation are occurring, the precessing nuﬁ:lei experience varying internuclear
magnetic fields. With nuclei distributed over a range of field strengths, the individual
moments begin to precess at different frequencies causing dephasing, cancellation
and diminishing intensity of the signal. I is worth noting that this spin-spin or
transverse relaxation time T, can be shorter than T but never longer. For liquids T,
can be as long as sevaral seconds and tends to be not too different from T, but for

solids T, is much smaller with values falling in the microsecond range.

Moreover, since the fields created by real magnets are not uniform
over the entire volume of the sample, this inhomogeneity also contributes to the
dephasing of the magnetic vectors, causing the FID to decay faster than it would if
the field were perfectly homogeneous. The true molecular relaxation time 7, is
inversely related to the natural linewidth and is distinguished from the time constant

Té*. which is characteristic of the rate of decay":'of the signal in"an imben‘ect field.
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The spectral resolution as measured by the linewidth at half-height Ar,,. is essentially

governed by T," according to:
Ap,, = 1/7T,", [2-11]

By the application of appropriate pulse sequences it is possible to

identify and cancel contributions from field inhomogeneities and determine the

sample intrinsic T, value. The pulse sequence used to measure T, is the spin echo:

(T—90°% —r—180°—r—echo),. The first 90°, pulse brings the magnetization |

vector along the +y axis. During the time 7, the individual components of the
magnetization vector precess at different frequencies in the xy plane, since they
- each expefience a different value of the field. A dephasing of the different
component vectors follows, which can be inverted after a timé 7 by a 180°, pulse.
The vectors, which diverged previously, now converge at the same relative
frequency with respect to the rotating frame and are all aligned along the —y axis

after another time 7.

The amplitude of the magnetization vector My at the time 2r depends

on T, according to:

dMy/dt = —My/Tz, [2-12]
which gives after integration:

My = Mgexp(—2r/T,). [2-13]
in practice, an equation of the form of Equation [2-10] is used.

For the vectors to converge exactly along the —y axis in the spin echo
method, each nucleus must experience the same magnetic field during the time 2r.

~ This is not always the case, since nuclei diffuse from one part of the field to another.
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The effects of diffusion can be reduced with the Carr-Purcell technique. The
sequence is; T —90°, —r—180°—7—echo—r-180°y—7—echo—7—.., where 7 is
made small enough for the diffusion to be negligible. The difference with the spin
echo sequence is that, after vector dephasing, another 180°, pulse is applied at a
time 3r after the initial 90°, pulse, which brings the vectors ‘back into phase again
along the +y axis at 47. Successive 180° pulses at 5r, 77, etc. cause echos at 6r,

87, etc., which are alternately positive and negative.

= A modification of the above sequence, the Carr-Purcell-Meiboom-Gil
(CPMG) techmque allows the reduction of the cumulatwe effects caused by pulse
length misadjustments in the multipulse sequence. The CPMG sequence is:
T—90°x—r—180°y—r—echo—r~—180°y-r—echo—r—..., where the phase of the
180° pulses is shifted by 90° with _réspect to the initial 90° pulse. Only positive echos
are obtained with this sequence. If the first 180°y pulse is slightly too short, the
magnetization vectors will rephase above the + y axis, reducing the echo amplitude.
However, the next 180°y pulse will be just long enough to bring back the vectors
exactly in the xy plane. Thus, the second echo and all even echos have the good

amplitude; odd echos are less intense, but in & noncumulative way.

2.3.3 Relaxation mechanisms

Local magnetic fields can be generated in many ways. Some of the
important mechanisms that contribute to the épin-lattice and spin-spin relaxation
processes are: internal dipole-dipole interaction, spin rotation, chemical shift
anisotropy, scalar coupling and quadrupolar interaction. Table 2-1 summarizes the
mathématical form of these various magnetic fields and the appropriate molecular
correlation time. The expected form of any equations describing nuclear relaxation

resulting from random molecular motion will be:
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Table 2-1. Summary of relaxation mechanisms®.

Mechanism <bip2>? Correfation time

Dipole-dipole

nuclear-nuclear reorientational

ro2yPvsohRl(l + 1)/1 672r;g0

electron-nuclear translational

Spin rotation® 2/KkT(2C12 + C" 2) /3h2 angular momentum

Chemical shift v2Bg2(v I = o1)? reorientational

anisotropy®

Scalar coupling 2/33(8 + 1)(27J)2 - exchange or excited
. state lifelime

Quadrupolar (2 + 3)/12(2) — 1)}(1 + 712/3)(eaq0/47r60h)2 reorientational

4@ From Shaw (5).

b Symbols: 'k, Planck's constant divided by 27, k, Boltzmann constant; e, charge of
the electron; uq, permeability of vacuum; e,, permittivity of vacuum; T, absolute
temperature; /', moment of inertia; By, applied magnetic field; /, nuclear spin;
S, coupled spin; rg, distance between spins / and S; ¥, magnetogyric ratio;
Q, quadrupole moment; C" and Cu, parailel and perpendicular components of
the spin rotation tensor; ] and o, parallel and perpendicular components of
the chemical shielding tensor; J, spin-spin coupling constant; q, electric field
gradient; », asymmetry parameter of the electric field gradient; <b,,.2>, mean

square average of the interaction.,

¢ Assuming axial symmetry.
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2TI'/T1 = <b[0c2> [C1TC/(1 + w2Tc2)], . [2—14]
27 [Ty = <bige?>[Core + Care/(1 + w?r )], [2-15]

where <b\,.2> is the mean square average of the local field at the nucleus

expressed in rad2/s? and r,, the correlation time for the process.

2,3.3.1 Internuclear dipole-dipole interaction

Two neighboring magnetic nuclei will experience not only the external
magnetic field but also the local fields produced by each other the strength and
direction of which depends on their respective magnetic'moments, internuclear
separation and orientation in the field. Constantly changing orientations of the two
nuclear spins generates fluctuating local fields which stimulate relaxation of nuciei.

This is the most important mechanism for spin/ = 1/, nuclei.

Another case of this interaction is where the relaxing field has its origin
with an electron spin rather than a nuclear spin, e.g. from any paramagnetic species
present in the sample. Since the magnetic moment of the electron is roughly three
orders of magnitude greater than nuélear moments, the fields are correspondingly
more intense. When modulated by molecular tumbling, such fields can then induce

very efficient relaxation.

2.3.3.2 Spin rotation

" The next most important relaxation mechanism for spin / = 1 /o nuclei,
“especially in small molecules, is spin rotation. A freely rotating molecule or
molecular segment has associated with it a constant molecular magnetic moment
which fluctuates when collision with other molecules occurs. The mechanism is

most efficient for small symmefrical molecules at high temperatures and is very
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significant when dealing with molecules in the gas phase. Nuclei relaxed partially by
spin rotation show a nonlinear behavior in relaxation time as a function of

temperature.

2.3.3.3 Chemical shift anisotropy

Electrons in a molecule produce an auxiliary field the direction and
magnitude of which depends on the spatial disposition of the electronic orbitals with
respect to the static field. Fiuctuating local fields are generated when the molecule
moves in the field. The mechanism can be detected by its dependence on the

square of the operating field.

2.3.3.4 ' Scalar coupling

if a nucleus ! is spin-spin coupled with a second nucleus S, it is
possible for S to provide a fluctuating magnetic field, and hence a relaxation
mechanism, at the first nucleus via scalar interactions involving the bonding
electrons.  Fluctuations can occur from two sources, firstly from any time
dependence of their spin coupling constant, and secondly from the time

dependence of the excited state of spin S.

2.3.3.5 Quadrupolar interaction

For a nucleus with a quantum number greater than /o there is an
additional relaxation process available which occurs via interactions with a
fluctuating electric field, as opposed to magnetic field. A spin/ = 1/, nucleus has a
spherical nuclear charge'distribution; for nuclei with a higher quantum number, the
charge distribution is nonspherical, resulting in their having a quadrupole moment

/2. Quadrupolar nuclei do not have an electric dipole moment, hence their energy is
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independent of orientation in a uniform electric field. However, in the presence of an
electric field gradient, they precess about the net electric field, and in doing so

provide a refaxation mechanism.

2.4 Basic nuclear spin interactions in solids?

7 This section summarizes the basic nuclear spin interactions which
occur in solids. The notation will be in tensorial form throughout to emphasize the

anisotropy of these interactions.

First, nuclear spin interactions between external fields (Bg and B4) and

internal ﬁélds are distinguished. The total spin Hamiltonian H is thus given by:
H=Hgy + Hinp [2-1€]
where
Hey = Ho + Hy. | [2-17]

Hgand H, are the Hamiltonians for the Zeeman interaction with the external fields By
and By, respectively. The spin interaction of two different types of spins I and S with

internal fields may be written as:

Hiw = Hg + Hp + Hy + Hq, [2-18]

where Hg is the shielding Hamiltonian, Hp and H; the direct and indirect interactions

among spins | and §, and Hp the quadru'pole interactioh Hamiltonian.

3 Taken from Mehring (7).
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Table 2-2 gives the form of the Hamiltonian for the interactions with
internal fields. All Hamiltonians are expressed in angular frequency units for
convenience. It is assumed that the symmetry of the solid is such that all the spin
interactions can be represented by second-rank Cartesian tensors, Coupling of the

spin I to the external fields is expressed as:

Hg = 1-Z-B,, . ,. [2-19]

Hy =1-Z-By, | o [2-20]
where

By = (By. By, B,), | [2-21]

By = 2(By,(t). Byy(t), By,(t))cosat, [2-22]

Z = —v1, [2-23]

and 1 is the unit matrix.

2.5 NMR in solids

2.5.1 Chemical shift anisotropy

In liquids, rapid and random molecular tumbling occurs and the
frequencies are averaged to the isotropic value that is observed as a narrow line. As

the rigidity of the sample lattice increases, this motional averaging diminishes.

in polycrystalline samples or amorphous powders some molecules will
be aligned parallel to the field, some perpendicular, and others will assume the full

range of possible orientations between these limits, The interaction between the



Table 2-2. Spin Hamiltonians for interactions with internal fields@.

Interaction Form of the Hamiltonian?
Chemicalshit ~ ~ Hg/h=~l-g-By
. DipOIQ'dipCﬂe HD/h = Ei<_f (#Oh’ri']fj/q-'?rfija} [’, . ’1' - 3(’, . ru) (’j . fij)/r,-jal

HD/h = Ei=f !f D ,} ‘
Dog = (rohvivj/47rP)(Eag — 3e4e4)
o, fB=xy2

Spin-spin coupling Hylh = 2xZig;li-d -1

Quadrupole Hqo/h = [eQ/21(2 — )b} -V -1

2 From Mehring (7).

b Symbols: A, Planck's constant divided by 2w, e,charge of the electron;
v, magnetogyric  ratio; @, quadrupole moment; §, Kroenecker symbal;
ey a-component of the unit vector along i i, spin angular momentum;
By, applied magnetic field; r, internuclear vector; g, chemical shielding tensor:
D, dipolar coupling tensor; J, spin-spin coypling tensor; V, electric field gradient

tensor,
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electrons surrounding a nucleus and the applied field produces an effective field at
each nuclear site which depends on the orientation of the molecule in the applied
field. Thus, even chemically identical nuclei in different molecules may be shielded
from the external field to varying extents and the powder patterns that result reflect

the three-dimensional nature of this chemical shielding anisotropy.

2.5.2 Dipolar broadening -

The dominant forces acting on dilute nuclei arise from the direct
nuclear dipole—dipole interaction between the rare nuclei and their nearby aburdant
neighbors (usually protons). The strength of this interadtion and the local field B,
produced by the abundant nucleus at the rare nucleus site vary in\)ersely with the
third power of the distance vector r between the two nuclei and with ¢, the angle

between the internuclear vector and the static magnetic field By. This relationship

may be expressed as:

Bioe ~ *(3c0s26 — 1)/2r°, [2-24]

The effective field By, at the nucleus is either greater or less than the static field By,

depending on whether the neighboring dipole is aligned with or again‘st the field.
Since the probabiiities of these two alignments are almost equal, the rare spin
resonance is split into a characteristic doublet the width of which is a function of ¢,
For a polycrystalline sample, each nucleus is dibolar coupled to many neighboring
rare spins each with somewhat different values of r and ¢. The result is the overlap

of the various dipolar splittings to give the broadiline spectrum,

A relation known as Van Vleck's formula (1) gives the second moment.

For the heteronuclear case, its has the fdfm:

(@mAn)2 = (1;2/6072)v 2v52h2(1/n)S(S + 1)E2(1/r9), [2-25]
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and for the homonuclear case:

(2rAv)2 = (3uo2/80%3), 201 /)il + 1)Z,°(1/r8). [2-26]
0

2.5.3 High-power decoupling

Heteronuclear proton dipolar contributions to “the rare nucleus
linewidths can be removed by én alternative approach. If while the spectrum is
recorded the sample is simultaneously irradiéted at the proton resonance frequency
the result is that rapid transitions between the two proton spin states are induced
effectively eliminating the dipolar field created by the brotons at the rare nuclei.
Since tﬁe strength of this dipdlar interaction is substantial, a pbwerful decoupling

field is required.

2.5.4 Cross polarization?

In most chemical[y interesting solids containing two nuclear species, it
is usually the proton that is the abundant magnetic nucleus and the other is

considered the rare nucleus. The rarity may be due to low natural abundance as

with 183G and 15N, or it may be due to high magnetic dilution as in the case with

isotopes such as 31P and 14N which frequently occur in a lattice rich in nonmagnetic
nuclei (e.g. 190 and 12C). In one respect, this is a fortunate situation because it
lessens the complications that might otherwise arise from homonuclear dipolar

interactions which are not removed by proton decoupling.

Although concentration dependence is important, the more serious

difficulty hampering NMR measurements on rare nuclei is the exceedingly long

4 From Pines et al. (8) and Yannoni (9).
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spin-lattice relaxation times. Fortunately, cross-polarization techniques overcome

the problem of low sensitivity in the detection of the rare nucleus.

The concept of spin temperature is useful in discussing the cross-
polarization strategy. For rare nuclei in a static field the difference in energy between
two spin alignments is AE = thB,. The ratio of the populations in the two spin

~states is given by the Boltzmann relation:

Ng/Np = exp(—AE/kTg), [2-27)

where A and B refer to the lower and upper states, respectively. Here Ty is defined
as the spin temperature and this does not necessarily correspond to the situation in
which the spin systern is in thermal equilibrium with its lattice environment. Since the
net magnetization available for detection in an NMR experiment is proportional to the
population difference Ny —Ng, a low rare nucleus spin temperature, implying a large
. Polarization of the magnetic moments, is desirable. To achieve this, advantage is
taken of the fact that the abundant protons surrounding the rare nuclei usually
undergo spin lattice relaxation much faster than the rare nuclei and under

appropriate conditions magnetization can be transferred from the protons to the

rare nuclei.

A typical crdss-polarization experiment viewed from a rotating frame of

reference begins with the application of a 90° pulse that tips the net proton

magnetization into a plane perpendicular to the static field Bg,. Immediately following |

the pulse while continuing the proton irradiation, the phase of the driving rf field By is
shifted by 90° so that it is collinear with the magnetization and the two are spin
locked to eachh 6ther. Thermodynamically, this nonequilibrium conditionn is
equivalent to a lowering of the proton spin temperature in this rotating frame. The

large magnetization that originally corresponded to and was locked along B, at the
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beginning of the experiment is now locked along the effective field B,. This field is

perpendicular to the external field By and is several orders of magnitude less.

During the spin lock period, the rare nucleus transmitter is turned on
and thermal contact is made between the cooled protons and the warm dilute
nuclei. In the spin temperature sense, thermal contact means ti'[at two spins
exchange energy as one undergoes a transition from a lower to a ﬁigher spin state
and the other makes the opposite transition. For identical nuclei in a uniform field
the same quantum of energy is involved in the two transitions, but this is not the
case for dissimilar nuclei. To establish the cross-polarization transfer of
magnetization between abundant—rare spin pairs requires having the two nuclei
simultaneously un;ier the influence of diﬁerent‘effective fields so that their Larmor

frequencies in the rotating frame become equal and the Hartmann-Hahn condition
v/B; = ¥sBs | [2-28]

is satisfied. This is accomplished by the adjustment of both the proton (Bg) and rare
nucleus (B)) rf power levels. The oscillating field seen at one nucleus due to another

will then have the correct frequency to induce mutual spin transitions.

The Hartmann-Hahn condition is maintained for a short period so that
cross-polarization can occur causing a build-up of rare nucleus magnetization which
is proportional to the proton magnetizatipn previous"ﬁy developed. [n the final stép,
protqn irradiation is maintained while the rare nucléﬁs FID is observed in the usual

manner.

The Cross- polanzatuon technique affords two SIinf cant benefits. One

|s that the rare sugnal is enhanced by the abnormally large rare nucleus spin

polaru.at:on that has been created and this can be as much as vg/ v, that obtained

byha smgle pulse excitation. The other is that the cross-polarization process is more -
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efficient than the normal rare nucleus spin lattice relaxation process permitting the

pulse repetition rate to be increased because the interpulse delay is now governed

by the shorter proton relaxation rate,

2.6 NMR of membranes

Membranes are ordered fluids and because of this have a number of
properties in common with liquid crystals. Most important, the normal to the surface
of the lipid bilayer constitutes an axis of mational averaging. From an optical point of
view, the membrane therefore behaves like an uniaxial crystal with the bilayer normal
as the optical axis. This unique axis of the fluid bilayer is also called the director. If
the phospholipids constituting the bilayer are represented by rigid rods and the
movements of the individual molecules are followed over a long enough period of
time, the most probable orientation of the rods will be parallel to the director axis.
However, due to thermal energy, the molecules will continuously execute angular
excursions around this preferred orientation. As a quantitative measure for the
angular excursions and fluctuations around the director, the concept of order
parameters has been introduqed (10). If 6 is the instantaneous angle between the

rod-like molecule and the director, then the order parameter is defined as:
S =1/,<3cos%5 — 1>, [2-29]

where the brackets denote a time average. This is actually a rather simplified
representation of the order parameter formalism. It is fortunately valid for 2H NMR,
where it provides a physically unambiguous description of the average orientation of
the C—2H bond vector.. Due to symmetry of the electric field gradient around the
- C—2H bond ‘vector, one order parameter is. sufficient to specify the average

orientation of a C:=2H bond. However, there are many spectroscopic problems

_______
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where more than one order parameter is needed, in fact, the most general case

would require a 3 x 3 ordering matrix (1 0).

26.1 2H NMR?

Deuterium NMR has proven to be particularly useful for determining
'the motional anisotropies in membranes. A few unique features of this method
should be pointed out. The first step is the selective deuteration of the molecule of
interest. This may be achieved either by chemical synthesis or by biochemical
incorboration. One of the obvious advantages of selective deuteration is the fact
that the replacement of hydrogen by deuterium does not perturb the system. A
second advantage is the ease of assignment of the deuterium resonances. The
natural abundance of deuterium is low, and in a selectively deuterated membrane
the observed signal can be assigned unambiguously. The magnetic moment of the
nuclear spin of the deuterium nucleus is by a factor 6.5 smaller than that of the
hydrogen, which decreases the sensitivity of the measurements. However, dipolar
couplings are also reduced by the same factor. The dominant relaxation

mechanism in 2H NMR is quadrupolar relaxation.

2.6.1.1 2H NMR of liquid crystalline systems

The main asset of 2H NMR is the p'ossibility to detect and quantitate

anisotropic motions in microscopically ordered systems such as bilayers or
hexagonal lipid phases. A macroscopic ordering of these systems is not necessary,

itis pqssible to work with random dispersions of lipid bilayers.

5 From Smith and Mantsch (11) and Smith (12).
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Deuterium is a spin / = 1 nucleus and as such has a quadrupolar
moment. In a magnetic field By, there are three allowed spin orientations as
indicated in Figure 2-1. The magnetic energy levels are equally spaced and the
m=-+1-m=0and m=0 - my = —1 transitions are therefore degenerate,
In isotropic solutions, only a single absorption line is observed. However, in
anisotropic systems, there is an additional perturbation due to the quadrupolar
interaction. This interaction of the electric quadrupole moment of the deuterium
nucleus with the surrounding bonding electrons leads to a first order perturbation of
the magnetic energy levels shifting them to different extent. The singlet is splitinto a
doublet with the frequency separation of the two resonances being called the

quadrupole splitting Avq,

~ When the electric field gradient tensor is symmetric, the guadrupole

splitting is given by:
Avg(f) = 3/,(e2qQ/4megh)|3cos2d — 1], [2-30]

where e2qQ/47reoh is the quadrupoie coupling constant and 6 the angle betv:een
the principal axis of the electric field gradient tensor - usually the C~2H bond
direction — and the applied magnetic fieid. If in a sample all onentatlons are equal[y
probable as in a polycrystalline sample, there will be a contlnuum of doublets
covering all values of §. The case of a muitilamellar lipid dispersion is illustrated in
Figure 2-2. The separation between the two moét intense peaks in the spectrum is

given by: |
Avg(90°) = 3/,(e2qQ/4meh). [2-31]

In subsequent discussions, the term quadrupole splitting will refer to that for the

angle 8§ = 90°,
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-Figure 2-1, Effect of the quadrupolar interaction on the Zeeman energy levels of a
spin/ = 1 nucleus with axial symmetry. /is the total spin, m its component and 4 the
angle between the applied magnetic field and the principal axis of the electric field

gradient tensor. Adapted from Smith and Mantsch (11).
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Figure 2-2. Origin of the powder-type 2H NMR spectra observed ;'fcir membranes.
Different angles between ﬂ:':le maghetic field By and the axis of motional averaging
(dashed arrows) lead to different quadrupole spiittings. Since membranes rotate
sldwly on the timescale of 2H NMR splittings, all these subspectra will contributé to
the observed powder spéctrum. The quadrupolar splitting Arq corresponds to the
separation observed for 6 = 90° and leads to a simple measure of the ordér,

parameter. Adapted from Smith (12).



In liquid crystals, molecules are not static but fluctuate anisotropically
in the sample. The average over this fluctuation is expressed by the order

parameter S¢; _»y according to:
Sc_2q = 1/5<8c0s28 — 1>, | [2-32]

where g is the time-varying angle between the méjor axis of the electric field gradient
and the director. Thus,' in multilamellar dispersions or any similar systems, the

quadrupole splitting of Equation [2-31] is effectively reduced by a factor Sc_p:

Avg = 3/,(e29Q/4megh) |Sq_ap|. [2-33]

The relation between the order parameter of the long molecular axis S

and that of the C—2H bond S _, is given by:
Sc_ = 1/p<3cos?x — 1>8, | [2-34]

where « is the angle between the long axis of the molecule and the C—2H bond
direction. For a rigid molecule, the angular brackets can be removed and a

molecular order parameter can be calculated directly from the quadrupolar splitting.

2.6.1.2 Instrumental techniques

Special instrumental techniques are required to observe 2H NMR
spectra of membranes. Strong radiofrequency pulses must be used to cover wide
spectral ranges, since all components must be equally excited to avoid distorsions.
In other words, the Zeeman interaction vﬁth .the applied rf field must dominate the
quadrupgle interaction across the entire spectfum. High sensitivity‘ can be achieved
by the use of high ‘magnetic fields and special probe design. Wide spectral
windows are obtained with high-speed analog-to-digital converters. This is also

necessary to provide adequate time resolution of the rapidly decaying 2H NMR
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signals. The principal drawback in early 2H NMB studies of membranes was this
very fast signal decay. Figure 2-3 gives a view of the Problem. Excitation of the spin
system also excites the detection coil and the probe circuitry, This hardware
excitation decays with a characteristic time determined by probe design. If
observed, it introduces spurious signals into the detector. To avoid this aberration,
a delay is usually inserted between the pulse and the start of data acquisition. If this
delay is comparable to the decay time of the NMR signal, very poor baselines and a
weak distorted NMR signal are obtained. These problems can be circumvented by
the use of the quadrupole echo technique (13) (Figﬁre 2-3) and a phase-altered
acquisition sequence (14) (Figure 2-4). The quadrupole echo sequence involves
two successive 90° rf pulsés, differing in phase by 90°, and separated by a delay r.
When a residual quadrupole splitting is present in the system, the second 90° pulse
leads to formation of an echo after another delay 7. If r can be adjusted to be longer
than the hardware ringdown time, no interference from the Spurious signal occurs,
and the full intensity of the echo may be utilized. With appropfiate care to Fourier

transform the echo from its maximum, spectral distortion is minimized.

In earlier use of quadrature detection to observe this type of spectrum,
it was common to zero the data in one of the two quadrature channels before
Fourier transformation. If the channels were perfectly orthogonal and properly
balanced and phased, the pulses exactly 90°, and the transmitter on resonance, this
situation would occur naturally. The overall effect of zeroing the second channel is
to fold the spectrum about the transmitter frequency. This increases the signal-to-
noise' ratio by 2 but has the potential of yielding artefacts in the transformed

spectrum. The preferred way to acquire the echo is via a phase-alternated

- sequence, such as the CYCLOPS sequence shown in Figure 2-4. This has the

effect of averaging out differences in channel response, achieving orthogonality of

the channels, and removing any residual baseline distortions due to hardware
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Figure 2-3. Schematic of the NMR behavior of a rapidly relaxing spin system with -

finite ringdown time of the receiver network after a normal 90° pulse and after a
quadrupole echo sequence (13). AT represents the time during which data are
| digitized for Fourier transformation. Use of the echo sequence mihimizes acquisition

of any signal due to system ringdown. From Smith (12).
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Figure 2-4. Schematic of the CYCLOPS puise sequence (14) employed to minimize
the effects of amplitude imbalance and. honorthogonality of the two receiver
channels (A and B) used for quadrature detection. Oniy the first two elements of the
sequence.(transmitter, phase 0° and 90° are shown). Successive additions, in two
separate channels of the computer, of signals according to the scheme at the

bottom of the ‘figure leads to an effectively balanced and phased situation. From
Smith (12).
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ringdown. Any phasing that is still required may be done on the time domain

spectra. The final result is a spectrum of high fidelity with a very flat baseline.

2.6.2 3P NMR®

The natural abundance of 31P is 100% and no synthetic Iabel_ling is
necéssary. 31P has a nuclear spin / = 1/, and in an external magnetic field Bq only
two spin orientations with the magnetic quantum numbers m = +1/, and
m, = —1/, are allowed. The complete Hamiltonian for the interaction of the nuclear
| spin and the magnetic field is the .sum of the Zeeman and the chemical shielding

interactions:
H = —yh(1 — g)By, [2-35]

where g, the chemical shielding tensor, is a measure of the screening of the applied
field By via the bonding electrons. Considering the bonding pattern around a
tetrahedral PO, segment in more detall, it is obvious that the electronic screening
must be dependent on the orientation of the magnetic field with respect to the

molecular coordinate system of the phosphate group.

26.2.1 3P NMR of membranes

The 3P NMR chemical shift of a rigid phosphodiester, such as that

found in membrane lipids, depends on its orientation with respect to the magnetic
field By. The three principal components of the chemical shift tensor are labelled

044, Oop aNd 045 (Figure 2-5).. Knowledge of the principal components and the

6 From Smith and Ekiel (15) and Seelig (16).
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orientation of the principal axis system is required to calculate the chemical shift

expected for any orientation:
0 = 044C08%0 + 05500820, + 0g4c0826;, [2-36]

where 0, is the angle between the it principal axis of the chemical shielding tensor

and the direction of B,

For a microcrystalline sample, all angles between the applied magnetic
field and the principal axes are populated. The 3P NMR spectrum is thus the sum

of spectra for all possible orientations. The resulting powder spectrum has

distinctive features: ¢4 and o4y define the outermost edges and o, leads to a’

peak. The principal values of the tensor can be estimated directly from the
spectrum, as shown in Figure 2-5(a). The directions of the principal axes in the

molecular system can be found by studying a single crystal of known structure.

In membranes, rapid anisotropic motion that can average some of the
components of the chemical shift tensor are allowed. For simplicity, motion about

the 1 axis is supposed, thus averaging 05, and g45:

| =911 [2-37]

oL = (0pp + 039)/2. - [2-38]

Thus, the chemical shift will have the same value for the field anywhere in the 23

plane, but a different value when the field is perpendicular to the plane; the tensor

amplitude of the 1 axis of the phosphodiester moiety is also al,l'owed, the 1 axis
moves in a cone and there is partial averaging of the former o I and o to yield new
effective values o' and .. This is répresented in Figure 2-5(c). The effective

tensor still has axial symmetry, but the total chemical shift anisotropy
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Ag = o"' — o1'is reduced. The amount by which it is reduced is related to the
allowed amplitude of the motion. In solution, the motion is unrestricted and the
pattern collapses to a single line. With a constant molecular geometry, the chemical
shift anisotropy represents a measure of the degree of order of the phosphate
group, but the shape and the width of the pattern depend critically on the ofientation
of the axis of motional averaging with respect to the principal components of the

chemical shift tensor (17).

2622 .Types of phases

Figure 2-6 illustrates the bilayer and hexagonal arrangements of lipids,
and the origin of the difference in the chemical shielding anisotropy. The cylinders in
a hexagonal (H;)) phase have a very small radius, and therefore lateral diffusion
about the cylinder axis can cause further averaging of the tensor components as
compared with the bilayer-type spectrum. The unique axis of the system now
becomes the axis of the cylinder and is labelled ¢ "H. Along this axis, the field would .
be roughly normal to the fatty acyi chains, the value for ¢ “H would be equal to o,L.
On the other hand, owing to rapid motion around the cylinder axis, o 1H will be an

average of oL and ¢ I L

g a"H = gl [2-39]
oiH = (o "L + o_LL))Z, | [2-40]
AgH = —AO'L/2. ' [2-41]

The net resuilt is that the 3'P NMR powder pattern for the hexagonal phase has a z’\f}’"
roughly half that of a corresponding:lamellar phase and an opposite sidedness. .,,/ 
When x-ray data is available, the 3'P NMR spectra can be properly interpreted.

However, if this is not the case, some caution is necessary because the chemical
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Figure 2-6. Representation of the bilayer (a) and hexagonal (b) phases formed by

membrane lipids and their expected 3P NMR spectra. From Smith and Ekiel (15).



shift anisotropy is also dependent on the geometry of the phosphate headgroup
within the bilayer. A tilting of the headgroup out of a parallel conformation into a
more perpendicular orientation can lead to a much smaller Ao, or even to a change
of its sign. In such cases, the phosphorus spectrum could appear identical to that

of lipids in isotropic or hexagonal phases, respectively (17).

2.6.2.3 Instrumental considerations

As for 2H NMR, the powder patterns for 31P NMR can be quite broad,
T, values can be quite short and 7, values quite long. The first problem arising from
the spectral width is circumvented by using short pulses which excite equally the
nuclei contributing to _a_lll frequencies within the powder spectrum. A second
problem arises frem'.thé long ringdown time after application of the rf pulse, as
compared with the short 7, values expected in these spectra. By analogy with the
quadrupolar e  tised in solid-state 2H NMR spectroscopy, Rance and Byrd (18)
reported the g'_"g;;‘.; of the analogous Hahn echc; based on residual chemical shift
anisotropys:l.,"f"i‘ri ﬁé':‘hermatic of the behavior of the magnetization in the real (Re) and
imaginar‘&_.“(ifn) channels of a quadrature spectrometer is shown in Figure 2-7. A 90°
(64) pulse excites magnetization in the Re channel that decays in amplitude
according to T,. A 180° pulse (9,) after a delay r results in a refocusing of this
magnstization to reach an echo maximum in the Re channel after a further time r.
When the echo reaches a maximum in the Re channel, the magnetization in the Im
channel passes through zero; this condition can be used to adjust the phase
relationship between the quadrature channels using the time-domain signals. If the
exact maximum of the echo can be determined and a Fourier transform done on half
the echo starting from the time of maximum amplitude, no first-order phase
correction should be required on the transformed signal. Extensive phase cycling of

the two pulses serves to minimize other aberrations owing to errors in pulse length
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Figure 2-7. Schematic diagram of the events during a two-pulse Hahn echo
sequence, Re and Im refer to the so-called real and imaginary NMR signal
components, that is the two channels of the quadrature phase»Sensitive detector.
Ideally, 8; = 90° and 8.2 = 180°, with phase cycling of 8, and #,. The dashed
regions of NMR signals following the pulses represent the deadtime ty of the
receiver. From Rance and Byrd (18).
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and channel imbalance. To avoid saturation effects, some estimate of the T, values
of the system must be made and an appropriate recycling time employed.
Alternatively, cfoss polarization could be used to gain in sensitivity and total

experiment time.
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CHAPTER 3

STUDIES OF TETRAHYMENA THERMOPHILA LIPIDS

3.1 Introduction

The naturally occurring phosphonic acid, 2-amindethylphosphonic
acid (AEP), has been the subject of much research since it was first reported as a
natural product (1). The primary organism used for the study of the biochemistry of
this compound is the protozoan Tetrahymena, which has the highest known content
of AEP {2). While some of the AEP exists in soluble form, 95% of it is found at the
lipid level, in 1,2-diacyl-sn-glycero-3-(2-aminoethyl)phosphonate, the analog of
phosphatidylethanolamine {PE) (2). Biochemical investigations have centered on
two aspects of AEF: its biosynthesis (2) and the role of phosphonolipids in

membrane structure and function (3, 4).

The free-living, unicellular, ciliated protozoan Tetrahymena is widely
recognized as an organism well suited for biochemical investigations, because it
furnishes the key advantages offered by bacteria with respect to rapid growth and
easy manipulation. Especially for biological membrane studies, Tetrahymena is a
potentially convenient model system. Since it'is eukaryotic, Tetrahymena contains
most of the subcellular organelles found in higher animal cells. Thus it combines the
experimental conveniences of a unicellular organism with the physiological makeup

of a higher animal cell. Tetrahymena cells are most commonly pear-shaped,



average 60 xm in length and approximately 20 x«m in width, and have many cilia on
the cell surface. The subcellular membrane components include nuclei,

mitochondria, lysosomes, endoplasmic reticulum, cilia, pellicles, oral apparatus and

food vacuoles.

-As mentioned above, organisms of the Tetrahymena genus possess
in their membrane lipids of an unusual type: phosphonoclipids. They differ from the
phospholipids normally found in the membranes by the presence of a direct carbon-
phosphorus bond in their headgroups. The exact role of these lipids in the
membranes is stil unknown. As a matter of fact, although the presence of
phosphonolipids has been detected in several types of organisms, mainly molluscs,
crustaceans and protozoa, very few studies have been oriented towards their
characterization, as much from the point of view of the three-dimensional structure in

the membrane as physico-chemical and dynamic.

3P nuclear magnetic resonance (NMR) can be used to probe the
headgroup environment and the phase behavior of phosphorus-containing lipids in
membranes and aqueous dispersions (5). In this study, the technique was applied

to examine the phase behavior of the polar and total lipids of T, thermophila.

3.2 Review of the literature

3.2.1 Phospholipid composition

Most of the studies on phospholipid composition in Tetrahymena have
been carried out using the different strains of T. pyriformis. Many of these studies

were performed more than fifteen years ago. Important differences are observed in
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the results, which do not seem to depend only upon the strain used. This section

presents a review of the most important studies on the subject.

Liang and Rosenberg (2) were the first to identify
diacylglyceroaminoethylphosphonate, the AEP analog of PE, in lipid extracts of the

protozoan Tetrahymena pyriformis. They presented evidence for the pathway for.

its synthesis.

From a qualitative point of view, Smith et al. (6) detected the presence
of cardiolipin {CL), 2-aminoethylphosphonolipid (AEPL), phosphatidylethanolamine
- (PE), lysoAEPL and phosphatidylcholine (PC). The relative proportions of these
different components varied from one organelle to the other. For example, the
phosphonolipid content in cilia was at least twice Ithat of whole cells, whereas other

organelles contained more PC, PE and CL.

One of the most important studies on lipid composition in
Tetrahymena pyriformis was performed b&( Nozawa and Thompson (7) on the
WH—14 strain. Table 3-1 summarizes the results. The major constituents were PE,
‘PC and AEPL or glycerophosphonolipid (GPnL). A high level of phosphonoiipids

was observed in cilia membranes.

Also of interest is the presence of ether derivatives of giycerol.
Thompson (10) was the first to 'analyze the lipids of T. pyriformis for the ether
linkage content. A!kyiglycerols. almost exclusively 1-O-hexadecyl-sn-glyceral, occur
in phospholipids containing choline and ethanolamine. The ether derivatives
represent 60 mol% of the choline fraction and 22 mo!% of the ethanolamine fraction.
This last fraction includes AEP analogs. A more detailed analysis of this mixed
fraction revealed an obvious preference for the association between ether and AEP

derivatives of glycerol. Diacylphospholipids contain only 12-20 mol% AEP and
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alkylacylphospholipids 70-80 mol%. Finally, Thompson (10) found no trace of

plasmalogens in Tetrahymena.

Using two-dimensional thin-layer chromatography, Jonah and Erwin

(11) detected the presence .of four major components: PE, AEPL, PC and CL

(Table 3-2). Lyso analogs of PE and AEPL were also found. It should be noted that
the reported compositions are slightly different from those found by Nozawa and

Thompson (7).

Berger et al. (12) separated the lipids of 7. pyriformis W by silica gel
chromatography. The major phospholipids are PE (64%) and PC (22%). Other
components identified are cardiolipin and a ceramide aminoethylphosphonate
(CAEP). The PE fraction contains 30% of the phosphonate and 70% of the
phosphate analog. The phosphonate fraction is composed of 75% 1-O-hexadecyl-
2-acyl-sn-glycero-3-(2-aminoethyl)phosphonate  and 25% 1,2-diacyl-sn-glycero-
3-(2-aminosthyl)phosphonate. The PC fraction contains two major components:
1-O-hexadecy!-2-acyl-sn-glycero-3-phosphocholine (60%) and  1,2-diacyl-

sn-glycero-3-phosphocholine. No phosphonate was detected in this fraction.

Sugita et al. (13) isolated two sphingophosphonolipids from lipids of
the WH=14 strain. The first one is ceramide 2-aminoethylphosphonate (CAEP) and
the second, found in lesser afnountsz ceramide N-methyl-2-aminoethylphosphonate

(CMAEP).

In another study, Ramesha and Thompson (14) divided the ceramides
into two fractions: ceramide 2-aminoethylphosphonate and ceramide
2-aminoethyiphosphate.  Significant quantities appear to be present in the cilia

membrane.
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Table 3-2. Glycerophospholipids from membranes of whole cells, cilia and

mitochondria isolated from T. pyriformis@.

Ciliate lipid % of total lipid phosphorus?

Whole cells Cilia - Mitochondria

Glyceryl 2-aminoethy!l

phosphonolipid 31.7x17  56.2x8.1 16.1=1.6
Phosphatidyi |

ethanolamine 19.8+1.2 14719 18424
Cardiolipin 87x08 0 18.2+1.7
Phosphatidyl

choline 21.2+£43 8.6+24 30229

Total lysophospholipids
plus trace components

[——

17.6x22

20.1x4.1

17.1x5.3

2 From Jonah and Erwin (11).

b values are means (5-8 determinations) = deviation from the mean.



3.2.2 Fatty acid distribution

According to Erwin and Bloch (15), saturated fatty acids are present in
T. pyriformis I-1 in-relatively small proportions, the major ones being myristic (14:0)
and palmitic (16:0) acids. Linoleic (18:2%9.12) and v-linolenic (18:326.912) acids are
the major unsaturated fatty acids and represent more than 50% of all fatly acids of
the cilia (Table 3-3). As the culture ages, the ratio of monounsaturated to saturated
fatty acids decreases, while the relative content of dienoic and trienoic fatty acids
remains constant. An increase in incubation temperature gives the same effect on

young cuitures.

Jonah and 'Erwin (11) carried out a similar study, but found a greater
proportion of saturated fatty acids (Table 3-4). Moreover, the fatty acid composition
in each phdspholipid class characterized was determined (Table 3-5). The results
show that phosphonolipids and PC contain a greater proportion of polyunsaturated

fatty acids. .

3.2.3 Neutral lipids

Jonah and Erwin (11) analyzed the subcellular membrane fractions of
T. pyriformis 11-1 for their neutral lipid composition. They found that triglycerides
were the principal neutral lipids of whole cells. Substantial amounts of the
pentacyclic triterpenoid tetrahymanol (Scheme 3-1), which in this organism replaces
sterols, and tetrahymanol ester were also present. Thess iwo components were the
major neutral lipids of both cilia and mitochondria, while nzither organelle contained
triglycerides. Fatty acids were found to be only minor components of this fraction in

both whole cells and isolated organelles.
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Table 3-3. Fatty acid composition of Tetrahymena pyriformis I1-1 grown at 25°C¢.

Fatty acid Relative composition (%)
lauric (12:0) 1.9
myristic (14:0) 6.5
isopentadecanoic (i15:0) 25
palmitic (16:0) 4.8
palmitoleic (16:149) 11.5
oleic (18:149) 8.7
linclelc (18:289.12) 17.9
+-linolenic (18:3269,12) 37.7

4 Data taken from Erwin and Bloch (15).



Table 3-4. Fatty acid composition of the total lipids extracted from various isolated

membranous organelles of T. pyriformis@.

Ciliate fatty acid Composition (weight %)
Whole cells Cilia Mitochondria

14:0 207 7.0 0.3
16:0 14.0 122 5.2
16:189 11.5 5.6 3.1

18:0 - 2.2 3.1 2.1
18:149 42 22.4 6.1
1g:289.12 15.8 15.5 30.4
18:306.9.12 05.6 22.8 47.7
Minor acids® ' 4.1 11.5 ' 5.2

a2 From Jonah and Erwin (11).

b Minor fatty acids consisted of: 12:0, 15:0, 17:0. 17:1, i15:0, i16:0 and several

unsaturated eicosenoic acids.
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Table 3-5. Fatty acid composition of individual glycerophospholipids extracted from

various isolated membranous organelles of T. pyriformis@.

Ciliate Composition (weight %)¢
fatty acid

Whole cells Cilia Mitochondria

PnE PE Car PC PnE+PE PnE PE Car PC

14:0 07 0 15 0 - 0 0 26 0

16:0 23 31 157 3.0 8.2 0 27 54 13
16:149 32 23 95 25 52 0 20 14 08
18:0 05 46 70 O 1.9 0 0 1.8 1.1
18:149 55 376 102 0 94 32 74 36 36
18:289.12 331 336 223 345 27.8 249 385 441 441
18:3846.9,12 50.4 127 235 56.8 33.3 67.9 487 387 387
Minor acids? 45 62 105 32 13.6 39 07 54 54

@ From Jonah and Erwin (11).

b Minor fatty acids consisted of: 12:0, 15:0, 17:0, 17:1, i15:0, i16:0 and several

unsaturated eicosenoic acids.

¢ Abbreviations: PnE, glyceryl 2-aminoethyl phosphonalipid; PE phosphatidyl

ethanolamine; Car, cardiolipin; PC, phosphatidyl choline.



Scheme 3-1. Structure of tetrahymanol.
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The results gathered by Nozawa and Thompson (7) were similar. The
tetrahymanol content is clearly much higher in relation to phospholipid level in ciliary

membranes than in other organelles.

3.2.4 Effect of temperature

In studying the thermotolerant strain NT-1, Fukushima etal. (16)
detected a few changes in the lipid composition of membranes for cultures grown at
different -temperatures. Thus, the degree of unsaturation increased at low
temperatures (Table 3-6), and the same was true for the content in ether derivatives.
A decrease in the amount of PE was also observed, with a proportional increase in

the AEPL levels (Table 3-7).

Ramesha and Thompson (14) obtained similar results with respect to
degree of unsaturation and phospholipid composition (Tables 3-8 and 3-9), and
observed also that the relative proportions of ceramide 2-aminoethylphosphonate

and ceramide 2-aminoethylphosphate vary inversely with temperature.

Watanabe et al. (17) determined the fatty acid composition of two
components, 1,2-diacyl-sn-glycero-3-(2-aminoethyl)phosphonate and  1-O-alkyl-
- 2-acyl-sn-glycero-3-(2-aminoethyl)phosphonate, according to their position (sn-1 or
sn-2) on the glycerol skeleton (Table 3-10). At low temperature a large proportion

of cilienic (18:286.11) acid could be observed in ether derivatives.

Finally, Maruyama et al. (18) found that at the 1 position, the content of
palmitate in diacyl-PE, FC and AEPL decreased progressively after a temperature
shift from 39 to 15°C, while v-linolenate increased in a complementary fashion, in
mitochondria and microsomes of the thermotolerant strain NT-1. The increase in

the percentage of y-linclenate was compensated by the decrease in oleate at the 2
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Table 3-6. Fatty acid composition of total phospholipids from Tetrahymena grown

at different temperatures?.

Component  Retention Composition {weight %)b
time
(min) _
15°C * 24°C 39,5°C
[6(4)] (6] [5(4)]

12:0 1.4 0.6x03 (1.5x04) 1.0+0.5 0903 (1.4=03)
14.0 ar 6.9+07 (7.720.8) 6.6+0.9 65+1.0 (10.5x2.5)
anteiso 15:0 3.2 1.5x03 (1.0+04) 1.5+0.3 34x04 (44:04)
150 3.7 <05 {<0.5) 0.8+04 1201 (1.5x0.3)
16:0 5.1 89+05 (94x1.0) 104=x12 126=1.6 (13.8x1.4)
16:1 6.0 8.7£09 (10.2x1.9) 8.9+0.8 87x11 (122=1.8)
16:2 + 17:0 7.1 22+02 (3.1x0.6) 3.3x04 44+03 (4.7=1.1)
17:1 8.1 08+x04 (1.2=04) 1.2+02 1402 (0.7+04)
? 0903 (24x0.8) 09+0.2 1.2x03 (1.5=0.4)
18:0 9.9 0.6+03 (0.9=02) 1.4+£0.7 21+04 (2.0=08)
? 1.3%04 (<0.5) 1.5+0.1 11202 (<0.5)

18:1 11.2 96+16 (7.8x5.1) 7.4+x0.6 10.6+3.9 (7.4+2.9)
? 13.3 7.0+x03 (7.7=1.1) 51x04 3410 (1.2+0.8)
18:2 13.8 20.2+1.6 (16.8=1.6) 18.2+1.6 145+09 (13.0x1.5)
18:3 16.3 311209 (284+02) 326=20 24524 (224x3.2)"
19:0 19.2 <05 (0.8+0.3} <05 26+22 (1.1+0.9)
20:1 21.0 <05 (<0.5) <0,5 <0.5 (<0.5)

? 22.7 <0.5 {<0.5) <0.8 <0.5 {0.9+0.6)

4 From Fukushima et al. {16}.

b values represent averages = standard deviations, the number of separate
experiments being shown in brackets. Values in parentheses represent data from

a different group.



Table 3-7. Lipid composition of Tetrahymera whole cells adapted to different

temperatures?.
Lipid Composition (weight %)b
i5°C 24°C 39.5'C
Lipid phosphorus (#mo!/10° cells) 0.14 £ 0.01 0.13+0.02 0.14 = 0.01
Tetrahymanol/phosphorus (molar ratio) 0.081 0.078 0.083
Alky! ether (mol% of phospholipids) 27.1x6.6 - 20928
Individual phospholipids (mol%6)
Cardiolipin 5206 5604 78219
(5.0=0.8) (7.3+1.0) (7.4 = 0.9}
2-Aminoethylphosphonolipid 29.0=0.6 25420 15.6 1.7
- (241 x=1.9) (18.9+0.6) (122 =3.0)
Ethanolamine glycerophosphatides 25644 34.4+16 42.5+1.3
{35.7 =3.8) (34.7 £0.7) (46.5 = 4.2)
Lysophosphatidylethanolamine, 8.3+0.6 54+09 27+1.0
lyso-2-aminoethylphosphonolipid, (4.2+2.2) {4.2x2.1) (2.7=1.1)
ceramide aminoethyiphosphonate
Choline glycerophosphatides 27.2+13 26.2+0.5 26.8x3.4
(26.4 =3.2) (27.7=1.5) (26.5 = 1.9)
Lysophosphatidylcholine 28+1.9 26+1.8 2816
(1.5=1.7) (1.4%1.9) (2.220.4)

@ From Fukushima et al. (16).

b values represent averages * standard deviations of three or moare experiments.

Values in parentheses represent data from a different group.
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Table 3-8. Overall fatty acid composition of ciliary phospholipids of Tetrahymena

grown at different temperatures?,

TR

Fatty acid Composition?

39°C-grown 15°C-grown
14:0 149+33 7.3+01
iso 15:0 4.9+05 0.9+0.2
15:0 1.8+0.3 <0.5
16:0 16.3+0.5 14.9+1.8
16:1 11.5%1.5 6.5+0.5
16:2 + 17:0 + 17:1 3.8:x0.4 29+05
18:0 1.9+0.4 2.5+0.2
18:1 5.0+0.9 48+0.6
18:246,11 2503 17.3+05
18:249.12 8.6=1.0 55x0.7
18:3 27.9+26 37.0%55

@ From Ramesha and Thompson (14).

b Values are expressed as mol percent and are mean = standard deviation of
three or more experiments. Values are not corrected for the presence of ether

side chains.
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Table 3-9. Phospholipid compositon of ciia from 39 and 15°C-grown

Tetrahymena?,
Phospholipid Composition®
39°C-grown 15°C-grown
‘2-Aminoethylphosphonolipid 40.0x22 42812
Phosphatidylethanolamine 18.4+20 9.9+12
Phosphatidylcholine 15.7+3.7 - 31+06
Ceramide aminoethylphosphonate 3.0x£1.7 37.4+22
Ceramide aminoethylphosphate 228x15 6.8+1.3
Phospholipid/tetrahymanol (molar ratio) 2.56+0.36 4.23+0.23

& From Ramesha and Thompson (14).

b Values are expressed as mol percent and are mean =+ standard deviation from

four or more analyses.
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position of 1,2-diacylphospholipids. On the other hand, a marked increment in
y-linolenate occurred with a decline of oleate and linoleate at the 2 position of
1-O-alkyl-2-acyl-PC, but no significant alterations were seen at the 2 position of
1-O-alkyl-2-acyl-AEPL.

3.2.5 NMR studies

Jarrell etal. (19) examined the phase behavior of a synthetic
phosphonoalipid, 1,2-dipalmitoy!-sn-glycero-3-(2-aminoethyl)phosphonate, alone and
in the presence of dipalmitoylphosphatidylcholine (DPPC) and dipalmitoyl-
phosphatidylethanolamine (DPPE). When mixed with PC, the phosphonolipid
possess a lamellar organization, whereas with PE the hexagonal (H,) phase is
preferred. The chemical shift anisotropy is considerably smaller for AEPL than for
the analogous phospholipid. On the other hand, total lipids extracted from
Tetrahymena sp. contain phospho- and phosphonolipids organized as bilayers

between —20 and 20°C.

Following this study, Deslauriers etal. (20) examined the phase
behavior of total lipids from Tetrahymena sp. as a function of temperature. Above
25°C, phospho- and phosphonclipids undergo a transition from the lamellar to the
hexagonal phase and, moreover, an isotropic component appears on the 3P NMR
spectra. Both 2H and 14N NMR spectra of lipids mixed with 10% egg yolk
21 4,14-2H2]pa!mitoylphosphatidylcholine show an isatropic peak superimposed
on the normal powder pattern at 25°C, the latter disappearing by 40°C. This

observation supports the hypothesis that an isotropic phase is formed at elevated

temperatures.

Ferguson etal. (21) isolated PE and AEPL from membranes of

T. pyriformis W. Using 3P NMR spectroscopy, it was shown that the PE occurs in
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a hexagonal phase above 10°C, that the transition temperature between the lamellar
and hexagonal phases is around 30°C for AEPL, and that a mixture of these two
components shows a powder pattern characteristic of the H, phase for each at
30°C. Small amounts of PC appeared to stabilize AEPL in a bilayer form up to ca.

50°C, temperature where peaks indicative of an isotropic phase show up.

Hill et al. (22) studied the properties of cilia of T. thermophila by S1p
NMR. In the case of cllia and membranes isolated from them, two powder patterns,
corresponding to phospho- and phosphonolipids, were observed, on which were
superimposed two isotropic peaks. In contrast, lipids isolated from cilia did not give
rise to these isotropic resonances, suggesting that they arise from nonlipid

components of membranes. At higher temperatures, the specira of ciliary

preparations showed an increased proportion of these isotropic components.

However, an hexagonal phase could not be detected at any temperature, despite
the high PE and AEPL content of the ciliary membrane. The authors suggested that
this could be due to the stabilizing effect of sphingolipids or ether derivatives of

glycerol.

3.3 Experimental part

3.3.1 Cell culture and harvesting

Tetrahymena thermophila, B1868, Chx~-2/Chx-2 {cysen, IV) is grown
in @ medium containing 1% bacteriological peptone (Oxoid L37), 0.1% yeast extract
(Oxoid L21) and 36 uM FeCls (23). The strain is maintained at room temperature by

weekly transfer.
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Cultures are started with a 10% inoculum in 500-mi erlenmeyer flasks
containing 100 ml medium. After a 24-hour incubation period at 30°C under rotary
agitation at 100 rpm, the erlenmeyer contents are transferred to a 2-| Fernbach flask
containing 11 medium. Incubation is continued for 24 hours at the same
temperature, under agitation at 60 rpm. Celi density is determined before harvesting
by counting on a hemacytometer. Cells are fixed by adding an equal volume of 4%
(v/v) formaldehyde to an aliquot of culture. For harvest, cultures are cooled on ice
and centrifuged at 4°C at 1200 x g, for 8 minutes. The cell pellets are resuspended
in a volume of distilled water corresponding to half the volume of the culture and
centrifuged at the same speed for 6 minutes. All pellets are then combined, washed
in a small volume of water and recentrifuged as above. Cells are then dispersed in a

small amount of water and lyophilized.

Cultures in fermentors are performed by adding the content of a
Fernbach flask to a New Brunswick Microferm fermentor (New Brunswick, New
Jersey) containing 11 | medium. Cultures are grown to late log phase (36 h) at 30°C
with aeration at 3.5 I/min and vane rotation at 30 rpm. Dow Corning Antifoam A
(100 ul) is added per 12 | medium to prevent excessive foaming. A Coulter counter,
model ZM, fitted with a 100-xzm orifice is used for counting. Duplicate 2-ml samples
of cells are fixed with 38 ml of a solution — which is iso-osmotic to the culture
medium — containing 1% formaldehyde and 1.4 g/I NaCl prior to counting. Batches
(24 i) of cells are cooled on ice and harvested at 500 ml/min by continucus-flow
centrifugation at 1700 x g,, at a rotor temperature of —10°C. The resultant cell

pellets are transferred to a round-bottom flask and lyophilized.
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3.3.2 Lipid extraction

All solvents were purified by simple distillation. The lyophilized cellular
residue was extracted for 20 minutes at about 40°C under a nitrogen atmosphere
with 30 volumes (ml/g solid) of a CHCly—CH30H 2:1 mixture. The extract was
filtered by suction on a sintered glass funnel and the cellular debris extracted once
more with 15 volumes CHCl;—CH3OH. After & second filtration, followed. by a
washing with 5 volumes of the same mixture, the solvent was removed on a rotary

evaporator (24).

Sephadex chromatography was performed to eliminate the nonlipid
components present in the preparation (25). Sephadex G-25 fine {(Pharmacia,
Uppsala) was first swollen for 24 hours in 4 volumes (ml/g) of the upper phase of
the mixture CHCly — CHzOH —H,0 8:4:8 described by Folch et al. (26). For 200 mg
of extract, the Sephadex suspension was poured into a 1-cm diameter column to a
height of 10 cm. The column was washed with one volume of upper phase, followed
by one volume of lower phase. The extract was dissolved in about 2 mi of lower
phase, filtered if necessary 1o eliminaté the insoluble residue, and applied to the
column, which was eluted with about 2 volumes of lower phase. The nonlipid
components, soluble in the aqueous phase inside the Sephadex beads, are retained
on the column, while the lipids are eluted in the void volume. The orgénic soivents
were evaporated on a rotary evaporator and the residue put in a high vacuum to

eliminate all traces of water.

3.3.3 Fractionation of neutral and polar lipids

Total lipids. can be fractionated into neutral and polar lipids by
chromatography on silica gel {27). For each gram of total lipids, a column was

prepared with' 40 g Bio Sil A (Bio-Rad, Mississauga, Ontario) suspended in CHCl,.
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After washing with CHCl,, the lipids dissolved in the same solvent were applied to
the column. Neutral lipids were eluted with 20 volumes (ml/g silica gel) CHCl4 and

polar lipids with 20 volumes CH50H.

3.3.4 Thin-layer chromatography

Thin-layer chromatography of lipids was carried out using 0.25-mm
thickness Silica gel 60 plates (E. Merck, Darmstadt) with no fluorescent indicator.
Polar lipids were separated with the system CHCl3 —CHZCO0H —CH30H —H,0
75:25:5:2.2, which allows the proper separation. ot AEPL and PE (7). Neutral lipids
were chromatographed with the solvent system petroleum  ether —ethyl

ether —acetic acid 70:30:1 (7).

Diiferent stains were used for the detection of the spots corresponding
to different lipids. lodine is a nonspecific stain that enables the visualization of
compounds containing double bonds (28). Bhodamine 6G is a universal lipid stain
(28, 29) that colors neutral as well as polar lipids. Under a UV light, lipids appear as
biue spots on a fluorescent pink background. Phosphorus-containing lipids were
revealed with phosphate stain (30, 31), which gives biue spots on a white
background. Ninhydrin (28, 32) was used for the detection of lipids that contain a
primary amine function. With gentle heating, these lipids adopt a red color, while the
background remains white. It was possible to reveal choline-containing lipids with
the Dragendorff reagent (32}, which gives orange spots on a yellow background.
Finally, the hypochiorite —benzydine reagent (33) was used to develop
sphingolipids (and secondary amines), which give blue spots on a white

background.
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3.3.5 3P NMR studies

The preparation of lipid samples for NMR was as follows. A lipid
sample (ca. 150 mg) dissolved in chioroform —methano! was evaporated to dryness
under vacuum, then under a stream of No. It was then put in a high vacuum for
several hours to eliminate all traces of solvent. Lipids were then dispersed in about
1.2 ml water or buffer with the use of a Vortex mixer. Several cycles of freezing,
thawing and mixing were often required to obtain homogeneity. The preparation

was purged with nitrogen and transferred to a 10-mm NMR tube.

31p NMR spectra were acquired with a high-power probe tuned to
121.5 MHz in a Bruker CX.P-SOO NMR spectrometer. The spectral width was 50 kHz
and the number of points 4096. Temperature was controlled to =1°C. A spin echo
sequence with complete phase cycle (34) and quadrature detection were used.
High-power broadband proton decoupling was applied and gated off during the
recycling delay. Acquisition was startéd before the echo and the points to the left of
it discarded. Line broadening (ca. 50Hz) was introduced by exponential
multiplication before Fourier transformation to increase the signal-to-noise ratio.
Spin lattice relaxation time T measurements were carried out by the inversion-

recovery method. combined with the Hahn echo.

Selective saturation of 31P resonances was achieved using a DANTE
(Delays Alternating with Nutations for Tailored Excitation) pulse sequence (35). The
duration of the saturation was chosen to be long relative to molecular reorientation,
via tumbling or lateral diffusion, but less than or comparable to the T, of the

saturated resonance.

Chemical shifts are reported in ppm relative to an external reference of

85% HyPO, assuming positive values for resonances at higher frequéncies. The
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- sign convention for chemical shielding tensor components is the opposite of that for

chemical shifis.

3.3.6 Silica gel chromatography

A column was prepared with 10 g Bio Sil A (Bio-Rad, Mississauga,
Ontario) suspended in CHCl,. After washing with CHCl,, 80 mg of lipids dissolved
in the same solvent were applied to the column. Chloroform was used for the
elution of neutral lipids. The polar lipids were eluted with a gradient containing
increasing proportiohs of CHgOH in CHCI. At each gradient step, two volumes of
solvent were passed on the column. Fractions were collected in test tubes and

immediately purged with N, before analysis by TLC.

To separate AEPL from PE, the lipid sample (10 mg/g adsorbent) was
applied to a silica gel column prepared in chloroform. Elution was carried out with
chloroform —acetic acid—water mixtures (30:20:1 or 75:25:1) as described by

Kapoulas (36). The fractions were treated as above.

3.3.7 Hydrolysis with phospholipase D

The procedure for the purification of phospholipase D was adapted
from Davidson and Long (37). The yellow and green internal leaves of a fresh Savoy
cabbage (550 g) were cut into small pieces and homogenized in a blender with
725 ml water for 5min. The suspension was filtered through cheesecloth. The
filtrate (ca. 11) was then centrifuged at 13000 x g, for 30 min. The supernata-ht was
brought to pH 6.5 with 1 N NaOH and heated at 55°C for § min. After cooling in ice,
a precipitate formed which was centrifuged off as above. The solution was again
cooled in ice, then 2| acetone cooled to —15°C added, and centrifugation

performed again. The pellet was dissolved in 15 ml H,O and a final centrifugation
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cartied out under the same conditions. The supernatant which contains the purified

enzyme was lyophilized and stored at —20°C under nitrogen.

For the hydrolysis, 1 g enzyme was dissolved in 100 ml 0.1 M sodium
acetate buffer, 0.1 M CaCl,, pH 5.6. The lipids (3.7 g) dissolved in 100 ml ether were
added and the mixture agitated vigorously. The reaction was followed by TLC and

stopped by adding a 50 mM ethylenediaminetetraacstic acid (EDTA) solution.

3.4 Results and discussion

3.4.1 Thin-layer chromatography

3.4.1.1 Polar lipids

The chemical characteristics of the phosphate and phosphonate
analogs are 'so similar that only specific chromatographic procedures (36) allow
adequate separation for unequivocal identification (6). By thin-layer
chromatography using a solvent system suitable for the separation of polar lipids
(7), some lipids present in Tetrahymena could be identified. This was done by
revealing the plates with different s_tains more or less selective and also by
comparison with standards. Among the stains employed, some did not wori as well
as expected. Thus, Rhodamine 6G (28, 29) effectively colors lipids, but the spots
must be visualized under UV light, and they disappear quite rapidly. The protocol
for staining with the Dragendorif reagent (32) had to be slightly modified to make
choline-containing lipids visible. Finally, staining with the hypochlorite —benzidine
reagent (33) was not successful, using either a 6% hypochlorite solution, Javex or

Romco bleach.
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Figure 3-1 shows a typical thin-layer chromatogram obtained with
Tetrahymena lipids. Most of the lipids known to be present in this organism were
found. Thus, CL, AEPL, PE and PC have been positively identified. These
components were assigned to spscific spots either by comparing their migration
distance with that of standards or by specific staining. Other spots waere tentatively
assigned to lysoAEPL, lysoPE and sphingolipids, compounds assumed to be
present in Tetrahymena. The assignments are in this case uncertain but probable,
based on the migration of some standards, specific coloration of certain spots and

literature data.

The TLC results show that separation of AEPL from PE is easily
achieved using a solvent mixture that contains a large proportion of acetic acid (36).
The methanol in the eluent has to be used to achieve separation of PE from the
more polar phospholipids (36). The spots for AEPL and PE are doubled due to a
different migration of 1-O-alkyl-2-acyl and 1,2-diacy! derivatives, the latter having a

lower retention factor R; (6).

3.4.1.2 Neutral lipids

Figure 3-2 illustrates a thin-layer chromatogram of Tetrahymena total
lipids developed with the solvent system petroleum ether — ethy! ether —acetic acid
70:30:1 (7). The identified components are, in decreasing order of polarity:
1-O-alkyldiacylglycerol, triacylglycerol, different fatty acids, probably 1-O-alkyl-
2-acylglycerol, 1,2-diacylglycerol and tetrahymanol, 1-O-alkylglycerol and
1-acylglycerol, and finally the polar lipids which stay at the origin.
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Figure 3-1. Thin-fayer chromatography on Silica gel 60 of the total lipids of
Tetrahymena thermophila with the system CHClz —CHaCOOH—CHZ0H—~H,0
75:25:5:2.2. Samples: 1, CL; 2, egg yolk PE and lysoPE; 3, lipids of T. thermophila;
4, egg yolk PC; 5, sphingomyelin {SM). Tentative identification of spots; A, neutral
lipids; B, CL; C and D, AEPL; E and F, PE; G, lysoAEPL; H, unknown; I, PC and
unknown; J, lysoPE; K and L, sphingolipids. Spots stained witht,: A, B, C,Eand |;
phosphate spray: B, C,D, E,F, G, H, |, J and L; ninhydrin: C,D, E, F, G, H, 1, J and

K; Dragendorff. "I; hypochlorite —benzydine: none.
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Figure 3-2. Thin-layer chromatography on Silica gel 60 of the neutral lipids of
T. thermophila using the solvent system petroleum ether —ethyl ether —acetic acid
70:30:1. Samples: 1, 1,3-dipalmitoylglycerol; 2, 1,2-dipalmitoylgiycerol; 3, lipids of
T. thermophila, 4, 1-palmitoyiglyceral,  §, 1-hexadecanol; 6, 1-O-hexadecyil-
sn-glycerol; 7, cholestanol; 8, cholesterol; 9, stearic acid. Tentative identification of
spots: A, 1-O-alkyldiacylglycerol; B, triacylglycerol; C, D and E,fatty acids;
F, 1-O-alkyl-2-acylglycerol; G, 1,2-diacylglycerol; H, tetrahymanol; |, 1-O-alkyl-

glycerol and 1-acyliglycerol; J, polar lipids. The spots were revealed with iodine.
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3.4.2 31P NMR studies

3.4.2.1 Preliminary results

To choose a suitable aqueous medium for the NMR experiments, the
lipids were dispersed in water, in a 150 mM NaCl! solution, in a buffer composed of
25 mM 3-(N-morpholino)propanesulionic acid (MOPS), 2 mM EDTA, pH 7.15, and in
a 26 mM MOPS, 2mM EDTA, 150 mM NaCl, pH 7.15 buffer. In suspensions
containing salt, lipids precipitated after a few hours. In those containing MOPS,
lipids apparently degraded more rapidly than in water, as judged by the suspension
color and the fact that 3'P NMR spectra changed with time. A physiological buifer
containing phosphate cannot be used for 3P NMR experiments because z large
narrow resonance would interfere with the lipid powder spectrum. Since a defined
pH is necessary to ensure identical conditions from one preparation to the next, and
the presence of EDTA required {see T, measurements below), the buffer 25 mM
2-amino-2-(hydroxymethyl)-1,3-propanediol (T ris), 2mM EDTA, pH 7.0, je. that
used by Jarrell et al. (19) and Deslauriers et al. (20) was finally chosen and used

with no subseciuent problem.

The 31P NMR spin lattice relaxation time T, was measured on the polar

lipids of T, thermophila dispersed in water and found to be <10 ms. This result can

only be explained by the presence of paramagnetic impurities that cause the
phosphorus to relax rapidly, since literature values for phospholipids are usually of

the order of a second (5, 38).

Figure 3-3(a) shows the 3'P NMR spectrum of the total lipids of
T. thermophila at 23°C in Tris-EDTA buffer, aobtained with a recycling time of 2 s.
The value used by Jarrell etal. (19) and Deslauriers etal. (20) was 1s. The

spectrum is a superposition of two powder patterns, each characteristic of a liquid
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Figure 3-3. 3P NMR spectra (121.5MHz) of the total lipids of Tetrahymena
thermophila at 23°C, 320 accumulations. The 90° pulse width was 4.8 us, and the
recycling delay 2 s {a) and 10 s (b). )



crystalline phase. The upfield component is attributed to the phospholipids and the
other to the phosphonolipids. The signal-to-noise ratio of this spectrum is much
lower than that for the same amount of lipids in water. When using a 10-s recycling
delay, as shown on Figure 3—3(b), the signal-to-noise ratio improved considerably.
The spin-lattice relaxation time T, was me=asured on the same sample and found to
be 1.1 s for both components. This determination allowed the setting of a sufficiently

long recycling delay for the subseguent 31P NMR experiments.

3.4.2.2 Polar lipids

The phase behavior of T. thermophila was studied by 3'P NMR.
Figure 3-4 presents the spectra of polar lipids dispersed in excess buffer as a
function of temperature. The results are quite different from those obtained by
Deslauriers et al. (20) with total lipids. First, af‘approximately 15°C, the beginning of
a transition from bilayer to hexagonal phase can be observed. As the temperature
increases, there is maore hexagonal and less bilayer powder pattern. At 45-50°C,
only the H) phase is present. Second, there is no evidence for isotropic phase
formation. Finally, when decreasing the temperature back to 20°C, the shape of the
spectrum is very similar to the previous one at 20°C, showing that the transition is

raeversible.

Using the DANTE pulse sequence with irradiation on the upfield
componeht corresponding to the phospholipid, the spectrum of only the
phosphonolipid can be révealed (Figure 3-5). The phase behavior was found to be
the same as described above. A bilayertype spectrum is observed at low
temperature. The spe;:trum slowly transforms into one characteristic of an
hexagonal phase, which is the only phase present at 45°C. Finally, reversibility is

apparent when returning to 15°C.
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Figure 3-4. 3P NMR spectra (121.5 MHz) of the polar lipids of T. thermophila at the
indicated temperature, 640 accumulations. The 90° pulse width was 5.8 s and the

recycling delay 4 s.
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Figure 3-5. 121.5-MHz 31P NMR spectra of the polar lipids of T, thermophila at the
indicated temperature with selective saturation of the phospholipid resonance using
a DANTE pulse sequence. Total number of accumulations: 2000. The 90° pulse
width was 6 45 and the recycling' delay 4s. Saturation pulses of 0.5 us were
followed by a 50-xs delay. The number of saturation pulses was 4000 for a total

saturation time of 0.2 s. The arrow shows the saturation frequency.
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3.4.2.3 Total lipids

The experiment was repeated with total lipids (Figure 3-6). In this
case, the behavior is quite different. First, the phase retained bilayer character up to
30°C, the growth temperature. Deslauriers et al. (20) have repurted a Iameﬂar phase
up to 20°C, when the growth temperature was 25°C. Second, there is no evidence
for H), phase formation. Finally, at 35°C isotropic peaks begin to appear and at
45-50°C they are the only components visible, When the temperature is decreased
back to 20°C, the isotropic peaks are still present and the changes are not easily
reversible. The bilayer phase can be brought back by freezing only, therefore the

polar lipids show hysteresis in their phase behavior when the neutral lipids are

presént in the sample.

Similarly, when performing the DANTE experiment on the total lipids to
saturate the phospholipid component (Figure 3-7), a transition from a bilayer to an
isotropic phase is observed, and it is not easily reversible. The spectra also show a
change in time at the same temperature, which is clearly seen at 35°C between the
echo and the DANTE spectrum, the former being acquired befare the latter at the
same temperature. Apparently the transformation of one structure into the other is a
slow process. At high temperature, two isotropic peaks are observed because the
irradiation point on the phospholipid powder pattern was not placed at the isotropic

chemical shift value, but close to the 90° orientation.

Figure 3-8, which shows the echc and the DANTE spectra as well as
the subtraction of the latter from the former, allowed the precise measurement of the
chemical shielding anisotropy Ac = g|| — o1 and isotropic value of the chemical
shift tensor a; = 1/5(0 | +201) for both phospho- and phosphonolipids. The
values are Ac = —48ppm and o; =12ppm for the phospholipids and
Ag = ~31 ppm and o; = —20.1 ppm for the phosplhonolipids. It should be noteq
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Figure 3-6. 121.5-MHz 3P NMR spectra of the total lipids of T, thermophila at the
indicated temperature, 400 accumulations. The 90° pulse width was 3.7 us and the

recycling delay 4 s.
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Figure 3-7. 3P NMR spectra (121.5 MHz) of the total lipids of T. thermophila at the
indicated temperature with a spin echo (left) or with presaturation using the DANTE
pulse sequence (right). The total number of accumulations was 1200, the 90° pulse
width 6 zs and the recycling delay 4s. The conditions for the presaturation are

those of Figure 3-5. The arrow shows the position of saturation.
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Figure 3-8. 121.5-MHz 31P NMR spectra of the total lipids 7. thermophila at 0°C with
a spin echo (a) or with selective presaturation using a DANTE puise sequence (b).
All conditions are described in Figure 3-7. Spéctrum {c) is the subtraction of

spectrum (b) from spectrum (a). The saturation frequency is shown by the arrow.
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that the absolute value of A¢ for the phospholipids might be larger than the true
value for each individual component, three of them being easily identified on the
spectrum (Figure 3-8). On the other hand, only one powder pattern can be
distinguished for the phosphonalipid powder pattern. The smaller value for a; for
the phosphonolipid must be the consequence of a lower electron density around the
phosphorus atom in the phosphonate relative to the phosphate. However, there is
no  possibility to know whether the smaller absolute value of the chemical shift
anisotropy |Ac] observed for phosphonolipids is due to electronic or structural
factors, or a combination of both, if the complete 31P NMA chemical shielding tensor

— principal components and orientation of the principal axes — is not known.

Due to the complexity of the system, the exact role of each lipid
component cannot be determined. Several studies (19, 21, 39) have shown that PC
and sphingolipids can stabilize PE or AEPL in the bilayer form. However, the polar
lipids of Tetrahymena undergo a bilayer-to-hexagonal phase transition at a relatively
low temperature — the transition starts at a temperature lower than the growth
temperature. Apparently, the amounts of the above components are not high
'enough for this stabilization. On the other hand, when neutral lipids arc present as
well, no hexagonal phase is formed, the bilayer phase being stabilized up to a higher
temperature. However, an unknown isotropic component appears, and this

transition is partially irreversible.

For reasons indicated above, pure AEPL would be required to
determine its own phase behavior, and the effect of other components present in the

system could then more easily be determined.
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3.4.3 Purification of AEPL

Because of the complexity of total or polar lipid mixtures, purification of
AEPL was attempted. The compound could later be studied by 31P NMR, either

individually or mixed in different proportions with other polar or neutral lipids.

First attempts at purification of AEPL were done by preparative TLC.
The solvent system chloroform—acetic acid —methanol —water 75:25:5:2.2 (7) is
suitable to separate AEPL from‘ PE on an analytical scale. - However, ¢n a
- preparative scale, fhere was overiap of the bands for these two components. In
order to be useful as a purification method, the R, of the two components to
separate must differ by at least 0.3, taking into account the large dispersion of the
bands caused by different combinations of alkyl and acyl chains. A solvent system
that would give such a separation has never been described, and this is easily
understood because of the close similarity between the molecular structures of
. phospho- and phosphonolipids. Therefore, column chromatography was chosen

as an alternative.

Silica ge! chromatography of total lipids of Tetrahymena was carried
out to develop a purification method for AEPL. Conventional solvent systems
composed of mixtures of chloroform and methanol failed to separate AEPL from PE.
Neutral lipids are eluted in the void volume with pure CHCl;. The mixture
CHCIl3—~CHgOH 9:1 enables the separation of CL. However, AEPL and PE are
collected in the same fractions, without separation. Their elution starts with the
solvent CHCl; —CH4OH 7:3, but the polarity must be increased to CHClz—CHZOH
6:4 to elute them completely. Elution of more polar lipids starts with CHCl3 —CHzOH
4:6, but resolution of the other components is not good. The method appears
useful for the separation of ethanolamine-containing lipids from the other

components. The two components of this fraction could be separated by TLC,
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since the solvent mixture used is suitable for their separation. However, since the
quantities obtainable are low, a column chromatography method would be
preferable. A large proportion of acetic acid is required to separate the two classes

of lipids (36). Different solvent compositions were tried, without much success,

The solvent systems of Kapoulas (36), containing various proportions
of acetic acid in chloroform, were used to purify the AEPL—PE mixture by column
chromatography on silica gel. With neither solvent system was it possible to obtain
a complete ‘separation of the 2-aminoethylphosphonoiipid frdm' its
phosphatidylethanolamine analog, although pure PE was obtained in late fractions.
__ It was cumbersome to eliminate ali traces of acetic acid, because s0 much of it had

to be used to achieve effective separation.

3.4.4 Hydrolysis with phospholipase D

The last method tried to obtain a pure AEPL fraction was enzymatic
hydrolysis of phospholipids with phospholipase D. Since phosphonolipids possess
a P—C rather than a P—0 bond on the amino side of their headgroup, they are
resistant to hydrolysis with this enzyme, whereas phospholipids are transformed to
phosphatidic acid (PA), which is believed to be more easily separated from AEPL
than PE. With the solvent system used for TLC of the polar lipids, PA migrates close
to the solvent front. The results show that, although the amount of PE decreased
with time relative to that of AEPL, the reaction never went to completion, even when
more enzyme was added. The PE was transformed into a component of A,
sufficiently different from that of AEPL to achieve a good separation by simple
column chromatography. However, the method was not satisfactory since the
reaction could not be taken to completeness, necessitating separation of residual
PE from AEPL.
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3.5 Conclusion

Using thin-layer chramatography, the major components of the polar

and neutral lipids of Tetrahymena thermophila were identified.

31p NMR was used to observe the phase behavior of the polar and
total lipids of Tetrahymena thermbphila dispersed in excess buffer. The results
show that a reversible transition from bilayer to hexagonal phase occurs between 15
and 45°C for the polar lipids, whereas for the total lipids the transition temperature is
ca. 35°C, but the bilayer is transformed into an unknown isotropic phase. It is
suggested that one or more components of the neutral lipids (possibly
tetrahymanol) stabilize the bilayer up to h'igher temperature. However, the formation
of the isotropic phase could not be explained. This isotropic ~huse show hysteresis,

and only freeze-thawing can bring back the bilayer spectrum.

Attempts at purification of AEPL haviﬁg not been successful, it was
decided to study phosphonolipids in a more rigorous manner. In order to interpret
the above results in terms of headgroup conformation, the 3P NMR chemical
shielding tensor is required. By using synthetic compounds, the lipid can be
labelled and other nuclei can be used as probes in determining the conformation.
Finally, by using model membrane systems of known composition, all the variables

can be controiled and the effect of each of them determined individually.
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CHAFTER 4

31p NUCLEAR MAGNETIC RESONANCE CHEMICAL SHIELDING TENSOR
OF 2-AMINOETHYLPHOSPHONIC ACID?

4.1 Introduction

Solid-state 3P nuclear magnetic resonance (NMR) is a valuable
technique for studying phosphorus-containing lipid headgroups, owing to the high
natural abundance of 31P, its relatively large gyromagnetic ratio, and the fact that no
perturbation need be introduced in the system (2). Phosphonolipids are found in
several types -of organisms (3), but very little is known about their role or their
influence on membrane structure. Like phospholipids, they exhibit polymorphism
that can be detected by 3P NMR; in both cases, bilayers and nonbilayer structures

give rise to characteristic lineshapes (4).

The information obtained from 3P NMR chemical shift anisotropy of
unsonicated phosphorus-containing lipid dispersions can be interpreted in terms of
headgroup conformation, molecular motion and lipid polymorphism only if the 31p
NMR chemical shielding tensor is known {2). Computational approaches being
unfeasible, it is necessary to determine the arientation of the shielding tensor

experimentally on suitable model systems. A major problem in the experimental

T The results presented in this chapter have been published in Reference 1.



determination of the tensor orientation is the difficulty to grow single crystals
sufficiently large for NMR investigations. So far, single crystals of phospholipids
have been small and of poor quality by normal crystallographic standards (5). The
lack of data on the 3P NMR shielding tensor in phosphonates, specifically on its
orientation with respect to the molecular frafne, precludes any prediction of
lineshapes for various phosphonolipid phases. The orientation of the chemical shift
tensor is known for several phosphate compounds (6-10); the principal values of
the tensor are known for a phosphonolipid (4), but no information is available on its

orientation with respect to the molecular framework.

In this work, the 3P NMR chemical shielding tensor was determined in
2-aminoethylphosphonic acid (AEP), a good model for the headgroup component
of phosphonolipids. AEP was chosen because it readily forms single crystals, and
because it is the phosphonate analog of 2-aminoethyl phosphate, the compound
used as a model for phospholipid headgroups (7). Previous works on
phosphonates include theoretical calculations of 3P NMR shielding tensors by
quantum chemical methods (11, 12), and a report of the principal values of the
chemical shift tensor in different phosphonic acid diesters and phosphonic acids
(13). This is the first determination of the complete 3P NMR chemical shielding

tensor of a phosphonate.

4.2 Theory

As a result of the chemical shift anisotropy and in the absence of other
interactions, the NMR_spectrum of a sample containing randomly distributed
crystallites assumes a characteristic powder pattern, and the principal values of the
shielding tensor can be read directly from the spectrum (14). When the sample is a

single crystal, narrow resonances are observed; their number depends on the
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symmetry of the unit cell and on the number of nonequivalent resonant nuclei in the
asymmetric unit. The measured chemical shift o, of a particular line corresponds to
the 2z component of the shielding tensor in the laboratory axis system (xyz), where z
is the direction of the magnetic field By, It is related to the components of the tensor

in another axis system according to the equation (15):

0,, = TyxySin?8cos2é + oyysin?dsin®d + o ;c08%9
+ ayysin®6sin2¢ + oy,sin2dcos¢

+ oy sin26cosd, [4-1]
where 0 and ¢ are the polar angles of By in the axis system (XYZ).

In order to determine the six components of the chemical shielding
tensor, it is sufficient to measure ¢, in six independent orientations and to solve the
resulting six equations (Equation [4-1]). However, when the spectra contain more
than one line, it is difficult to determine unambiguously from the spectra in the six
orientations which lines arise from the same nucleus, and consequently the following
procedure is used. The crystal is mounted on a cube that can be connected to a
goniometer in three orthogonal ways. The rotation axis of the goniometer must be
perpendicular to By. An axis system (x'y'z) fixed to the cube is chosen so that x', y'
and 2 are perpendicular to the three faces of the cube. For a rotation about the axis

i of the goniometer cube, it can be shown (16) that:
0,0 =0 Hcoszp + OySin?p + 0 ysin2p, [4-2]

where i, j and k represent the x', y* and z' cube axes, or other related axes, i is the

axis perpendicular to and j the axis at an angle p to the magnetic field direction.
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4.3 Experimental part

4.3.1 NMR experiments

3P NMR spectra were obtained at room temperature on a Bruker
CXP-300 spectrometer operating at 121.5 MHz. To avoid large first-order phase
corrections of the spectra, a spin echo sequence with complete phase cycling is
used (17), the first and second pulses being 72 and 144°, respectively, to allow
faster recycling. An estimate of the longitudinal relaxation time T, obtained using
the invarsion-recovery method followed by the Hahn echo on powder AEP, allowed
the setting of the recycling delay to 15s, provided the pulse angles used for the
echo be shorter than 90 and 180°. Hence, from the Ernst equation (Equation [2-7]):
o = 72°when T = T4, where a s the pulse angle énd T the recycling delay. The 90°
pulse durations ranged from 4.0 to 4.6 s and the pulse spacing was 42 ns. All
spectra were obtained in the presence of gated brba_dband decoupling; the 'H
decoupling field (1.4 - 10—4T) is applied from the start of the first pulse to the end of
the acquisition period. The decoupler frequency was set 3 ppm upfield from the
H,0 resonance; at this frequency, the linewidth of the 3'P lines of AEP are minimal.
Typically, 100 to 300 accumulations were necessary to obtain a good signal-to-noise
ratio. In order to improve the signal-to-noise ratio without losing resolution, a double
multiplication (Lorentzian broadening, —80 Hz; Gaugsian broadening, 200 Hz) is
applied to the free induction decays, which are subsequently Fourier transformed

from the top of the echo (17).

Chemical shifts are reported in ppm relative to an external reference of
85% HyPQO,, assuming positive values for resonances at high frequencies. The

convention @44 < 05 < 0g3 is chosen to label the principal axes.
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4.3.2 Goniometer

The single-crystal experiments require that the crystal be rotated about
an axis perpendicular to the magnetic field direction. This is accomplished through
the use of a specially designed goniometer. A double-tuned 3'P-1H home-built
probe was modified as diagrammed in Figure 4-1. The goniometer consists of a
short horizontal shatt located inside the coil at one end and connected to a 40-tooth
worm’ gear at the other end. The corresponding single-thread worm is itself
connected to a long vertical shaft extending to the calibrated dial placed outside the
probe, The sample is mounted on a cube that can be' attached to the horizontal
goniometer shaft in three orthogonal ways. One complete rotation of the vertical

shaft corresponds to a 9° rotation of the crystal.
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Since the goniometer must be placed inside the magnetic field, it was

constructed entirely of nonferromagnetic materials. The worm and worm gear were
from Boston Gear Incom International (Quincy, Massachusetts) distributed by MBS
Bearing Service (Ottawa, Ontario), and are made of Acetal, with a brass insert for the
worm gear. The long vertical shaft is pure aluminum. The sample cube and cube
holder are composed of plexiglass. Materials used for the other components

include Teflon, Nylon, aluminum and brass.

Using this goniometer, the orientation of the sample could be
controlled to within 0.07°. The reproducibility of the system is demonstrated by
noting that a spectrum taken at a given orientation is identical to that taken after the

crystal is rotated away and then returned to the initial angle.
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Figure 4-1. Diagram of the top of a double-tuned 31P-1H home-built NMR probe
showing the single-axis goniometer modification. (a) Rear view. (b) Front view.

(c) Cross section through the middle of the coil.



4.3.3 Sample preparation

AEP was obtained as a powder from Sigma Chemical Company
(St. Louis, Missouri), and was used without further purification. Single crystals were
grown at room temper?ature by vapor diffusion of 95% ethanbl into a previously
filtered 40 mg/ml aqueous solution of AEP, and were harvested after 5 to 10 days.
The lengths of the unit cell axes were measured énd found to be o = 10.3593
(+0.0012), 8 = 10.7713 (£0.0012) and v = 8.7738 (+0.0011) A, in agreement With
the reported values of & = 10.355, 8 = 10.76, and vy = 8.77, A (18). A crystal
measuring approximately 3.0 x 2.5 x1.5mm (19mg) was used for the NMR
experiments.  The orientation of the crystal axes was determined with a
diffractometer. The crystal was transferred from the x-ray goniometer to the NMR
goniometer, and the approximate orientation of the unit cell axes with respect to the

goniometer cube axes was noted.

4.4 Method and results

4.4.1 NMR measurements

The 3P NMR spectrum of a powder of AEP is shown in Figure 4-2(a).
It has the shape characteristic of an asymmetric chemical shielding tensor. This is

expected as a result of the low symmetry of the phosphonate group in the AEP

molecule. From this spectrum, the principal values are found to be: ¢,y = —83,
g0 = —15 and g3 = 45 ppm, in good agreement with the previously reported
values of a4 = —81, 055 = —11 and g43 = 47 ppm (4).

Figure 4-2(b) shows a spectrum from a single crystal of A.E"P:"ih “an

arbitrary orientation. Knowledge of the space group and number of resoﬁant nuclei

o
b
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Figure 4-2. 3P NMR spectra of AEP at 121.5 MHz using quadrature detection. The
spectral width was 83.3 kHz; free induction decays of 8 K points were transformed
to 16 K complex points. (a) Spectrum of a powder sample, 112 accumulations.
(b) Spectrum of a single crystal in the orientation indicated by the arrow in

Figure 4-5(c}, 288 accumulations.
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per asymmetric unit allows the prediction of the maximum number of lines that will
be seen at any orientation of the crystal. AEP crystallizes in the orthorhombic space
group Pbca with one molecule per asymmetric unit (18). A stereoscopic illustration
of the AEP molecules in the unit cell is shown in Figure 4-3. There are therefore
eight molecules per unit cell, occurring in four pairs related by inversion symmetry.
Since chemical shielding tensors are invariant under inversion, the presence of four

lines results from four magnetically nonequivalent orientations of AEP in the unit cell.

The linewidths in Figure 4-2(b) range from 850 to 1150 Hz, and are
orientation-dependent. Increasing the power of the 'H decoupling field does not
produce any further line narrowing, indicating that the 31P-H dipolar interactions
are completely removed. Since the shortest distance between two phosphorus
atoms in AEP crystals is 4.60 A, the contribution to the linewidth from P-P dinolar
interactions is expected to be about 380 Hz (Equation [2-26]), neglecting the
arientation dependence of these interactions. Another contribution to the linewidth
is spin-spin (ip) relaxation. At the magnetic field value used for these
. measurements (7 T), chemical shift anisotropy is an important relaxation
mechanism. The relaxation time T, measured on a crystal in an arbitrary
orientation, was found to be between 560 and 840 us, depending on the orientation.
These values correspond to linewidths of 380 to 5§70 Hz (Equation [2-11]). Thus,
the combination of T, relaxation via the chemical shift anisotropy mechanism and
broadening due to intermolecular P-P dipole-dipole interactions accounts for the

observed linewidths.

442 Determinétion of thé tensor

For the computation of the principal components and the orientation

angles of the chemical shielding tensor g from the three rotation plots, the
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Figure 4-3. ORTEP (19) stereoscopic illustration of the packing of AEP molecules in
the Pbca unit cell, as viewed down the ¢ axis. The a axis points to the right and the b
axis to the top. The stereoscopic image can be observed through a stereoscope.

with a 9-cm focal length and a 6.5-cm separatiori between optical centers.



coordinate systems shown in Figure 4-4 are relevant. The experimentally accessible
shielding value is given by the matrix element ¢, in the laboratory axis system. The
tensor in the cube or sample axis system is obtained from it by applying
Equation {4-2]. The desired quantities are eigenvalues of the tensor g, as well as
the orientation of the principal axis system with respect to the crystal or the
molecular axis system, expressed by the transformation matrices R(P¢) or R(P™)
respectively. In the present approach, the tensor gfS) is first obtained by a least-
squares fit of the shielding values measured for the different orientations of the
crystal. The transformation matrix R(S) is determined exactly from the approximate
orientation of the crystal axes with respect to the cube axes and the symmetry of the
space group. A molecular axis system related to the symmetry of the phosphonate
group is chosen and R(™) computed from the atom positions in the crystal unit cell.

By a subsequent diagonalization, g{P) and R(P¢) or R(P™) are found.

- For the computation, all programs were written in Turbo Pascal 3.0
(Borland International, Scotts Valley, California) and run in CP/M 3.0 (Digital
Research, Pacific Grove, California) on a Franklin Ace 100 computer (Apple Il +

compatible}.

4.4.2.1 Tensors in the cube axis system

The 31P NMR spectra were obtained as a function of the rotation angle

about the three orthogonal cube axes. The spectra were taken in 9° intervals over a
range of 180°. The experimental points and theoretical curves fitted to
Equation [4-2] by the method of least squares are shown in Figure 4-5. The
general least-squares method (20) is used to fit a curve that is linear in its
.'coefﬁcients. Matrix inversion following the Gauss-Jordan elimination method with

complete pivoting (21, 22) is used to solve a system of linear simultaneous
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Figure 4-4. Summary of the different coordinate systems used in this study. Also
indicated are the rotation matrices transforming the 3P NMR chemical shielding
tensor between different axis systems. The superscript of the rotation matrices
indicates destination and origin of the transformation, e.g. R($!) is the transformation

matrix used to transform the 3'P NMR chemical shielding tensor from the laboratory
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Figure 4-5. Angular dependence of 3'P NMR chemical shift for rotation of a crystal
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include data points and theoretical curves calculated from least-squares analyses,
The vertical lines locate equivalent sample orientations, as indicated by the labels A,

B and C. The arrow shows the orientation for the spectrum of Figure 4-2(b).
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equations. For each rotation curve, the starting position of Bg is not known. In
order to relate the regression coefficients of the curves to the tensor elements in the
cube axis system, it is necessary to compare two rotational plots. In fact, for each
pair of rotation piots, there are points of equivalent orientation, as shown by the
vertical fines in Figure 4-5, which represent the solutions with lowest variance. The
intersections are found using Newton's method with Marquardt's modification (23,
24) to solve the least-squares problem. ‘As an example, line A in Figure 4-5(c)
corresponds to an orientation in the xy' plane. The equivalent orientation in the x'2'
plane is given by line A in Figure 4-5(b). In this orientation, the magnetic fiéld is thus
exactly along the x' axis of the goniometer, which is the intersection of the two
planes. After a rotation corresponding to the calculated intersections, the full
tensors in the cube axis system are found from the sets of corresponding curves
from each of the three rotation plots. In this way, from each set of curves, nine
tensor elements are determined, six of them being independent; the diagonal

elements are determined twice and the two values averaged (15).

4.4.2.2 Tensors in the crystal axis system

The fact that AEP crystals have an orthorhombic unit cell can be used
to transform the tensors to the crystal axis system, using a method that relies on the
crystal symmetry (18). Specifically, because they belong to the orthorhombic space
group Pbca, shielding tensors in the crystal axis system must transform into one
another by 180° rotations about the unit cell axes. In this particular axis system, the
tensors bear a simple relationship to one another in that the magnitude of the tehsor
elements are the same and only the sign of the off-diagonal elements can change.
This constraint, together with the knowledge' of the approximate orientation of the
crystal axes with respect to the cube axes, was used in a minimization procedure to

‘determine the exact positions of these crystal axes. The computational method is
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the following. A transformation matrix is computed from trial Zuler angles
determined from the known approximate orientation of the crystal axes with respect
to the cube axes. The rotation is performed and the residual sum of squares
computed. A modified Simplex method (25-28) is used to solve the nonlinear least-
squares problem. Then a quadratic approximation of the function near the minimum
(25) is used to get a better solution. The tensors in the crystal axis system are
obtained by matrix multiplication and the absolute value of the individual elements

averaged for the four tensors,

4.4.2.3 Tensors in the molecular axis system

Since the crystal structure is known, the tensors can then easily be
transformed from the crystal axis system to a suitable molecular axis system. Two
molecular axis systems are retained. The first one is the same that has been used
previously to report tensor data for the phosphate compounds (6-10). The « axis
bisects the O(1)—P—0(2) plane, the v axis is perpendicular to the 0(1)-P—-0(2)
plane and the 8 axis is perpendicular to the other two to form a right-handed
system. The second axis system was used for the computations of the simulations
of the 31P NMR chemical shift anisotropy (see Chapter 6). In this system, v is along
the P—C(1) bond, « in the O(3)—P—C(1) plane approximately bisecting the
d('l) —P—0(2) angle and the § axis again perpendicular to the other two to form a
right-handed system. The atom numbering is that of Ogaya (1 8).

4.4.2.4 Diagonal tensors

The final step of the procedure is to diagonalize the tensors to obtain
the principal elements and their orientations with respect to the particular axis
system (29). The method of Jacobi (30-32, 22), which involves planar rotations, is

used to diagonalize the tensors,
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4.4.2.5 Assignment of the tensors

From the data, four chemical shielding tensors are obtained. The
tensors have the same principal elements, but differ in orientation corresponding to
the four different orientations of the AEP molecule in the crystal unit cell. This allows
four possible assignments of the crientation of the tensor on the molecule. The
possible tensor orientations on the AEP molecule were then plotted using the ORTEP
program (19). Only the assignment of Figure 4-6 shows definite correlation with the
bonds of the phosphonate moiety. Table 4-1 summarizes the data for the 3'P NMR
shielding tensor, along with the corresponding eigenvectors expressed as their
direction cosines both in the-crystal and molecular axis systems. The errors of the
determined parameters are expressed by their standard deviations calculated by the

error propagation laws.

4.5 Discussion

In general, chemical shielding tensors depend on the electronic
distributions in both the ground and excited states of a molecule (33-35). No
molecular orbital calculation data are available for phosphonic acids. It is however
possible to explain the results qualitatively in terms of a modification of the
phosphate structure. The 3P NMR chemical shift tensor of AEP can also be

compared with that of the phosphate analog, 2-aminoethy! phosphate (7).

The orientations of the tensors are very similar‘in the two compounds,
i.e. 055 and oy are approximately in the plane containing the two short P-0
bonds, where there should be multiple-bond character (36), leaving the least
shielded element o4, in the perpendicular direction; where only single-bond

character is expected (36). The major difference between the tensor orientations in
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Figure 4-6. ORTEP (19) representation of the 31p NMR chemical shielding tensor in
AEP. These are orthogonal projections of the molecule in the principal axis system
of the chemica! shiciding tensor. The length of each ellipsoid axis is proportional to
the shielding in that direction relative to an arbitrary reference (14) defined as
0ot = '/ol0g3 — @4y) — 044. The numbering of the atoms corresponds to that
‘used in the original x-ray crystallographic study (18), with primed letters indicating

atoms from neighboring molecules.
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Table 4-1. Principal values and direction cosines of the 3'P NMR chemical shielding

tensor in AEF relative to the crystaliographic axes (abc) and the molecular-fixed

axes (apv)8.

Principal Principal :
Direction cosines with respect 1o
axis value®
(Ppm) a b c o ¢} ¥
1 —-87.1{0.9) 0.3082 0.7324 0.6071 -—-0.1602 0.0231 0.9868
2 —156(0.4) —09295 00959 03561 09728 0.1731  0.1539

3 47.5 (0.6) 0.2026  -0.6741° 07103 -0.1673 0.9846 -0.0502

@ The molecular-fixed axis system was chosen such that the « axis bisects the
0O(1) —P—0(2) angls, the v axis is perpendicular to the O(1) —P—0(2) plane —
approximately from Q(3) to C(1) — and the g8 axis is perpendicular to the other
two to form a-right;handed system — approximately from O{2) to O(1) —, the
numbering of the atoms bsing that of Okaya (18).

b values in parentheses represent standard deviations.

¢ Average standard deviation in the direction cosines is = 0.6°.
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the two compounds is a shift of v in the direction of the P—C bond in AEP. The
P—C bond in the phosphonate would have a lower electron density than the
corresponding P —O bond in the phosphate; it is thus expected that the 1 axis shifts
in the direction of the P—C bond, which is in full agreement with the experimental
observations. In fact, the principal axis for o4, is closer by 8° to the P—C(1) bond
direction in AEP than to the corresponding P(1)—0(5) bond direction in
2-aminoethyl phosphate (7), the numbering of the atoms being in both cases that of

the crystallographic studies (18, 37).

In the AEP crystal, there is no true crystaliographic symmetry within the
molecule. There is however an approximate local mirror plane at the phosphorus
atom, which is spanned by the C(1) —P—0(3) segment. The two tensor elements
041 and ap; are found to lie approximately in this plane, as expected.' The deviation
from the plane can be explained for v, by the differences in length of the two short
P—O bonds, or by the strength of the hydrogen bonds they make with adjacent
molecules. The P—0(1) bond is longer than the P—O(2) bond, because O(1)
makes a stronger. hydrogen bond with O(3} in an adjacent molecule (18). Therefore,
the available electrons are removed from the phosphorus atom in-that direction. As
a result, 0, is closer to the direction of the P—0(1) bond than to that of the P —0(2)
bond, because the former has a lower electron density. Similar observations have
been made in phosphate compounds such as 2-aminosthyl phosphate (7), serine
phosphate (8), cytidine 3-phosphate (8), urea phosphoric acid (), and
deoxycytidine 5-phosphate (10). Also, similar effects of intermolecular hydrogen
bonding on 13C NMR chemical shielding tensors in carboxyl (15) and carbonyl (16)
carbons have been reported. The most shielded element in the plane perpendicular

to the = orbitals is always tilted towards the shortest C—O bond.
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When comparing the results obtained for AEP with the theoretical
calculations performed on dimethyl methylphosphonate (11), a phosphonic acid
diester, the orientations of the tensors are found to be aimost. coincident, provided
the assignment of g, and o4 is reversed, and the directions of the short and long
P—O bonds are exchanged, in one of the two molecules. This has {0 be done
because there are two short P—O bonds in the acid and two long P—0 bonds in

the diester.

As shown in Table 4-2, the principal values of the 31p NMR chemical
shielding tensor of AEP are all smaller than the corresponding values for
2-aminoethy! prosphate (7). in the phosphonate, because a P—C bond replaces a
P —0 bond, the overall electron density should be lower than in the phosphate. This
provides a reason for the shift of the principal values to higher frequencies. Both
¢4y @nd ogg are shifted towards lower shielding by at least 20 ppm. A smaller
difference is found in the values for 5. The orient:ﬂation of this tensor element
roughly bisects the O(1) —P —0(2) angle, and it seems that the electron densities in
this direction are not very different in the phosphate and the phosphonate. This is
explained in the following terms: the overall decrease in electron density is partially
compensated in the direction < o5, by a shift of the 2 axis towards the P—0(3)
bond direction. The latter shift follows that of 04 towards the P—C(1) bond
‘direction. The same behavior was found in serine phosphate where a5, is tilted
towards the protonated P —0Q(4) bond direction (8), in that case due to a .relatively

short P—0 bond (40).

As a result of the smaller principal values of the shielding tensor for
AEP, the isotropic value is also smaller, and correlates well with the larger chemical
shift in aqueous solution (T: abfé’?;Z). On the other hand, the width of the powder

spectrum, expressed as og3 — 6-1'1 . 15 ;ii-most the same for AEP and 2-aminoethyl
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Table 4-2. Comparison of 31P NMR chemical shielding tensor data for AEP and
2-aminoethyl phosphate?.

Seril Aag n

Compound 0 AA Jgg Jeoe U sol

(ppm)  (PPW)  (ppm)  (ppm)  (PPM)  (PPM)

2-aminoethy!phosphonic 475 -156 —87.1 -—184 180° 1031 0918
acid (AEP) (Cg3) (0200 (O4q)
2-aminoethyl phosphaled - 67 -13 69 -4 3,78 109 0.74

(099 (V22 (033

The convention |ga4 — oggl s loge — voc| was chosen to label the principal

axes. Isotropic chemical shiftt o; = 1/3loas + 0gg + 0cg).  Chemical shift
anisotropy: Ag = 0pp — 1/o{oan + 9gga)- Asymmetry  parameter:

n = (opa — 988)/ (0} — 9¢c)

Chemical shift in agueous solution at pH 7.
¢ Taken from Deslauriers et al. (38).

d Taken from Kohler and Kleiﬁ.(7).

e Taken from Henderson et al. (39).



phosphate; similarly, there is not a big difference in the magritude of the chemical
shift anisotropy Ac¢ for the two compounds, but the signs are different (Table 4-2).
This is attributed to the lower shielding for o4, and g3, but not for v, In other
words, the magnitude of oy, is closer to that of a5 in AEP than in 2-aminoethyl
phosphate, For the same reason, the asymmetry parameter » for AEP is quite high

(Table 4-2). A similar value was also found for dimethylaminomethanediphosphonic

acid (v = 0.90), but not for pentanephosphonic acid (v = 0) (13). For the latter

phosphonic acid, the result was explained in terms of dynamical processes, which

are obviously absent in crystals of AEP because of the strong intermolecular

interactions.

As it is the case for 2-aminoethyl phosphate (7), the magnitude and
orientation of the 31P NMR chemical shielding tensor of AEP are correlated with the
electron density distribution found in the ground state of the phosphonate moiety.
Moreover, the principal elements, and especially the principal directions, are very

sensitive to the local structure and symmetry around the phosphorus atom.

4.6 Conclusign

The purpose of the present determination was to make possible the
interpretation of 3P NMR chemical shift anisotropy data of phosphonolipids. It is
believed that the tensor cbtained for AEP could be used for phosphonolipids, as
that of 2-aminoethyl phosphate was found to be suitable for phospholipids (7). The
orientation of the tensor is qualitatively similar in phosphoric acid and its mono- and
diesters, but there is a difference in the magnitude of the principal components
(6-10). For this reason, despite the rather small differences in the orientation of the
tensors, Herzfeld et al. (9) have rather used data determined on the phosphate

diester barium diethyl phosphate than on 2-aminoethyl phosphate. Although
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phosphonolipids are monoesters of AEP, the latter compound is believed to be a
good model for this type of lipids, since it is part of the headgroup of both
glycerophosphenolipids and ceramide phosphonates (3). In phosphonalipids, the
principal directions are assumed to be the same as that for AEP, and the principal
values can be determined from a powder spectrum of a phosphonolipid. They have
been determined previously for the compound 1,2-dipaimitoyl-sn-glycero-
3-(2-aminoethyl)phosphonate (4). The principal values are: 04q = -85,
Uap = —27 and og3 = 65 ppm. The differences between the figures for AEP and
the phosphonolipid are similar to those found between mono- and diesters of
- phosphoric acid (6-10). The data reported in this study enable a more accurate
interpretation of 3P NMR powder spectra of phosphonolipids in mode! and
biological membranes, and ultimately make structural comparisons between

phospho- and phosphonolipid headgroups possible.
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CHAPTER 5

CHEMICAL SYNTHESES

5.1 Goals

The major phosphonolipid in Tetrahymena membranes s
1-O-hexadecyl~2-acyI-sn-glycero-a-(2-aminoethyl)phosphonate, where the acyl
group is unsaturated (1). The main goal for this study was to synthesize a
phosphonolipid that is as close as possible to that found in nature. The study of the
differences caused by an ether linkage at position sn-1 was also of interest. For this
reason, the synthesis of 1-O-hexadecyl-z-oIey!—sn-glycero-s-(2-aminoefhyl)
phosphonaté as well as 1-palmitoyl-z-oleyl-sn-glycero-a-(2-aminoethyl)phosphonate
was considered. For comparison purposes, analogous phospho- and
phosphonolipids would have to be made. This is best achieved from a single

intermediate diradyliglycerol by introduction of the appropriate headgroup.

Since solid-state 3P NMR can only give a picture of the conformation
of the headgroup up to the phosphorus atom, another nucleus has to be chosen to
probe the complete headgroup structure. Labelling is necessary because there are
too many hydrogen and carbon atoms on the molecule, the quadrupolar coupling
constant of 14N is too large in this type of environment and the natural abundance of
the other isotopes of hydrogen, carbon and nitrogen too low. Deuterium is the

cheapest and easiest nucleus to introduce: many positions are available, and the



labelling can be made selective. Replacement of hydrogen by deuterium does not
introduce any perturbation in the system. 2H NMR quadrupolar splittings are related
to the C—2H bond orientation and motion (see Chapter 2). To obtain a complete
picture of the headgroup, the deuterium label would have to be introduced on the
hydrophilic part of the molecule, considered to start at position 2 of the chains.
Tl;erefore. the positions that could be labelled are: positions 2 and 1 of the
hexadecyl chain, positbion 2 of the palmitoyl and oleyl chains, positions sn-1, sn-2

and sn-3 of the glycerol moiety and positions 1 and 2 of the headgrdup.

Natural glycerolipids are chiral molecules. Since it is not known
whether the presence of both enantiomers would change the conformation of the
individual lipid molecules or the overall structure of the membrane, a stereospecific

synthesis was carried out.

5.2 Strategies and discussion

This section ptesents a literature review pertinent to the goals
described above. The possible methods for the preparation of phosphate and
phosphonate headgroups, ester and ether chains, and glycerol moiety, as well as
for the protecﬁon and combination of these individual elements to form the desired
final corhpound will be examined. The major conditions for retaining one method
over another are the maximum number of common steps, /i.e. the introduction of
substituents that are different at a later stage of the synthesis, the relative difficulty in
introducing the deuterium label and the ease in obtaining and maintaining the
desired stereochemistry of the glycerol moiety. In each case, the meti'lrpds tried and

chosen are described, and the reasons for the choices are discussed.
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Schemes 5-1 to 5-i8 illustrate the chemical reactions retained to
synthesize the desired compounds. Because a few reactions failed to give the
target compounds in acceptable yields, the strategy had to be modified during the
course of the work. In the schemes, only compounds used or successfully

synthesized have been given a number.

5.2.1 Headgroups

5.2.1.1 Phosphate

Different methods have been described to synthesize phospholipids
from a diradylglycerol. Phosphorylation is usually achieved with phosphorus
oxychloride. The second ester bond is introduced by reaction of the resulting
dichlorophosphate ester with an alcohol. If the desired compound is a 2-aminoethyl
phosphate ester, the alcohol can be 2-aminoethanol itself, 1,2-ethanediol,
2.bromoethanol or 2-aminoethanol protected on the amino group. When
2-aminoethanol is used, a cyclic intermediate oxazaphospholane is formed and the
ring can later be opened by acid hydrolysis to give the desired
diradylglycero(2-aminoethyl)phosphate (2). If the alcohol is 1,2-ethanediol, a
dioxaphospholane cyclic intermediate is opened by treatment with sodium bromide
(2). In that case or when 2-bromoethanol i's used directly, the resulting
diradylglycero(2-bromoethyl)phosphate can be aminated with ammonia (3).
Because of the complexity of the latter reaction, namely the low solubility of
ammonia in organic solvents and the possibility of formation of undesired secondary
amines, it is preferable to use 2-aminoethano!, protected or not (4). Amino
protecting groups successfully used include phthalimido (5) and
tert-butyloxycarbonyl (6-8, 4). The phthalimido protecting group can be removed

by hydrazinolysis, but the reaction is not completely selective since esters are
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Scheme 5-1. Synthesis of N-tert-butyloxycarbonyi-2-aminoethanol 2.
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Scheme 5-3. Synthesis of 2-bromoethylphosphonic acid 10. ‘



Scheme 5-4. Synthesis of 1-O-hexadecyl methanesulfonate 13.
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Scheme 5-5. Synthesis of D-mannitol 16.
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146



Scheme 5-7. Synthesis of 1-palmitoyi-2-oleyl-rac-glycerol.
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Scheme 5-8. Synthesis of 3-0O-hexadecyl-2-oleyl-sn-glycerol.
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Scheme 5-9. Synthesis of 3,4-O-isopropylidene-D-mannitol 27.
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Scheme 5-10. Synthesis of 2,5-di-O-benzyl-3,4-0-isopropylidene-D-mannitol 30.
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Scheme 5-11. Synthesis of 2-O~benzyl-1~pal‘mitoyl—sn-glycerol 34.
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Scheme 5-12. Synthesis of 2-oleyl-1-palmitoyl-sn-glycero-
3-(2-aminoethyl)phosphonate.
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Scheme 5-13. Synthesis of 2-oleyl-1-palmitoyl-sn-glycero-
3-(2-aminoethyl)phosphate.
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Scheme 5-14. Synthesis of 2-O-benzyl-1-0O-hexadecyl-sn-glycerol 39.
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Scheme 5-15. Synthesis of 1-O-hexadecyl-2-aleyl-sn-glycero-
3-{2-aminoethyl)phosphonate.



155

'y, —2Ho—-%Ho— nonwmz Aw

:-w-o..oL_ﬂqu:ou:ul%zon_n:o

O man, —O

0.05
HOHOZ(EHD) T1oHD

HOYHN
2yo-0-"CHo-1%HD

H
_mnmzokzolm_ionwf .w
0 :nwlo..oL.N:uu_:un:os:fuL.fu
2o -0-" €D -0

"7
(AT £, o€
1D°HD 18-2HI-ZHO~d—0—-O%H HO*HD ™IOHD
dving 0ad I o/pd %01
iz L2 £ o zluwlo: z
-— - = -— i I
HOOD —4CHD = HD = HD—~£(*"HO—)*HD 24— 0 -5 CHo—)EHD
oy
6E
"9
T N N NP 2.0 HO%H:
ATTHITIHD { o= 190 awo %00s w o s
s} :nwuok:ohzao P— :A_T? HD~5H%D
IDHN SO (& N°H'D (2 ol
2HD-0-5'Ho- 1D 2

Nfonr_TN:ukxulm {t
o

ZHo =0~ EHo - HD



Scheme 5-16. Synthesis of 1-O-hexadecyl-2-oleyl-sn-glycero-
3-(Z-aminoethyl)phosphate.
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Schame 5-17. Synthesis of 1,2-di-O-hexadecyl-sn-glycerol 44.
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Scheme 5-18. Synthesis of 1,2-di-O-hexadecyl-sn-glycero-
3-(2-aminoethyl)phosphonate 46.
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cleaved as well, and vyields are usually low. On the other hand, the
tert-butyloxycarbonyl groupli:’s easily removed under mild acidic conditions. Among
the numerous reagents that can be used to introduce this protecting group,
di-tert-butyldicarbonate was found to be the most convenient, because the only
impurities formed are tert-butanol and carbon dioxide, i.e. volatile compouncls. The
method is modified after Moroder et al. (9), who have successfully used it for the

preparation of protected amino acids for peptide synthesis.

The phosphate diester can also be prepared by reversing the orcler of
introduction of the alcohols. . The alcohol that will become the headgroup can be
phosphorylated with phosphorus oxychloride and the resulting phosphoric acic
dichloride aliowed to react with the diradylglycerol. Hirt and Berchtold (10} have
used this method with 2-phthalimidoethanol, and Diembeck and Eibl (11) with
n-bromoalkanols for the preparation of phospholipid analogs with an increased P-N

distance.

It is possible to obtain 2-aminoethanol deuterated at position 1 by
reductiori of glycine or one of its esters with lithium aluminum deuteride (12).
Similarly, cyanomethanol (prepared from formamide and NaCN) or its esters can be
reduced to [1 ,1—2H2]ethanolamine (13). However, both positions can be deuterated
at once by exchange with Raney nickel in 2H,0 (14). The extent of deuteration is
different for the two positions and this allows the easy identification of their
respective signals on solid-state 24 NMR spectra. 2-Bromoethanaol, on the other
hand, is not easily available in its deuterated form and has to be prepared from
2-aminoethanol. The_preparation of the protected phosphate headgroup is

described in Scheme 5-1.



5.2.1.2 Phosphonate

As mentioned in Chapter 3, the headgroup of phosphonolipids is
constituted of 2-aminoethylphosphonic acid (AEP), methylated or not. The
compound has first been synthesized by Finkelstein (15) starting from diethyt
phosphite and ethyl 3-bromopropionate. Since the latter is not available in its
deuterated form, it would have to be synthesized. Kosolapoft (16} has used a
different approach to synthesize the same compound. With this method, the
carbon-phosphorus bond is formed during the so-called Arbuzov reaction, where a
trialkyl phosphite reacts with an halogenoalkane, in this case triethyl phosphite and
2-bromoethyiphthalimide. The phthalimido group is then hydrolyzed under the
same conditions — aqueous HBr — as the diester. Before esterification, the amine
function has to be protected. Rosenthal and Pousada (17) have taken advantage of
the fact that the phthalimido protecting group was already present during the course
of the synthesis of AEP. Instead of aqueous HBr, gaseous HBr has been used for
the dealkylation of the ester functions (18), leaving the protecting group intact. This
group can be removed by hydrazinolysis at the last step of the synthesis. However,
as noted above, the deprotection reaction is not completely specific. Scheme 5-2
describes the preparation of 2-phthalimidoethylphosphonic acid using two different
methods. The first one, starting with 2-aminoethanol, could also be used to prepare
headgroup-labelled phosphonolipids since the compound can be deuterated by
exchange with Raney nickel in 2H20 (14). However, it was not possible to isolate the
desired compound after dealkylation of the phosphonate diester. The second
method, which involves a simple condensation between AEP and phthalic
anhydride, gave the desired compound in good vields. [t is however not a practical

method since the starting compound is not readily available in deuterated form.
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The Arbuzov reaction can also be used to prepare
2-bromoethylphosphonic acid from triethyl phosphite and 1,2-dibromoethane
(19-21), as shown in Scheme 5-3. An excess 1,2-dibromoethane has to be used in
order to obtain monoalkylation only. The latter is available fully deuterated and thus
the preparation of a deuterated headgroup is possible. Since both positions will be
labelled to the same extent, this might interfere with the determination of their
respective 2H NMR parameters. If it is not possible to assign the quadrupolar
splittings on the 2H NMR spectra, position 2 could be partially deuterated by
.exchange with Raney nickel in 2H20. as done for 2-aminoethanol (14}). The amine
function will have to be introduced after esterification by direct amination with
ammonia as described by Eibl and Nicksch (3). This method has not been used to
prepare 2-aminoethylphosphonate derivatives but only their N-methylated analogs.
The reaction is more easily effected with methylated amines than with ammonia
because of their better solubility in nonpolar solvents. Furthermore, the hydrogen
atoms on the « carbon have a marked lability (acidity) that promotes an easy
gliminatiorn of HBr during the amination reaction. This process is favoured in
‘nonpolar solvents, but a too polar solvent does not dissolve the lipid and the
reaction can not take place. However, since no better method is available to obtain
the headgroup-deuterated phosphonolipid, it was optimized to give the best

possible results. The solvent composition for the reaction has to permit single
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amination. For this, ammonia has to be readily available to the bromo compound .

dissolved in an organic solvent, otherwise the amine formed competes wilh
ammonia to produce secondary amines. Ternary mixtures composed of chioroform,
water and an alcohol that result in a one-phase system give satisfactory results. The
alcohol can not be primary because transesterification of the ester chains could

occur, and therefore 2-propanol is used.



For the esterification, 2-phthalimicioethylphosphonic acid has been
activated by forming the dichloride with thionyl chloride and a trace of
dimethylsulfoxide (DMSQ) (17). Esterification of 2-phthalimidoethylphosphonic acid
(22-24) or 2-bromoethylphosphonic acid (20, 21, 25) with the diradyiglycerol has
been achieved by forming the monochiloride with phosphorus pentachloride. With
the latter method, where phosphorus oxychloride is one of the products of the
reaction, care has to be taken to remove it completely or phospholipids will be
formed. The thionyl chloride method was tried first (Schemes 5-12 and 5-15), but it
was later found that the aci;l can be efficiently ac'tivated with
dicyclohexyléarbodiimide (DCC) in the presence of a catalytic amount of
N.N-dimethyl-4-aminopyridine (DMAF’). if a dipolar aprotic solvent like
N N-dimethylformamide (DMF) is used to dissolve the phosphonic acid
(Scheme 5-18). This method followed from the successtul synthesis of monoesters
of nucleoside phosphates and diesters of phosphoric and pyrophosphoric acids

(26, 27).

5.0.2 Chains

5221 Ester

The most convenient and efficient esterification method uses
dicyclohexylcarbodiimide (DCC) as a coupling reagerit. The reaction is catalyzed by
N ,N-dimethyi-4-aminopyridine (DMAP) to activaie the acid (28, 29). No acid chloride
nor anhydride need be prepared beforehand, and there is no need for pyridine, the

reaction being carried out in dichloromethane.
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Since a hydrogen atom at position 2 of a fatty acid chain is more acidic
due to the carboxylic acid functional group, deuteration at this position is possible

by a-exchange. This is done with NaO2H in QHZO, as described by Tulloch (30).

5.2.2.2 Ether

Coupling of a long-chain alcohol to the glycerol moiety requires a
good leaving group which can be halide, p-toluenesulfonate or methanesulfonate.
Methods using sodium naphthalene in 1,2-dimethoxyethane (31), potassium in
benzene (32) or KOH in xylene (32}, and potassium tert-butoxide (8, 33-35} have

been described. It was found that using NaH as the base gives satisfactory results.

Long-chain alcohols deuterated at position 2 are readily obtained by
reduction of the corresponding 2,2-2H,-labelled fatty acid with LiAIH,; position 1 is
labelled by reduction of the unlabelled acid with LiAl2H,. Since the alcohol has to be
used as the starting compound, the methanesulfonate makes an easily introduced
leaving group. Tulloch (30) has synthesized alkyl methanesulfonates in CH,Cl,
using triethylamine as the base. Good yields are obtained and there is no need for

pyridine (36). The preparation of the ether chains is shown in Scheme 5-4,

5.2.3 Glycero! moiety

Different possibilities were considered for the diradylglycerol. The
usual starting substance for the synthesis of glycerolipids has been
1,2-0-isopropylidene-sn-glyceral, which has been synthesized from D-mannitol in
three steps (37). D-Mannitol is converted to 1,2:5,6-di-O-isopropylidene-D-mannitol
by the use of ZnCl,. lts cleavage with lead tetraacetate gives 2,3-O-isopropylidene-
D-glyceraldehyde, which vyields 1,2-O-isopropylidene-sn-glycerol by catalytic

reduction.
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Lok et al. {38) have synthesized 1,2-O-isopropylidene-sn-glycerol and
2,3-O-isopropylidene-sn-glycerol from D- and L-serine. The first step involves a
diazotization with NaNO, in HCI to give the corresponding glyceric acid. The acid is
methylated and the diol protected by isopropylidene acetal formation with
2,2-dimethoxypropane in methanol —acetone. Finally, the ester is reduced with
lithium aluminum hydride. Although it is claimed that the reaction proceeds with
100% retention of configuration (one inversion for the diazotization followed by
another inversion for the reaction with water), methods that do not require bond
breakage and formation at the asymmetric carbon atom would give more
confidence in the final stereochemistry of the product. Furthermore, deuterium can
only be introduced at one position, since optically active and specifically deuterated

serine is not readily available. -

Tanako etal. (39) have published a one-pot method for the
preparation of 2,3-O-isopropylidene-sn-glycerol starting with L-ascorbic acid. The
method consists in the preparation of the acetonide of L-ascorbic acid, followed by
the reduction of all carbony! groups with LiAlH,, then the oxidative cleavage of all
vicinal diols with sodium periodate and finally the reduction of 2,3-isopropylidene-
L-glyceraldehyde. This method was not retained because the possibilities of

labelling are limited.

To obtain a glycerol moiety deuterated at positions sn-1 or sn-2, the
starting mannitol has to be labelled. D-[2-2H;]Mannitol can be obtained by
reduction of D-fructose with sodium borodeuteride. Borate complexes formed with
polyhydroxy compounds are circumvented by removal of sodium with an ion
exchange resin, followéd by removal of boric acid as its volatile methyl ester by
distiling with an excess methanol under reduced pressure (40). Two epimers are

obtained, namely D-[2—2H1]mannitol and D-[2—2H1]sorbitol. which are easily



separated based on their different solubility properties. Two crystallizations from
methanol —water 1:1 afforded pure labelled D-mannitol. D-Mannitol fully deuterated
at positions 1 and 6 can be obtained by reduction of D-mannaric acid with NaB2H,,.
This is possible provided the pH is acidic for the reduction of the ester to the
aldehyde. The formation of the sodium salt of the acid (in Lasic conditions), which is
nonreactive towards sodium borohydride, is then prevented, The last stage can be
done at pH 9. The acidic conditions necessary for the first stage can be obtained
With boric acid, which is used as a buffer in the second stage (41, 40). D-Mannaric
acid itself can be synthesized by oxidation of D-mannose' (42) or D-mannitol (42, 43)
with nitric acid. The yields are low due to nonspecific oxidation but large scales can
be used because the starting materials are inexpensive. The reactions involved for

the deuteration of D-mannitol are shown in Scheme 5-5.

Eibl (44) has developed a method that avoids the purification of
1,2:5,6-di-C-isopropylidene-D-mannitol, uses sodium metaperiodate for its cleavage
into two protected glyceraldehyde molecules and sodium- borohydride for the
reduction (45). A good optical rotation is obtained by this method and is maintained
over months at 5°C in presence of solid potassium hydrdxide. The reaction steps
involved are illustrated in Scheme 5-6. If sodium borodeuteride is used instead of
sodium borohydride, one deuierium atom can be introduced at position 3. Since

the reduction is nonstereospecific, both 3R and 38 enantiomers will be formed.

Schemes 5-7 and 5-8 describe the synthesis of the diacyl- and
alkylacylglycerol respectively. 1-Palmitoyl- (46, 47) and 1-O-hexadecyl-sn-glycerol
(31, 48, 49, 32, 5) have. been synthesized from 1,2-O-isopropylidene-sn-glycerol.
For this work, the coupling reactions described above were used. Hydrolysis of the
isopropylidene group is performed in ethyl ether —HCI at 0°C (46, 47) in the case of

the ester derivative and with aqueous acetic acid for the ether analog (31, 48).
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Refore introcluction of the oleyl chain at position 2 of the glycerol, the primary alcohol
functional group has to be protected. The triphenylmethyl protecting group shows a
high degree of selectivity for the primary hydroxy groups of polyols. A simplified
procedure for its introduction over *he classical use of triphenyimethy! chloride in
pyridine consists in the activation of the reagent with DMAP (50). The method
permits the use of solvents and bases other than pyridine. For no known reason,
the reaction gave somewhat low yields and this method of preparation of the
diradylglycerol was abandoned at this stage, when a better method was found. As
a matter of fact, the use of a diradylglycerol possessing ah ester chain at position 2
has been criticized because of the possibility of acyl migration to the free primary
alcohol position (35); The resulting phosphorus-containing lipid would be

contaminated with the 1,3-diradyl isomer, which is unacceptable,

The protlematic storage (racemization) and  occasionally
unsatisfactory optical purity have been criticized for 1,2-O-isopropylidene-
én-glycerol (45, 44). New routes have been developed for the synthesis of
glycerclipids (8, 34, 35, 4). The starting material is a D-mannitol derivative,
3,4-O-isopropylidene-D-mannitol.  Although stable and easily prepared, this
compound has not often been used in lipid synthesis. 1t is prepared from D-mannitol
by reaction with acetone and H,S0, (51, 52) or with acetone, H,SO, and acetic acid
(53), but the former method was more successful. The intermediate compound,
1,2:3,4:5,6-tri-O-isopropylidene-D-mannitol, is then converted to the desired
‘compound by mild hydrolysis with ethanolic HCI (54), aqueous acetic acid (52) or

methanolic HCI (55). These two reactions are described in Scheme 5-9.

At this stage, two different positions are available for substitution.
Since two different chains are desired on the final molecule, the primary position

must first be protected with the triphenylmethyl group, as described above.
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Because the final substituent at positions 2 and 5 is a fatty acid linked by an ester
function, ii can not be introduced at this stage, since it will be hydrolyzed vnder the
acidic conditions necessary to deprotect positions 3 and 4. The possibility of acy!
migration from position sn-2 to sn-3 exists after conversion to two glycerol
derivatives. The benzyl group is thus used to protect positions 2 and 5 and can be
removed at a later stage by hydrogenolysis. A convenient alkylating agent is benzy
chloride. Potassium tert-butoxide in tert-butanol has been used to form the salt of
the alcohol (8, 33-35). Sodium hydride in DMF worked satisfactorily (56). The
triphenylmethyl protecting group is removed before purification.  Acidic conditions
will hydrolyze the triphenylmethyl group but can also attack the isopropylidene
group. Methods have been described using the Lewis acid ZnBr, in an aprotic
solvent (57) or BFg—CHgOH in CH,Cl, (58). However, the reaction mixture has to
be strictly anhydrous, otherwise the acetal is hydrolyzed as well. When acidic
conditions in the presence of acetone are used (34, 35), an equilibrium is
established and, if an excess acetone is used, it is shifted towards the

isopropylidene-protected molecule. Scheme 5-10 illustrates the last three steps

described.

The next step involves the introduction of the substituent at positions 1
and 6. These can either be palmitoyl or O-hexadecyl. Without purification, the
isopropylidene group is removed immediately after under mild acidic conditions with
90% aqueous trifluoroacetic acid (TFA) (59). For the cleavage of the mannito!
derivative into two identical substituted glyceraldehyde molecules, several methods
have been used. Lead tetraacetate (8, 34, 35) gave unsatisfactory results. If the
molecule is water soluble, sodium periodate can be used (45). This is not practical
in the case of lipid compounds, although a phase transfer agent,
tetrab'utylammoniurn bromide, has been used successfully (56). It was found that

using periodic acid in ether gives the most satisfactory results. The reaction
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proceeds rapidly in a one-phase system ancl the workup consists only in filtering the
precipitated iodic acid. Reduction of the aldehyde to the corresponding alcohol is
easily performed in methanol with sodium borohydride. The preparation of the
1-palmitoyl- and 1-O-haxadecyl-sn-glycerot is described in Schemes 5-11 and 5-14

respectively.

The headgroup can be introduced at this stage by the methods
described above. In the case of the phosphate headgroup, a phosphate triester (8,
4) is formed (Schemes 5-13 and 5-16). Removal of the benzyl group at position 2
has to be done by hydrogenolysis before introduction of the oleyl chain. The final
stage consists in the amination (3) of the phosphonate headgroup {Schemes 5-12
and 5-15) and the deprotection of the phosphate headgroup with LiBr in
2-butanone (8, 4) to hydrolyze the triester followed by trifluoroacetic acid —aqueous
perchloric acid in CH,Cl, {7, 8, 4) to hydrolyze the tert-butyloxyéarbonyl group
(Schemes 5-13 and 5-16).

Because the catalytic hydrogenation step failed, the synthesis of
1,2-di-O-hexadecyl-sn-glycerol from 3,4-O-isopropylidene-t-mannitol was carried
out (Scheme 5-17). Only the phosphonolipid was synthesized via this route

{Scheme 5-18).

5.3 Experimental part

5.3.1 Materials and methods

Raney nickel in water at pH 10, lithium aluminum deuteride and
sodium borodeuteride were from Aldrich Chemical Company (Miwaukee,

Wisconsin). Deuterium oxide and 1,2~dibromo[1,1,2.2—2H4]ethane were obtained
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from MSD lIsotopes (Montréal, Québec)

Di-tert-butyldicarbonate  and
2-aminoetnylphosphonic acid (AEP) were from Sigma Chemical Company
(St. Louis, Missouri). [2,2-2H,]Palmitic acid, prepared by «-exchange with NaO?H
in 2H,0 (30), was a kind gift of Dr.Harold C. Jarrell. 1,2-O-Isopropylidene-
rac-glycerol was prepared from acetone and glycerol (60) by Dr. Jerzy B. Giziewicz.

All other chemicals, solvents and salts were at least reagent grade.

Solvent proportions are given by volume, solid compounds and acids
by weight. Melting points are reported uncorrected. Boiling points measured under
vacuum are approximate since no manometer was used to determine the pressure.
Refractive indices were measured at 20°C with an Erma New Abbe Refractometer
(Erma Optical Words, Tokyo). The instrument was calibrated with distilled water
which gives 320 = 1.3329; literature (fit) »p20 = 1.33299 (61). Densities were
determined by weighing a known volume of the liquid at 20 = 2°C. High-resolutioh
TH NMR spectra were taken eifher on a Bruker AM-300, AM-360 or AM-500
spectrometer using tetramethylsilane (TMS) as an internal or external standard, 81p
and 2H NMR spectra on a Bruker CXP-300, MSL-300 or AM-300 using respectively
~external 85% HgiPO, and the solvent natural abundance signal as references,
whereas 13C NMR spectra were obtained on a Bruker CXP-300, MSL-300, AM-300

or AM-360 spectrometer with TMS as internal or external reference.

Petroleum ether (boiling point 35-65°C), benzene, ethyl ether and
tetrahydrofuran (THF) are dried by refluxing with petroleum ether-washed sodium
and distiled before use. Carbon tetrachloride, chloroform and dichloromethane are
dried by reflux and distillation from anhydrous phosphorus pentoxide immediately
before use. N.N-Dirr;ethylformamide (DMF) is distilled under vacuum (water
aspirator) from CaH, and stored over molecular sieves 5 A (8-12 mesh). Acetone

and tert-butanol are dried with anhydrous potassium carbonate and distilled before
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use. Triethylamine is distiled from CaH, and stored over KOH peliets under an
argon atmosphere, Pyridine is distilled from KOH under argon and stored on KOH
pellets. Water is either doubly distilled or a Mili-Q Water System from Millipore
Corporation (Bedford, Massachusetts) is used for its purification. Solvents that are

not required perfectly dry are purified by simple distillation.

2-Aminoethanol is distilled under reduced pressure (water aspirator) at
75-80°C before use. Phosphorus tribromide is distilled under vacuum (water
aspirator) and the fraction boiling at 45-50°C used for the bromination. Triethyl
phosphite is distilled immediately before use, and only the fraction boiling between
156 and 160°C kept for the reaction. Methanesulfonyl chloride is purified by
distillation and stpred under argon. Thionyt chlo.ride is purified by distillation at 79°C.
To purify dicyclohexylcarbodiimide (DCC), the compound is heated above its
melting point (34-35°C) and the melted portion is decanted from the solid
dicyclohexylurea and used for the reaction. Triphenylmethyl chioride (75 mmol) is
purified by dissolving in benzene (10 mi) containing aéetyl chloride (3ml). The
mixture is allowed to boil until complete dissolution. Petroleum ether (b.p. 65-110°C)
(20 ml) is added and recrystallization is effected at room temperature. Sodium
hydride is freed from mineral oil by washing four times with dry petroleum ether and

decanting each time.

Rexyn 101 (H) 16-50 mesh (minimum 1.9 meg/ml) is washed with 1 N
HCI until the eluate is acidic, then with H,O until neutral and finally put into the
desired solvent. Similarly, Rexyn 201 (OH) 16-50 mesh {minimum 0.95 meq/ml} and
Amberlite IRA-400 (OH) 16-50 mesh (1.4 meg/ml) are washed with 1 N NaOH until

the eluate is basic, then with H,O until neutral and finally put into the desired solvent.

Thin-layer chromatography (TLC) was performed on 0.25-mm Silica

gel 60 plates (E. Merck, Darmstadt) with no fluorescent indicator. The compounds
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are revealed with the following inclicators: ninhydrin (62) which gives rec spots with
primary amino compounds, phosphate spray (63, 64) which gives blue spots with
phosphorus-containing compounds, sulfosalycilic acid and FeCly (65) which gives
white spots on a purple background with the same compounds, and finally a spray
composed of 1% cerium sulfate, 1.5% molybdlic acid and 10% H,SQ, in water which
gives blue spots nonspecifically. Column chromatography is performed on Silica
gel 60 70-230 mesh (E. Merck, Darmstadt). The column is prepared by suspencling
the gel in chloroform, waiting until the mixture has cooled down, pouring into the
column with a fast flow rate and then equilibrating with the first solvent for elution. A
minimum ratio of 10:1 by weight silica gel to mixture to purify is used. The flow rate

is kept between 2 and 10 mi/min. Typically, fractions of 20-50 ml are collected.

5.3.2 Synthetic procedures

Compound numbers correspond to those found in Schemes 5-1 to
5-18, Procedures are described with typical scales. When a reaction was
performed more than once, the range of yields obtained is given. 13C NMR data are

tabulated in Appendix A.

2-Amino{G-2H]ethanol 1b

A suspension of Raney nickel {50 g) in water is decanted and vortexed
twice with 40 ml and twice with 20 mil 2H20 and the water decanted each time. To
exchange the labile protons, freshly distiled 2-aminoethanol 1a (0.5 mol} is
dissolved in 2H,0 (20 ml) and the water distilled. This operation is repeated two
more times. To excharige the protons attached to carbon atoms, the compound is
treated twice with 2H,0 (50 ml) and Raney nickel (20 g) in 2Hy0 and the water
distilled each time. The reaction is followed by 'H NMR. The deuterated
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2.aminoethano! 1b is purified by distiflation under vacuum at 96-97°C (water
aspirator). Yield: 42%. Density: 1.060 g/ml; lit. d,2C = 1.0180 (61), d = 1.012
(66), d425 = 1.0117 {67) for the nondeuterated compound. Refractive index:
1.4523; lit. np20 = 1.4541 (61), 120 = 1.4540 (66), 120 = 1.4539 (67) for the
nondeuterated compound. 46.1-MHz 2H NMR (H,0) & 3.68 ppm (2H-1), and
© 52.82 ppm (3H-2). 2H NMR was used to measure the extent of deuteration, which
gave a ratio of ca. 2:1 for the methylene next to the hydroxyl group. It is not possible

to determine the absolute value by this method.

- N-tert-Butyloxycarbonyl-2-aminoethanol 2a

A solution containing freshly distiled 2-aminoethanol 1a (0.1 mol),
dioxane (200 ml), water (100ml) and 1N NaOH (100ml) is cooled to 0°C.
Di-tert-butyldicarbonate (0.11 mol) is added with stirring. The reaction is allowed to
proceed at room temperature. The disappearance of 2-aminoethanol is followed
with ninhydrin. At the end of the reaction, dioxane is removed by evaporation under
reduced pressure. The residual aqueous solution is extracted four times with ethyl
acetate, The extracts are dried over Na,SO, and the solvent removed under
vacuum. The slightly yellow viscous oil is purified by distillation under reduced
pressure at 140-144°C (water aspirator). Yield: 84%. Density: 1.048 g/ml.
Refractive index: 1.4486; lit. np2C = 1.4525 (6).

N-tert-Butyloxycarbonyl-2-amino[G—2H]ethanol 2b

The same procedure is used with 2-amino[G-2H]ethano! 1b (0.1 mol).
The product is purified by disti!lation under vacuum at 130-133°C (water aspirator).
Yield: 60%. Density: 1.066g/ml. Refractive index: 1.4468. 46.1-MHz 2H NMR
(CHCl5) & 3.64 ppm (2H-1), and 5 3.24 ppm (2H-2). 'H NMR gave 82% deuteration

for the hydroxyl methylene and 39% for the amino methylene.
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N-(2-Hydroxyethyl)phthalimide 3

Phthalic anhydride (0.1 mol) and freshly distilled 2-aminoethanol 1a
(0.1 mol) are heated to boiling point for 30 minutes. The product is recrystaillizec
from water (50 ml). Yield: 80%. Melting point (M. p.): 125-127°C; lit. 128°C (68),
129.5°C (61), 126-128°C (66).

N-(2-Bromoethyl)phthalimide 4

Freshly distilled phosphorus tribromide (50 mmol) is added slowly to
N-{2-hydroxyethyl)phthalimide 3 (75 mmol). The mixture is heated until complele
dissolution (30 minutes). The viscous solution is poured onto ice (100 g) with a
small amount of 95% ethanol to facilitate the transfer. When the ice has completely
melted, the compound is filtered, washed with cold water, dried for a few minutes,
and recrystallized from 50% ethanol (200 ml} at 0-4°C. Yield: 850%. M.p.
79.5-81.5°C; lit. 80-82°C (68), 82-83.5°C (61), 81-84°C (66).

2-Phthalimidoethylphosphonic acid 5

Phthalic anhydride (8 mmol) and 2-aminoethylphosphonic acid 6
(8 mmol) are heated together for 46 minutes. During that time, the mixture melts
slowly, and a new solid crystallizes while cooling. The solid mass is triturated with
water and lyophilized. The residue is dissolved in boiling 2-propancl (20 mi), filtered
over a Celite mat, and washed twice with warm 2-propanol. Boiling hexane (40 mi)
is added to the filtrate. The solution is cooled to 5°C to induce crystallization. Yield:
80%. M.p.. 193-195°C; lit. 196-197 (22), 198.5-199.5°C (17). 121.5-MHz 3'P NMR
(DMSO-dg) 6 22.51 ppn;. |
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Diethyl 2-bromoethylphosphonate 8a

1,2-Dibromoethane 7a (130 mmol} in a 100-ml 3-neck round-bottom
flask equipped with an air condenser, a Stark-Dean trap immersed in an ice-water
bath, a reflux condenser and a CaCl, drying tube is heated with stirring in an oil bath
at 150-160°C. Freshly distilled triethyl phosphite (85 mmol) is added dropwise over
6 hours. The reaction mixture is heated for another hour until no more bromoethane
condenses in the Stark-Dean trap. The residue is distilled under high vacuum. The
first fraction contains the nonreacted 1,2-dibromoethane and tristhyl phosphite
(24°C). The second fraction is composed of diéthyl ethylphosphonate (70-80°C).
The desired compound is found in the third fraction (110~115°C). Yield: 34-41%.
Density:  1.274g/mi; lit. 1.275g/mi (66). Refractive index:  1.4504; it
np20 = 1.4600 (66). 121.5-MHz 3P NMR (C2HCl,) 5 26.18 ppm.

Diethyl 2-bromol[1,1,2,2-2H,]ethylphosphonate 8b

1.2-Dibromo[1,1.2.2—2H4]ethane 7b (130 mmoi) is heated with stirring
in the above-described apparatus. Freshly distilled trietityl phosphite (78 mmaol) is
added dropwise aver 5 hours, and the reaction mixture is heated for 45 more
minutes.  Distillation with a vacuum pump affords the desired compound.
1,2-Dibromo(1,1 .2.2-2H4]ethane and triethyl phosphite are found in the first fraction
(< 30°C). In the second fraction (40-70°C) is found diethyl ethylphosphonate. The
third fraction, which contains diethyl 2-bromo[1,1.2,2—2H4]ethylphosphonate 8b,
boils at 77-85°C. Yield: 41%. Density: 1.295g/ml. Refractive index: 1.4533.
121.5-MHz 3P NMR (CzleIa) 5 26.29 ppm. 46.1-MHz 2H NMR (CHCl,) 6 3.50 ppm,
22 (2H-2), and 5 2.33 ppm, 2 2H (2H-1).
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2-Bromoethylphosphonic acid monoanilinium salt 9a

Diethyl 2-bromoethylphosphonate 8a (32 mmol) in 48% HBr (40 mi) is
heated under reflux in an oil bath at 95-100°C for 20 hours. The reaction mixture is
evaporated under reduced pressure at 60°C. The residual yellow oil is dissolved in
absolute ethanol (10 ml). Aniline is gradually added until no more precipitate forms.
The precipitate is collected and recrystallized from absolute ethanol (150 ml). Yield:

68-71%. M. p.: 148.5-150°C; lit. 150-151.5°C (20, 21).

2-Bromol[1,1,2,2-?H,]ethylphosphonic acid monoanilinium salt 9b

Diethyl 2-brom0[1,1.2.2—2H4]ethylphosphonate 8b (30 mmol) is
hydrolyzed in 48% HBr (35 mi) and treated with aniline as described previously.
Yield: 57%. M.p.: 151.5-152°C. 46.1-MHz 2H NMR (H,0) 5 3.68 ppm, 2 2H (*H-2),
and & 2.35 ppm, 2 2H (3H-1).

2-Bromoethylphosphonic acid 10a

2-Bromoethylphosphonic  acid monoanilinium salt 9a (20 mmol) is
dissolved in ethanol—water 1:1 {120 ml) at 50°C. The solution is passed three times
over Rexyn 101 (H) (35 mi). The column is rinsed with ethanol—water 1:1 until the

eluate has a pH of 6. The solvents are evaporated to dryness. The thoroughly dried

residue is recrystallized in chloroform (75 ml). Yield: 73-87%. M.p.. 80.5-92.5°C;

lit. 93-95°C (20, 21).

2-Bromo[1,1,2,2-2H,]ethylphosphonic acid 10b

2-Bromo[1,1,2,2—2H4]ethylphosphonic' acid monoanilinium salt 9b

(12 mmol) in ethanol—water 1:1 (70 ml) is passed over Rexyn 101 (H) (30 ml) as



described above. Yield: 91%. M.p.. 91.5-94°C. 46.1-MHz 2H NMR (H,0)
5 3.59 ppm, 2 2H (2H-2), and 6 2.33 ppm, 2 2H (3H-1),

1-[2,2-2H,)Hexadecanol 12b

[2,2-2H,)Palmitic acid 11b (12 mmol) dissolved in dry ethyl ether
(100 ml) is added dropwise to maintain a moderate reflux to LIAIH4 (15 mmol) in dry
ether (30ml). Reflux is continued for another 3 hours until TLC (petroleum
ether —ethy! acetate 4:1) shows complete conversion. The mixiure is cooled in an
ice-water bath and H,O (15 ml) added slowly to destroy the excess LiAlH,. After Hy
evolution has stopped, 10% H,S0, (70 ml) is added slowly to free the alcohol from
the lithium and aluminum salts. The phases are separated and the aqueous phase
extracted a few times with ethyl ether. The combined ether extracts are washed with
water, 5% sodium bicarbonate and water. The solution is dried with sodium sulfate

and evaporated to dryness. The product is used directly for the next step.

1-[1,1-2H,]Hexadecanol 12¢

The reaction is repeated with palmitic acid i1a (20 mmol) and LiA|2H4

{22 mmol). The residue is used directly to form the methanesulfonate.

1-Hexédecy[ methanesulfonate 13a

{-Hexadecanol 12a (0.1 mol) is dissolved in dry CH,Cl, (600 ml)
containing dry triethylamine (0.15 mol). The solution is cooled to 0°C. Distilled
methanesulfo'nyl chloride (0.14 mol) dissolved in dry CH,Cl, (50 ml} is added
dropwise with stirring.” The reaction mixture is kept at 0-4°C overnight. TLC
(petroleum ether —ethyl acetate 4:1) shows that all starting material has reacted.

The solution is washed four times with water, dried over sodium sulfate and

176



evaporated to dryness. The residue is recrystallized twice from methanol (200 mi).

Yield: 87-93%. M. p.: 50.5-52°C; lit. 54-55°C (32).

1-[2,2-2H,}Hexadecyl methanesulfonate 13b

The same procedure is wused with the residue of
1-[2,2-2H,]hexadecanol 12b. Yield: 85% (2 steps). M.p.: 50-51°C. 46.1-MHz 2H
NMR (CHClg) 4 1.72 ppm.

1-[1,1-2H,]Hexadecyl methanesulfonate 13¢

The residue of 1-[1,1-2H,]hexadecancl 12¢ is used in the same
procedure, Yield: 50% (2 steps). M. p.: 49.5-51°C; lit. 52-53°C (30). 46.1-MHz 2H
NMR (CHCly) & 4.19 ppm.

D-Mannosaccharo-1,4:6,3-dilactone 14

70% Nitric acid (250 mi) is added by portions with stirring to D-mannitol
16a (0.5 moi) in water (60 ml). The solution is heated slowly L.:;;;Ig a water bath.
When the temperature reaches 50°C, the reaction becomes vigorous — the solution
turns yellow and NO, evolves rapidly — and the water bath is replaced by an ice-
water bath. When tha solution has cooled down, it is heated again to 60°C for 3.5

hours and to 85°C for 30 minutes. The reaction mixture is evaporated under

reduced pressure, water being added from time to time to eliminate most of the nitric

acid. The residue is dried in a desiccator under vacuum over KOH pellets to
eliminate the last traces of HNOj;. The residual gum is triturated with 95%
ethanol —ethyl ether 1:1 {200 ml) until all material is suspended. The solid is filtered
and recrystallized from 95% sethanol (100 mi). Yield: 8-13%. M.p.. 182-186°C,
dec.; lit. 189°C (42), 187°C (43). Calc. for CgHgOg: C, 41.39%; H, 3.47%. Found: C.
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41.10%; H, 3.44%. 360.1-MHz TH NMR (3H,0) 8 5.22 ppm, 2 H (H-3 + H-4), and
5 4.89 ppm, 2 H (H-2 + H-5), Jog = J45 = 5.1 Hz and Jz4 = 3.2 Hz, as simulated

with the PANIC program supplied with the Bruker software.

D-[2-2H,]Mannitol 16b

To a solution of g-bD-fructose 15‘ (0.2mol) in water (100 m!) under
stirring is added dropWise a solution of NaBzH4 (75 mmol} in water {100 ml). The
temperature is kept below 40°C. The reaction is followed by TLC
(acetone —acetonitrile — 10% acetic acid 3:5:2) and is complete after one hour.
Rexyn 101 (H) (60 ml) is added by small portions. Stirring is continued for another
hour. The resin is filtered and washed with water. The filtrate is evaporated at 40°C
under reduced pressure to a thick syrup. The residue is co-evaporated four times
with methancl to eliminate boric acid as volatile methyl borate. The residual solid is
dissolved in water (100 ml) at 50°C. Methanol (100 ml) is added. Crystallization is
done at 0—-4°C. Two recrystallizations from methanol —water 1:1 afford the‘pure
compound. Yield: 65-73%. M.p.. 162-163°C; lit. 168°C (61), 167-170°C (66),
166-168°C (67) for the nondeuterated compound. 500.1-MHz 'H NMR (2H,0)
§3.79ppm, 1 H, dd, J = 11.8, 2.6 Hz (H-6), § 3.78 ppm, 1 H, d, J = 11.8 Hz (H-1),
§3.73ppm, 1H, d, J = 86Hz (H-4), d3.72ppm, 1H, s (H-3), §3.69 ppm, 1H,
ddd, J = 8.6, 5.8, 2.6 Hz (H-5), 5 3.60 ppm, 1H, dd, J = 11.8, 5.8 Hz (H-6), and
§3.59 ppm, 1 H,d,J = 11.8 Hz (H-1). 46.1-MHz 2H NMR (H,0) & 3.69 ppm.

p-[1,1,6,6-2HJMannitol 16¢

D-Mannosaccharo-1,4:6,3-dilactone 14 (30 mmol) is dissolved in 0.4 M
boric acid (150 ml) and the solution cocled in an ice-water bath. NaBzH4 (60 mmol)
in water (150 ml) previously cooled to 0°C is added to the solution by small portions

over 45 minutes. After 15 more minutes at 0°C, the pH is adjusted to 9 with 1 N
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NaQH. The reaction is allowed to continue overnight at 0-4°C, when TLC
(acetone — acetonitrile — 10% acetic acid 3:5:2) shows complete conversion. Rexyn
101 (H) is added untii pH 4. The mixture is stirred for one hour. The resin is filtered
and washed with water. The solvent is evaporated under reduced pressure. The
residue is evaporated several times with methanol to remove boric acid as its volatile
methy! ester. The residual compound is recrystallized from methanol —water 1:1.
Yield: 61-96%. M.p.. 163.5-164°C. 500.1-MHz 'H NMR (2H,0) 4 3.73 ppm, 2 H,
d, J =86Hz (H-3 + H-4), and §3.68ppm, 2H, d, J = 86Hz (H-2 + H-5).
46.1-MHz 2H NMR (H,0) 5 3.82 ppm, 2 2H, and § 3.64 ppm, 2 2H.

1,2:5,6-Di-O-isopropylidene-d-mannitol 17

Anhydrous ZnCl, (25 g) is dissolved ih dry acetone (150 ml) with
stirring for 30 minutes. Powder D-mannitol 16a (0.1 mol) is added to the decanted
solution and stirring continued untit TLC (chloroform —methanol 9:1) shows that
equilibrium has been reached (4.5 hours). Chioroform (50 ml) and a saturated NaCl
solution (50 ml) are added to stop the reaction. The desired compound is extracted
in the chloroform —acetone (upper) phase. The aqueous phase is re-extracted with
CHCl; (50ml). . The chloroform extracts are combined and washed with 5%
aqueous ammonia (100 ml) to complex traces of Zn+2 contaminating the organic
phase. The solvent is evaporated to dryness. The residue is used directly in the

next step.

2,3-0-Isopropylidene-D-glyceraldehyde 18

The residue of 1,2:5,8-di-O-isopropylidene-D-mannitol 17 is dissolved
in methanol (20 ml). A solution of NalQ, (75 mmol) in HyO (150 ml) adjusted to pH 6
with 1 N NaOH is added dropwise, the temperature not being allowed to go above

35°C. Conversion is complete after 10 minutes, as shown by TLC



(chloroform—methanol 8:1 and petroleum ether—ethyl acetate 4:1). Methanol
{130 ml) is added and the pH adjusted to 8 with KOH. The solution is cooled to
10°C, filtered to remove precipitated NalO5 and excess NalQ,, and used as is for the

reduction.

1,2-O-Isopropylidene-sn-glycerol 19a

Sodium borohydride (65mmol) is added to the solution of

2,3-O-isapropylidene-D-glyceraldehyde 18 under magnetic stirring. TLC (petroleum

ether —ethyl acetate 4:1) shows that the reduction is complete after 15 minutes. The
reaction mixture is extracted with hexane (S0ml) to remove the nonreacted
1,2:3,4.5,6-tri-O-isopropylidene-D-mannitol. NaCl is added to saturate the solution,
which is extracted with CHCl3 (50 ml). The chloroform extracts are combined and
evaporated under vacuum. The residue is purified by distillation under reduced
pressure at ca. 77°C (water aspirator). Yield: 25% (3 steps). Density: 0.938 g/mi.
Refractive index: 1.4336; lit. 725 = 1.4345 (38).

1,2-O-Isopropylidene-3-palmitoyl-sn-glycerol 20a

To a solution of palmitic acid 11a (11 mmol) in dry CH,Cl, (100 ml) is
added DMAP (0.5 mmoi) and 1,2-O-isopropylidene-sn-glyceral 19a (10 mmoi). The
mixture is cooled to 0°C and purified DCC (11 mmoal) is added with stirring. Agitation
is continued for 5 minutgs at 0°C and 3 hours at room temperature until TLC
(petroleum ether—ethyl ether 3:2) shows the end of the reaction. The reaction
mixture is fitered to remove precipitated dicyclohexylurea. The CH5Cl, phase is
washed with 0.5 N HCI '(50 ml) and 2% Nay,CO4 (50 ml), dried over anhydrous
Na;SO, and evaporated to dryness. The residus is used as is for the hydrolysis of

the isopropylidene protecting group.
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2,3-0-1sopropylidene-1-palmitoyl-rac-glycerol 20b

The reaction is repeated with palmitic acid 11a (16 mmol),
1,2-O-isopropylidene-rac-glycerol 18b (15 mmol}, DMAP (0.75 mmol), and purilied
DCC (16 mmol). The residue is used directly for the next step.

3-Paimitoyl-sn-glycerol 21a

The residue of 1,2-O-isopropylidene-3-palmitoyl-sn-glycerol 20a is
dissolved in ethyl ether (30 ml) and cooled in an ice-water bath. Under magnetic
stirring, concentrated hydrochloric acid (30 ml) is added slowly. Agitation is
continued for 30 minutes, during which time a voluminous precipitate forms. TLC
(petroleum ether —ethyl ether 3:2) shows complete conversion. Cold water (130 ml)
is added with stirring. After 30 minutes, the precipitate is filtered and dried.
Recrystallization is done in petroleum ether. Yield: 45% (2 steps). M.p.

72-73.5°C; lit. 71-72°C (46, 47).

1-Palmitoyl-rac-glycerol 21b

The hydrolysis of the isopropylidene group of 2,3-O-isopropylidene-
1-palmitoyl-rac-glycerol 20b is performed as above. Yield: 86% (2 steps}. M.p.
73-75°C.

1-Palmitoyl-3-O-triphenylmethyl-rac-glycero! 22

1-Palmitoyl-rac-glycerol 21b (12mmol), purified triphenylimethyl
chloride (13 mmol) and dry triethylamine (18 mmal} are dissdlved in dry CH,Cl,
(300 mi). DMAP (0.6 mmol) is added and the reaqtion allowed to proceed overnight
at room temperature. TLC (petroleum ether —ethyl ether 3:2) shows that the starting

material has completely reacted, The reaction mixture is poured into ice-water. The

181



organic phase is washed with saturated NH,Cl and water, and evaporated to
dryness. The residue is taken in petroleum ether (100 mi), brought to boiling point
and filtered when hot to remove triphenylmethanol. The desired compound

crystallizes at room temperature. Yield: 75%. M. p.: 58.5-59.5°C.

3-0-Hexadecyl-1,2-O-isopropylidene-sn-glycerol 23

To previously washed NaH (8 mmol) in dry benzehe (20 ml) is added
dropwise over 30 minutes a solution of 1,2-O-isopropylidene-sn-glycerol 19a
(8 mmol) in dry benzene (10 ml). The mixture is refluxed for 30 minutes to form the
salt. 1-Hexadecyl methanesulfonate 13a (8 mmol) in dry benzene (20 ml) is added
dropwise over one hour. The reaction proceeds under reflux overnight after which
TLC (petroleum ether —ethyl acetate 4:1) shows complete conversion. The reaction
mixture is cooled in an ice-water bath. Ethyl ether (50 ml) and water (50 ml) are
added and the phases separated. The aqueous phase is extracted with more ether
(25 mi). The combined ether phases are Washed with water, dried over anhydrous
potassium carbonate and evaporated to dryness. The residue is used directly for

the hydrolysis.

3-O-Hexadecyl-sn-glycerol 24

The residue of 3-O-hexadecyl-1,2-O-isopropylidene-sn-glycerol 23
~from the previous reaction is dissolved in 50% acetic acid (30 ml) and heated to
80°C for 3.5 hours. TLC (petroleum ether—ethyl acetate 4:1) shows that the
hydrolysis is complete. The mixture is poured into an excess ice-water (100 mi).
The precipitate is collected by filtration and dissolved in ethyl ether. The solution is
washed successively with H;O, 1% potassium carbonate and H,0, dried with

anhydrous sodium sulfate and evaporated to dryness. The desired compound is
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recrystallized from petroleum ether at 0°C. Yield: 69% (2 steps). M. p.: 64.5-66°C:
lit. 62.5-63.5°C (31), 62-63°C (48), 63°C (49), 65.5°C (32), 65.5-66.5°C (5).

3-0-Hexadecyl-1-O-triphenylmethyl-sn-glycerol 25

3-O-Hexadecyl-sn-glycerol 24 (1.8 mmol), purified triphenylmethy!
chloride (2 mmol), dry triethylamine (2.5 mmol) and DMAP (0.1 mmol) are dissolved
in dry CH,Cl, (40 ml) and allowed to react overnight at room temperature. TLC
(petroleum ether —ethyl ether 3:2) shows that the tritylation is complete. The
reaction mixture is poured into an ice-water mixture (75 ml). The CH,Cl, phase is
separated and the aqueous phase extracted with more CH,Cly. The combined
organic phases are washed with a saturated NH,Cl solution (60 ml) and with water
{60 ml), dried with anhydrous Na;SO, and evaporated to dryness. The residue is
taken in petroleum ether to crystallize the nonreacted 3-O-hexadecyl-sn-glyceroi and
triphenyimethanol. The desired compound is recrystallized from acetone at 0-4°C.

Yield: 17%. M. p.: 49.5-50.5°C; lit. 49°C (69).

1,2:3,4:5,6-Tri-O-isopropylidene-D-mannitol 26a

To a suspension of D-mannitol 16a (0.2 mol) in dry acetone (450 ml) in
an ice-water bath concentrated sulfuric acid (4 mi) is added with stirring. The ice-
water bath is removed and agitation continued at room temperature until TLC
(chloroform —methanol 19:1 or 9:1) shows that equilibrium is reached. The solution
is neutralized with saturated potassium bicarbonate or Rexyn 201 (OH). The
suspension is filtered and the residue washed on the filter with acetone (2 x 60 mi).
The filtrate is concentrated under reduced pressure below 40°C and fitered. The
residue is washed with water and dissolved in 95% ethanol (120 ml) at 40-50°C. The

solution is cooled to room temperature and water is added dropwise until the
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solution becomes turbid. The crystallization is continued at 0-4°C. Yield: 60-76%.

M. p.: 66.5-68.5°C: lit. 69-70°C (52), 68-70°C (53), 69-70°C (56).

1,2:3,4:5,6-Tri-O-isopropylidene-D-[2-2H, ]mannitol 26b

D-[2-2H,]Mannitol 16b (30 mmol) is submitted to the procedure
mentioned above. Yield: 68%. M.p.. 68-68.5°C. 46.1-MHz 2H NMR (CHCly)
8 4.17 ppm. '

1,2:3,4:5,6-Tri-O-isopropylidene-b-[1,1,6,6-2H,])mannitol 26¢

The same procedure is used with D-[1,1,6,6-2H Jmannitol 16¢
(40 mmol). Yield: 53%. M.p.: 68-68.5°C. 46.1-MHz 2H NMR (CHCl,) & 4.03 ppm,
2 2H, and & 3.94 ppm, 2 2H. '

3,4-O-lsopropylidene-D-mannitol 27a

1,2:3,4:5,6-Tri-O-isopropylidene-bD-mannitol 26a (0.1 mol) is dissolved
in 95% ethanol (500 ml). 0.8% HySQ, (150 ml) is added and the reaction allowed to
proceed until TLC (chloroforim —methanol 9:1) shows that all starting material has
disappeared (3-4 days). The reaction is stopped by adding solid BaCO5; with
saturated Ba(OH), or Amberlite IRA~400 (OH) (20 ml). When the pH is neutral, the
salts or the resin are filtered off and the filtrate is evaporated to dryness. The residue
is shaken in acetone for several hours and the undissolved D-mannitol removed by
filtration. The filtrate is evaporated and the dry residue recrystallized from
benzene —chloroform 1:1. Yield: 59-81%. M. p.: 83.5-84°C; lit. 85°C (54), 86-87°C
(52), 85-86°C (70), 86°C (55), 83°C (56).
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3,4-O-Isopropylidene-b-[2-2H,Jmannitoi 27b

1,2:3,4:5.G-Tri-O-isopropyIidene-D-[2—2H1]mannitol 26b (60 mmol) is
used in the same procedure. Yield: 76%. M.p.: 84-84.5°C. 46.1-MHz 2H NMR
(H5Q) 6 3.73 ppm.

3,4-O-Isopropylidene-D-[1,1,6,6-2H,]Jmannitol 27¢

The same procedure is used with 1,2:3,4:5,6-tri-O-isopropylidene-
_D-[1.1.6.6—2H4]mannitol 26¢ (20 mmal). Yield: 59%. M.p.. 81-82.5°C. 46.1-MHz
2H NMR (H50) 6 8.77 ppm, 22H, and 6 3.61 ppm, 2 2H.

3,4-O-Isopropylidene-1,6-di-O-triphenylmethyl-D-mannito! 28a

To 3,4-O-isopropylidene-dD-mannitol 27a (20 mmol) dissolved in dry
THF (100ml} are added dry triethylamine (60 mmol), purified triphenylimethyl
chloride (45 mmol) and DMAP (2mmol). The reaction proceeds at room
temperature for approximately 5 days until TLC (chloroform —methanol 19:1 or 9:1)
shows no more progress. The reaction mixture is poured into ice-water, When the
ice has melted, the solution is extracted with CHCl; and the phases separated. The
organic phase is washed twice with saturated NH,CI, then with water, dried and
evaporated to dryness. The compound is purified by chromatography on silica gel
using the solvents petroleum ether —chloroform —ethyl acetate 70:30:1, 70:30:2,
70:30:5 and 70:30:10 for elution. The desired fractions are pooled and evaporated
to dryness. The pure product is obtained by recrystallization from petroleum
ether —ethyl ether 2:1. The reaction can also be done in the same amount of dry
tert-butanol under reflﬁx for a few hours. In that case, when the reaction is

compiete, most of the tert-butanol is evaporated under reduced pressure and the



resiciue dissolved in CHCl,. The purification is performed as above. Yield: 51-75%.

M. p.: 165.5-167.5°C.

3,4-O-Isopropylidene-1,6-di-O-triphenylmethyl-D-[2-H, Jmannitel 28b

The same amounts of reactants are submitted to the procedure
mentioned above using 3,4-O-isopr0py|idene~0-[2—2H1]mannitol 27b instead of
3.4-O-isopropylidene-D-mannitol 27a, the solvent being tert-butanol. Yield: 83%.
M. p.: 167-167.5°C. 46.1-MHz 2H NMR (CHCly) 6 3.77 ppm.

2,5-Di-O-benzyl-3,4-O-isopropylidene-1,5-di-O-triphenylmethyi-D-mannitol 29a

The compound 3,4-O-isopropylidene-1,8-di-O-triphenylmethyl-
D-mannitol 28a (20 mmol} dissolved in dry DMF (50 mti} is added dropwise over 15
minutes to previously washed NaH (60 mmol) in the same solvent (20 mi) under
magnetic stirring. Another 30 to 60 minutes are allowed to form the salt. Benzyl
chloride {60 mmol) in dry DMF (20 ml) is added dropwise. The reaction is followed
by TLC (petroleum ether—ethyl ether 3:2 or petroleum ether—ethyl acetate 4:1).
After the night, Water (100 ml) is added dropwise. A white precipitate forms and it is
extracted three times with ethyl ether (100 ml each time). The ether phase is washed
with water (52 ml), dried over anhydrous sodium suifate and evaporated to dryness.

The residual amorphous solid is used directly for the hydrolysis.

2,5-Di-O-benzyl-3,4-O-isopropylidene-1,6-di-O-triphenylmethyl-D-[2-2H, Jmannitol
29b

The above procedure is also used with 3,4-O-isopropylidene-
1.6-di-O-tripheny[methyl-o-[2—-2H1]mannitol 28b (15 mmol). The hydrolysis of the

triphenylmethyl protecting group is performed directly on the residue.
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2,5-Di-O-bhenzyl-3,4-0O-isopropylidene-b-mannitol 30a

The residual compound 2,5-di-O-benzyl-3,4-O-isopropylidene-
1,8-di-O-triphenylmethyl-D-mannitol 29a from the previous reaction is dissolved in
acetone (100 ml), methanal (100 ml) and concentrated HCI (1 ml). The solution is
heated to 50°C and kept at the same temperat‘ure for 1.5 hour, when TLC {petroleum
ether—acetone 4:1) shows completion of the reaction, After cooling,
dichloromethane (200 ml}-is added and the mixture extracted twice with water
(200 ml each time). The organic phase is washed with saturated NaHCO4 (100 mi)
and water (50 ml), dried over Na,SO, and evaporated to dryness. The compound
is freed from triphenylmethanol by chromatography on silica gel using the solvent
systems petroleum ether —chloroform —acetone 4:5:1, 3:5:2 and 2:5:3 for elution.
The fractions containing the desired product are pooled and the solvent evaporated
under vacuum. The pure product is obtained after recrystailization from petroleum

ether —ethyl ether 1:1 at 0-4°C. Yield: 47-70% (2 steps). M. p.: 72-73°C.

2,5-Di-O-benzyl-3,4-O-isopropylidene-0-[2--2H1]mannitol 308

The hydrolysis is performed using the same procedure with the
labelled compound 2,5-di-O-benzy!-3,4-O-isopropylidene-1,6-di-O-triphenylmethyl-
D-[2—2H1]mannitol 2gb from the preceding step. Yield: 69% (2 steps). M.p.
68-69°C. 46.1-MHz 2H NMR (CHCl) 8 3.60 ppm.

2,5-Di-O-benzyl-3,4-0-isopropylidene-1,6-dipalmitoyl-b-mannitol 31a

2,5-Di-0-benzyl-3,4-O-isopropylidene-0-mannitol  30a (2 mmol) and
palmitic acid 11a (4.5 i'nmol) are dissolved in dry dichloromethane (25 ml). The
solution is cooled to 0°C in an ice-water bath. DMAP (0.2 mmol) dissolved in dry

CH,Cl, (5 mi) is added, followed slowly by purified DCC (5 mmol) in the same
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solvent {20 ml). After 30 minutes, the ice-water bath is removed and agitation
continued at room temperature overnight when TLC (petroleum ether —acetone 4:1)
shows complete disappearance of the starting material. The precipitated
dicyclohexylurea is filtered off and the filtrate evaporated under vacuum. The
residue is taken in a small amount of CH,Cl, and residual dicyclohexylurea filtered
off. The solution is washed with saturated NaHCOg and H,0, dried over anhydrous

Na,SO, and evaporated. The residue is used as is for the next step.

)

2,5-Di-O-benzyl-3,4-0-isopropylidene-1,6-di[2,2-2H ] palmitoyl-D-mannitol 31b

The same procedure is used with the compound 2,5-di-O-benzyl-
3,4-O-isopropylidene-D-mannitol  30a, replacing palmitic acid 11a by

[2,2—2H2]palmitic acid 11b. The hydrolysis is performed directly on the residue.

2,5-Di-0O-benzyl-3,4-O-isopropylidene-1,6-dipalmitoyl-D-[2-2H,Jmannitol 31¢

2,5-Di-O-benzyl-3,4-O-isopropylidene-D-[2-2H, Jmannitol 30b (4 mmol)
and palmitic acid 11a (10 mmol) are submitted to the same procedure and the

residue used directly for the hydrolysis of the isopropylidene group.

2,5-Di-O-benzyl-1,6-dipalmitoyl-D-mannitol 32a

The residue of 2,5-di-O-benzyl-3,4-O-isopropylidene-1,8-dipalmitoyl-
D-mannitol 31a from the previous reaction is dissolved in 80% CF;COOH (20 ml)
precooled to 0°C. The reaction is finished after 30 minutes at 0°C, as shown by TLC
(petroleum ether —acetone 4:1), Most of the TFA is evaporated under vacuum
without heating. The residue is diluted with CH,Cl, and the solution is washed twice

with water, then with saturated NaHCQO3 and finally with water, dried and evéporated
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to dryness. The residue is recrystallized from 95% ethano! at 0-4°C. Yield: 85-93%

(2 steps). M. p.: 58.5-60°C.

2,5-Di-0-benzyl-1 ,6-di[2,2—2H2]palmitoyl-D-mannitol 32b

The same procedure is used to hydrolyze the isopropylidene group
from 2.5-di-O-benzyl-S,4-O-isopr0py|idene-1.6-di[2,2—2H2]palmitoyl-D-mannitol 31b.
Yield: 96% (2 steps). M. p.: 55-57°C. 46.1-MHz 2H NMR (CHCI3) 8 2.26 ppm.

2,5-Di-O-benzyl-1,6-dipaimitoyl-D-[2-2H, Jmannitol 32¢

The compound 2,5-di-O-benzyl-3,4-O-isopropylidene-1,6-dipalmitoyi-
D-[2—2H1]mannitol 31¢ from the previous step is hydrolyzed with 90% CF3COOH as
described above. Yield: 90% (2 steps). M.p.. 58.5-59.5°C. 46.1-MHz 2H NMR
(CHClg) 6 3.70 ppm.

2-0-Benzyl-3-palmitoyl-D-glyceraldehyde 33

2,5-Di-O-benzyl-1,6-dipalmitoyl-D-mannitol 32a (2 mmol) and HglOg
(2 mmol) are dissolved in ethyl ether (20 mf) and allowed to react at room
temperature for one to two ‘hours when TLC (petroleum ether —ethyl acetate 4:1)
shows complete conversion. The precipitated HIO5 is decanted and the ether
solution washed successively with water, 10% Na,SO; and water, dried over
anhydrous Na,S0, and evaporated to dryness. The residue is used directly for the

reduction step.

2-0-Benzyl-1-palmitoyl-sn-glycercl 34

The residue of 2-O-benzyl-3-palmitoyl-D-glyceraldehyde 33 is

dissolved in methanol (30 ml) and cooled in an ice-water bath. NaBH, (2 mmol)
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dissolved in methanol (10 ml) is added by pertions. After 1.5 hour, TLC (petroleum
ether —ethyl acatate 4:1) shows that reduction is complete. The methanol is
evaporated under reduced pressure. The residue is dissolved in ethyl ether,
washed several times with water, dried over anhydrous Na,SO, and evaporated to
dryness. The compound is recrystallized from methanol at —20°C. Yield: 68-85%

(2 steps). M. p.: <22°C.

2-0-Benzyl-1-palmitoyl-sn-glycero-3-(2-bromoethyl)phosphonate 35

2-Bromoethylphosphonic acid 10a (1 mmol), distilled SOCI, (20 mmol)
and dry DMF (1 drop) are allowed to react overnight o* room temperature. The
residual thiony! chloride is evaporated under argon. Dry CCl, (2.5 ml} is added. A
solution composed of 2-O-benzyl-1-palmitoyl-sn-glycerol 34 (0.5 mmal) and dry
pyridine (1 mmol) in dry CCl, (5 ml) is added dropwise over one hour at 0°C. The
reaction is followed by TLC (petroleum ether—acetone 41 and
chloroform—methano!‘-water 65:25:4). . Ethyl ether (10 mi) and 0.5 N HCI (10 ml)
are added to stop the reaction. The phases are separated and the aqueous phase
extracted with ether. The combined ether phases are washed with H,0, dried over
anhydrous Na,SO, and evaporated to dryness. The compound is purified on silica
gel using chloroform and chloroform—methanol 19:1 for elution. The fractions
containing the desired compound are pooled and evaporated to dryness to give an

amorphous product. Yield: 37%.

2,5-Di-O-benzyl-1,6-di-O-hexadecyl-3,4-0-isopropylidene-D-mannitol 36a

To a suspension of previously washed NaH (5 mmol) in dry benzene
(10ml) is added dropwise a solution of 2,5-di-O-benzyl-3,4-O-isopropylidene-
D-mannitol 30a (2 mmol) in dry benzene (15 ml). The reaction mixture is heated to

reflux for one hour. 1-Hexadecyl methanesulfonate 13a (5 mmol) in dry benzene
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(20 ml) is added dropwise under reflux. The reaction is followed by TLC (petroleum
ether —ethyl acetate 9:1).  After the night, the mixture is brought to room
temperature and the reaction is stopped by adding H,O slowly to destroy the
excess sodium hydride. The benzene is evaporated and the water phase extracted

twice with CH,,Cl,. The combined organic phases are washed with water, dried and
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evaporated to dryness. The residue is used directly for the hydrolysis. 1f benzene is |

replaced by N,N-dimethylformamide, the reaction proceeds faster at a lower

temperature {50°C).

2,5-Di-0O-benzyl-1 ,6-di~O-[2,2——2H2]hexadecyl-s.4-O-isopropylidene-o-mannitol 36b

Using 2,5-di-O-benzyl-3,4-O-isopropylidene-D-mannitol 30a. (2 mmol)
and 1-[2,2—2H2]hexadecyl methanesulfonate 13b (4.5 mmol), the reaction is

repeated in CgHg and the hydrolysis performed on the residue.

2,5-Di-0-benzyl-1,6-di-O-[1,1-2H olhexadecyl-3,4-C-isopropylidene-D-mannitol 36¢

The reaction is repeated in benzene with the compound
2,5-di-O-benzyl-3,4-0-isopropylidene-D-mannitol 30a (2 mmol}, replacing
1-hexadecyl methanesulfonate 13a by 1-[1,1—2H2]hexadecyl methanesulfonate 3¢

(4.5 mmol). The residue is used as is for the next step.

2,5-Di-0-benzyl-1,6-di-O-hexadecyl-3,4-O-isopropylidene-D-[2-2H, Jmannitol 36d

The procedure described above is used with the compound
2,5-di-O-benzyl-3,4-O-isopropylidene-D-[2-2H, Jmannitol ~ 30b  (2mmol)  and
1-hexadecyl methanesulfonatel 13a (4.5 mmol) in CgHg. and the hydrolysis is

performed directly on the residue.



2,5-Di-0O-benzyl-1,6-di-O-hexadecyl-b-mannitol 37a

The residue of the compound 2,5-di-O-benzyl-1,6-di-O-hexadecyl-
3,4-O-isopropylidene-p-mannitol 36a obtained from the previous reaction is
dissolved in 90% CFyCOOH (20ml) at 0°C and the reaction followed by TLC
(petroleum ether —ethyl acetate 4:1). After 30 to 60 minutes, most of the TFA is
evaporated under reduced pressure without heating. The residue is dissolved in
CH,Cl,, washed with H,y0, saturated NaHCOg5 and H,0, dried over Na,SO, and
evaporated to dryness. The compound is recrystallized in petroleum ether. Yield:

64-83% (2 steps). M. p.: 54-54.5°C.

2,5-Di-0-benzyl-1,6-di-0-[2,2-2H,] hexadecyl-D-mannito! 37b

The same procedure is repeated with 2,5-di-O-benzyl-
1,6-di-0-[2,2-2H,]hexadecyl-3,4-O-isopropylidene-D-mannitol 36b. Yield: 72% (2
steps). M. p.: 53-53.5°C. 46.1-MHz 2H NMR (CHCl3) & 1.52 ppm.

2,5-Di-0-benzyl-1,6-di-0-[1,1-2H,] hexadecyl-D-mannitol 37¢

The labelled compound 2.5-di-O-benzyl-1.6~di-O-[1,1—2H2]hexadecyl-
3,4-O-isopropylidene-b-mannitol 36¢ is hydrolyzed using in the same procedure.

Yield: 69% (2 steps). M. p.: 52-52.5°C. 46.1-MHz 2H NMR (CHCl3) & 3.40 ppm.

2,56-Di-O-benzyl-1,6-di-O-hexadecyl-D-[2-2H, Jmannitol 37d

The hydrolysis is repeated with the residue of 2,5-di-O-benzyl-
1,6-di-O-hexzdecyl-3,4-O-isopropylidene-b-[2-2H,Jmannitol 36d in 90% CF4COOH.
Yield: 50% (2 steps). M. p.: 54.5-55°C. 46.1-MHz 2H NMR (CHCl,) & 3.69 ppm.
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2-0-Benzyl-3-O-hexadecyl-D-glyceraldehyde 38

2,5-Di-O-benzyl-1,6-di-O-hexadecyl-D-mannitol  37a (2 mmol) and
H5lOg (2 mmol) in ethyl ether (100 mi) are allowed to react at room temperature until
TLC (petroleum ether—ethyl acetate 4:1) shows complete conversion to the
aldehyde. The précipitated HIO3 is decanted and the ether solution washed with
Ho0, 10% NayS05 and H,O. The organic phase is dried with anhydrous Na,SO,

and evaporated to dryness. The residue is used directly for the reduction step.

2-O-Benzyl-1-O-hexadecyl-sn-glycerol 39

The 2-0-benzyl-3-O-hexadecyl-D-glyceraldehyde 38 obtained in the
previous reaction is dissolved in methanol (25 ml} at 0°C. A solution of NaBH,
{2 mmol) in methanol (10 mi} cooled to 0°C is added dropwise over 15 minutes. The
reaction is continued overnight at room temperature. TLC (petroleum ether —ethyl
acetate 4:1) shows completion of the reaction. The methanol is evaporated and the
residue taken in CH,Cl,. The solution is washed with H,0, dried over anhydrous
Na,SO, and evaporated to dryness. The compound is purified by chromatography
on silica gel. Petroleum ether, followed by petroleum ether —ethyl acetate 19:1, 9:1
and 4:1 are used for elution. The fractions containing the pure compound are
pooled together and evaporated to dryness. The residue is a colorless amorphous

compound. Yield: 58% (2 steps).

2-0-Benzyl-1-O-hexadecyl-sn-glycero-3-(2-bromoethyl)phosphonate 40

2-Bromoethylphosphonic acid 10a (1.5 mmoi), distiled SOCI,
(20 mmol) and dry DMF (0.1 ml) are allowed to react overnight at room temperature.
The residual SOCI, is evaporated with a stream of argon under vacuum. The

residue is cooled to 0°C. Dry CCl, (2ml) is added, followed by dry pyridine
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(1 mmol) in dry CCl, (5 ml). 2-O-Benzyl-1-O-hexadecyl-sn-glycerol 39 (0.5 mmol) in
dry CCl, (4 ml) is added dropwise over 30 minutes. The reaction is complete after 2
hours at 0°C as shown by TLC (petroleum ether—ethyl acetate 9:1 and
chloroform —methanol —water 65:25:4). To hydrolyze the acid chioride, 0.5 N HCI
(5 ml) is added at 0°C. The phases are separated and the organic phase washed
with 20% ethanol, saturated NaHCO3 and 10% KCI, dried over anhydrous sodium
and magnesium sulfate and evaporated to dryness. The residue is purified on silica
gel and eluted successively with chloroform and chioroform —methanol 19:1, 9:1,

4:1 and 2:1. Yield: 44%.

1,2,5,6-Tetra-O-hexadecyl-3,4-0O-isopropylidene-D-mannitol 41a

To a suspensionl of previously washed NaH (25 mmol) in dry DMF
(10 ml) is added a solution of 3,4-O-isopropylidene-D-mannitol 27a (5 mmol) in the
same solvent (50 ml). The sodium salt is formed in 30 minutes at 50°C. 1-Hexadecyl
methanesulfonate (21 mrﬁol) dissolved in dry DMF (100 ml) is added dropwise over
one hour to the reaction mixture at 50°C. The course of the reaction is followed by
TLC (petroleurn ether —ethyl acetate 9:1). The reaction mixture is brought to room
temperature and water is added slowly to destroy the excess NaH. After cooling,
the mixture is extracted three times with petroleum ether. The combined organic
phases are washed with 20% aqueous ethanol, dried over Na,SO, and evaporated

to dryness. The compound is not isolated but used directly for the hydrolysis.

1,2,5,6-Tetra-O-hexadecyl-3,4-O-isopropylidene-p-[2-2H, Jmannitol 41b

: 3.4-O-Isopropylidene-D-[2—2H1]mannitol 27b (5 mmol} is submitted to

the same procedure and the residue used directly for the next step.
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1,2,5,6-Tetra-O-hexadecyl-3,4-O-isopropylidene-bD-[1,1 ,6,6—2H4] mannitol 41c¢

The procedure is repeated with  3,4-O-isopropylidene-
D-[1,1,6,6-2H,Jmannitol 27¢ (3 mmol). Hydrolysis is performed on the residue

without purification.

1,2,5,6-Tetra-O-hexadecyl-D-mannitol 42a

The résidue of 1,2,56-tetra-O-hexadecyl-3,4-O-isopropylidene-

D-mannitol 41a is dissolved in CHCl3 (120 ml), 2-propanol (100 ml) and 2N HCI
(10 ml). The solution is refluxed overnight until TLC (petroleum ether —ethyl acetate

| 9:1) reveals that hydrolysis of the starting material is complete. Water is added to
separate the phases. The organic layer is washed with water, saturated aqueous
sodium bicarbonate and water, dried over sodium sulfate and evaporétecl to
dryness. The residue is recrystallized from ethyl ether —methancl 1:1 at 0-4°C.

Yield: 68% (2 steps). M. p.: 50-51.5°C.

1,2,5,6-Tetra-O-hexadecyl-D-[2-2H, Jmannitol 42b

The same procedure is used with 1,2,56-tetra-O-hexadecyl-
3,4-O-isopropylidene-D-[2-2H,Jmannitol 41b.  Yield: 74% (2 steps). M.p.
55-56°C. 46.1-MHz 2H NMR (CHCl,) 4 3.66 ppm. ’

1,2,5,6-Tetra-O-hexadecy!-D-[1,1,6,6-2H ;Jmannitol 42¢

The  compound 1,2,5,6-tetra-O-hexadecyl-3,4-O-isopropylidene-
D-[1,1,6,6—2H4]mannitol 41¢ is submitted to the above procedure. Yield: 60% (2
steps). M. p.. 53.5-54.5°C. 46.1-MHz 2+ NMR (CHCly) 4 3.56 ppm.



2,3-Di-O-hexadecyl-D-glyceraldehyde 43a

1,2,5,6-Tetra-O-hexadecyl-D-mannitol  42a (1 mmol) and HglOg
(1 mmol} in ethyl ether (60 ml) are allowed to react at room temperature until all
starting material is converted to the aldehyde (2-4 hours) as shown by TLC
(petroleum ether —ethyl acetate 9:1). The reaction mixture is filtered to remove
precipitated HIO3, which is washed with ether. The filtrate is washed with water, 10%
Na,SO5 and water, dried over sodium sulfate and evaporated under vacuum. The

aldehyde is not purified but used directly for the reduction,

2,3-Di-O-hexadecyl-D-[2-2H, Iglyceraldehyde 43b

1,2,5,6-Tetra-O-hexadecyl-D-[2-2H,Jmannitol ~ 42b  (2mmol) s
submitied to the same procedure and the residue used directly for the next step.
The oxidation of '1.2.5,6-tetra-0-hexadecyI-D-mannitol normally yields two identical
1,2-di-O-hexadecyl-D-glyceraldehyde molecules. For this particular case, one of the
molecules is labelled, the other not. This corresponds td an isotopic dilution of 50%

which will be carried over to subsequent compounds.

2,3-Di-O-hexadecy!-D-[3,3-2H,]glyceraldehyde 43¢

The procedure mentioned above is also used with
1,2,5,6-tetra-O-hexadecyt-D-[1,1,6,6—2H4]mannitol 42c (1.5 mmaol). The reduction is

performed directly on the residue.

1,2-Di-O-hexadecyl-sn-glycerol 44a

The residue of 2,3-di-O-hexadecyl-D-glyceraldehyde 43a from the
previous reaction is dissolved in methanol (25 mi), codled to 0°C, and sodium

borchydride (1 mmal) dissolved in methanol (10 ml) at 0°C is added dropwise over
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30 minutes. The reaction is allowed to proceed overnight at room temperature, after
which TLC (petroleum ether—ethyl acetate 9:1) reveals complete reaction, The
solvent is removed on the rotary evaporator and the residue dissolved in
dichloromethane. The solution is washed three times with water, dried over Na,SO,
and evaporated to dryness. The pure compound is obtained after recrystallization
from ethyl ether —methanol 1:1 at 0°C. Yield: 87-92% (2 steps). M. p.. 48-49°C; lit.
48.5-49.5°C (71), 46-47°C (72).

1,2-Di-O-hexadecyl-sn-[2-2H,]glycerol 44b

Using the procedure described abeve, 2,3-di-O-hexadecy!-
D-[2—2H1]glyceraldehyde 43b affords the desired compound. Yield: 93% (2 steps).
M. p.: 50-50.5°C. 46.1-MHz 2H NMR (CHCl.,) 6 3.66 ppm.

1,2-Di-O-hexadecyl-sn-[1,1-2H,lglycerol 44c

2,3-Di-O-hexadecyi-D—[3,3—2H2]glycera!dehyde 43¢ is submitted to the
same procedure. Yield: 90% (2 steps). M.p.. 49.5-50°C. 46.1-MHz 2H NMR
(CHCl3) & 3.50 ppm.

1,2-Di-O-hexadecyl-sn-(3AS)-[3-2H, ]glycerol 44d

The same two steps (oxidation with periodic acid and reduction with
sodium borohydride) are repeated starting with 1,2,5,6-tetra-O-hexadecyl-0-mannitol
42a (1 mmol), replacing NaBH, by I\laBzH4 for the reduction. Yield: 82% (2 steps).
M. p.: 47-47.5°C. 46.1-MHz 2H NMR (CHCl,) 6 3.48 ppm.

197



1,2-Di-O-hexadecyl-sn-glycero-3-(2-bromoethyl)phosphonate 45a

2-Bromoethylphosphonic acid 10a (0.6 mmol) dissolved in dry DMF
(1 ml) is added dropwise over 30 minutes to a solution of 1,2-di-O-hexadecyl-
sn-glycerol 44a (0.5 mmol), purified DCC (0.7 mmol) and DMAP (0.05 mmol) in dry
CCl, (4 ml) cooled to 0°C. TLC (chloroform—methanol—30% ammonia 65:30:5)
shows that the reaction is complete after 2-4 hours at room temperature. The
precipitated dicyclohexylurea is filtered off. The filirate is washed with 0.5 N HCl and
twice with water, dried over anhydrous sodium sulfate and evaporated to dryness.

The residue is used directly for the amination step.

1,2-Di-O-hexadecyl-sn-glycero-3-(2-bromo[1,1 ,2,2—2H4] ethyl)phosphonate 45b

The same amounts of reactants are wused, replacing
2-bromoethylphosphonic acid 10a by 2-bromo([1,1,2,2-2H,]ethylphosphonic acid

10b. The residue is used as is for the next step.

1 ,2-Di-O-hexadecyI-sn-[2—21-!1]glycero-S-(2—bromoethyl)phosphonate 45¢

2-Bromoethylphosphonic acid 10a (1 mmol) dissolved in dry DMF
(1 ml) at 0°C is added dropwise over 30 minutes to a sclution of 1,2-di-O-hexadecyl-
sn-[2—2H1]glyceroI 44b (0.8 mmol), purified DCC (1.2 mmol) and DMAP (0.08 mmol)
in dry CCl, (3ml) in an ice bath. The reaction is continued overnight at room
temperature. The workup is done as described previously. The residue is used

directly in the next step.

1,2-Di-O-hexadecyl-sn-[1,1 42H2]glycero-S-(2-bromoethyl)phosphonate 45d

The reaction is repeated with 1,2—di-O-hexé.decyl-sn-[1,1-2H2]giycerol

44c (0.8 mmol) instead of 1.2-di-O-hexadecyt-sn-[2—2H1]‘glycerol 44b and
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2-bromoethylphosphonic acid 10a {1 mmol) as described above, and the next step

performed on the residue.

1 .2-Di-O-hexadecyl-Sn-(SRS)-[3—2H1]giycero-s-(2-bromoethyl)phosphonate 45e

1.2-Di-O-hexadecyi-sn-(SRS)-[3—2H1]glycerol 44d  (0.5mmol) and
2-bromoethyiphosphonic acid 10a (0.6 mmol) are submitted to the above

procedure. The amination is performed directly on the residue.

1,2-Di-O-hexadecyl-sn-glycero-3-(2-aminoethyl)phosphonate 46a

In a pressure bottle, the residue .of 1,2-Di-O-hexadecyl-sn-glycero-
3-(2-bromoethyl)phosphonate 45a from the previous reaction is dissolved in
chloroform {5 ml) at 50°C. 30% Ammonia (5 ml) is added, followed by just encugh
2-propanol to obtain a single phase. The mixture is allowed to react at 50°C for 2-3
days, when TLC (chloroform—methanol-30% ammonia 65:30:5) shows no
improvement in the course of the reaction. The solvents are evaporated under
vacuum. The residue is taken in CHCl,y, washed three times with 20% aqueous
methanol, dried with sodium suifate and evaporated to dryness. The product is
purified by chromatography on silica gel using for elution the solvent mixtures
chloroform —methano! —30% ammonia 100:10:1, 100:15:1, 100:20:1 and 100:30:1.
The fractions containing the pure compound are pooied and the solvent evaporated

to dryness. Yield: 50-54% (2 steps). M. p.: lit. 158-161°C (23).

1,2-Di-O-hexadecyl-sn-glycero-3-(2-aminof1,1 ,2,2—2H4]ethyl)phosphonate 46b

The headgrcup-deuterated compound 1,2-di-O-hexadecyl-sn-glycero-
3-(2-bromo[1,1,2,2-2H,lethy)phosphonate  45b is submited to the same
procedure. Yield: 41-53% (2 steps). |



1 ,2-Di-O-hexadecyI-sn-[2—2H1}glycero-S-(2-amin0ethyl)phosphonate 46¢

Similarly, the above procedure is used again with 1,2-di-O-hexadecyl-
sn-[2~2H,]glycero-3-(2-bromoethyl)phosphonate 45¢ is submitted to the above.
Yield: 29% (2 steps).

1,2-Di-O-hexadecyl-sn-[1 ,1-2H2]glycer0-3- (2-aminoethyl)phosphonate 46d

The same procedure is also used with 1,2-di-O-hexadecyl-

sn-[1,1-2H,]glycero-3-(2-bromoethyl)phosphonate 45d. Yield: 26% (2 steps).

1,2-Di-O-hexadecyl-sn-(3RS)-[3-?H, ]glycero-3-(2-aminoethyl)phosphonate 46e

The procedure described above is used with 1,2-di-O-hexadecyl-
sn-(3HS)-[3—2H1]gl;}cero-s-(2-bromoethyl)phosphpnate 45e. Yield: 28-47% (2
steps).
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CHAPTER 6

31p AND 2H SOLID-STATE NUCLEAR MAGNETIC RESONANCE STUDIES
OF THE HEADGROUP CONFORMATION OF A SYNTHETIC PHOSPHONOLIPID

6.1 Introduction

Solid-state 3'P and 2H nuclear magnetic resonance (NMR) are
powerful tools for eIucidating the structure and conformation of phosphorus-
containing lipic headgroups in model membranes. They also have the advantage of

measuring segmental fluctuations quantitatively in terms of order parameters.

In this study, the 3P NMR chemical shielding anisotropy and the 2H
NMR quadrupolar splittings were measured as a function of temperature for the
specifically headgroup-deuterated phosphonolipid 1,2-di-O-hexadecyl-sn-glycero-
3-(2-aminoethyl)phosphonate dispersed in excess buffer. Then, by analogy with
similar studies on different classes of lipids (1-3), possible headgroup
conformations were determined in the liquid crystalline and hexagonal phases. A
simple model for headgroup reorientation, which involves rapid transitions between
two enantiomeric conformations of the headgrou'p and free rotation about the
glycerol C2-C3 bond Eﬁrection, was used to calculate possible torsion angles.
Finally, a comparison is made with the previously determined headgroup

conformations of analogous phospholipids.



6.2 Experimental part

6.2.1 Lipid dispersions

To prepare samples for NMR experiments, the synthetic lipids were
first purified either by preparative thin-layer chromatography (TLC) on 0.25-mm silica
gel 60 plates (E. Merck, Darmstadt) or with the use of a model 7924T Chromatotron
(Harrison Research, Palo Alto, California). The system chloroform —methanol —30%
ammonia was used for developing TLC plates, the band corresponding to the
desired compound scraped off the plates and the lipid eluted with CHCly - CH{0OH
1:1. With the Chromatotron, chloroform —methanol—30% ammonia 100:10:1 was
used as a soivgnt system, 2-ml fractions were collected and those that contain the
pure compound pooled. After evaporating the solvent with a stream of nitrogen gas,
the sample was dried under high vacuum for several hours. The lipid (30-50 mg)
was then dispersed in water. This requires several cycles of freezing, thawing and
vortexing, and heating above the gel-to-liquid crystal phase transition temperature,
cooling and vortexing. The sample was lyophilized and redispersed as above in
buffer (26 mM Tris-acetate, 2mM EDTA, pH 7.15). Deuterium-depleted water
(Aldrich Chemical Company, Milwaukee, Wisconsin) was used for 2H NMR. The

lipid dispersion is finally transferred to an NMR tube which is sealed with epoxy glue.

6.2.2 Differential scanning calorimetry

Differential scanning calorimetric measurements were performed on
1.2mg of the nondeuterated lipid dispersed in 1.5 ml of buffer using a Microcal
MC-1 differential scanning calorimeter, with a temperature scanning rate of 1°C/min.
The temperature scale was calibrated with the gel-to-liquid crystal transition

temperature of dipalmitoylphosphatidylchéline (DPPC).
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6.2.3 NMR measurements

3P NMR spectra (121.5 MHz) were recorded on a Bruker MSL-300
spectrometer using a home-built probe equipped with a 3.2-mm solenoid coil. A
spin echo sequence with full phase cycling was used (4). The 3'P /2 pulse width
was 1.8-2.0 us. High-power proton decoupling (16 us 1H 7 /2 pulse corresponding
to a B, field of 3.7-10~%T) was applied during the pulse sequence and the
acquisition period and gated off during the recycling delay. To obtain the powder
lipid spectrum, a spectral width of 100 kHz, a recycling time of 20 s, 72 and 144°
pulses, and an interpulse spacing of 50 s were used. For the dispersed lipid, the
spectral width was 50 kHz and the recycling time 10's, the echo used 90 and 180°
“pulses and the interpulse spacing was 80 us. In each case, the number of points
was 4096. The temperature was regulated to =1°C by circulating air at the desired
temperature around the sample. Chemical shifts are reported in ppm relative to an
external reference of 85% :13P0,, assuming positive values for resonances at high

frequencies.

2H NMR spectra were recorded on a 200-MHz home-built
spectrometer operating at 30.7 MHz, using the quadrupolar echo sequence (5). The
T/2 pulse was 2.3-2.4 us in length {5-mm solenoid coil), and an echo pulse spacing
of 60 us was used. The number of points was 2048. The pulse sequence was
repeated every 250 ms for the headgroup-deuterated lipid and every 100 ms for the
glycerol-labelled compound. The spectra Wefe acquired by using a spectral width
of 50 and =100 kHz respectively for the same two compounds. Longitudinal

relaxation times T, were measured by the inversion-recovery procedure in

208

combination with the quadrupolar echo sequence as described by Perly et al. (6). .

The temperature was regulated electronically to +0.5°C with a custom-built variable-

temperature unit.



Spectra were analyzed on a Nicolet 1180E data processor. The free
induction decays were left shifted to the top of the echo before Fourier
transformation of the trailing edge. 2H NMR spectra taken above the gel-to-liquid
crystal transition temperature were "de-Paked" by the method of Bloom et al. (7) to
give the 80° oriented sample spectra, from which the quadrupolar splittings were

obtained.

6.3 Results

6.3.1 Differential scanning calorimetry

Several studies have demonstrated that ethanolamine lipids can
exhibit polymorphic phase behavior in addition to a gel-to-liquid phase transition (8).
In order to facilitate the interpretation of 3P and 2H NMR data, the thermal behavior
of 1,2-di-O-hexadecyl-sn-glycero-3-(2-aminoethyl)phosphonate  was examined.
Differential scanning calorimetry (DSC) thermograms exhibited two endathermic
transitions. Jarrell et al. (8) have reported a temperature of 63°C for the gel-to-liquid
crystal phase transition of 1,2-dipalmitoyl-sn-glycero-3-(2-aminoethyl)phosphonate,
close to the value of 637°C for its phosphate analog
1,2-dipalmitoylphosphatidylethanolamine (DPPE) (10). Apparently, whether the
headgroup is a phosphonate or a phosphate does not significantly affect the
temperature at which the chains melt. Thus, a temperature close to that of 69.1°C
reported for 1,2-di-O-hexadecylphosphatidylethanolamine should be expected for
the analogous phosphonate. The main transition for 1,2-di-O-hexadecyl-sn-glycero-
3—(2-aminoethyl)phospr;onate was centered at 70.2°C. A secondary endothermic
transition occurs a;c 84.5°C. This figure is close to the reported value of 88°C for

1,2-di-O-hexadecylphosphatidylethanolamine (DHPE) attributed to the lamellar-to-
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hexagonal phase transiton (10). The DSC data for 1,2-dipalmitoyl- and
1,2-di-O-hexadecyl-sn-glycero-3-(2-aminoethyl)phosphonate thus follow the same
trend as that for phospholipids, where the temperature of the lamellar-to-hexagonal
phase transition was found to increase in the order 1,2-dialkyl < 1-alkyl-2-acyl < <
1.2-diacyl, while the temperature of the gelto-liquid crystal phase transition

increased in the reverse order (10).

6.3.2 31P NMR

Figure 6-1 presents the 3P NMR spectrum of 1,2-di-O-hexadecyl-
sn-glycero-3-(2-aminoethyl)phosphonate in the powder form. “From this spectrum,
the principal elements of the chemical shielding tensor are found to be: o4y = —94,
000 = —27 and 033 = 61 ppm, in accordance with the reported values of ¢4y =

—85, 05, = —27 and 0453 = 65 ppm for the dipaimitoyl analog (9).

The 3P NMR spectra of lipid dispersions (Figure 6-2) show
lineshapes characteristic of an effective axially symmetric tensor. The absolute value
of the chemical shift anisotropy |Acg| slightly decreases from the gel to the liquid
crystalline phase (Figure 6-3). At 85.6°C, where the lipid is known to adopt the
hexagonal phase, the sign of Ac is reversed and its magnitude reduced by a factor

of approximately two.

6.3.3 2H NMR

Figures 6-4 and 6-5 illustrate 2H NMR spectra of aqueous dispersions
of the phosphonoalipid 1,2-di-O-hexadecyl-sn-glycero-3-(2-aminoethyl)phosphonate
labelled at both headgroup positions gnd at the position sn-3 of the glycerol moiety
respectively, Con'.crary to the chemical shift anisotropy on the phosphorus spectra,

the quadrupolar splittings on the deuterium spectra could not be measured below
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Figure 6-1. 3'P NMR spectrum (121.5 MHz) of a 1,2-di-O-hexadecyl-sn-glycero-
3-(2-aminoethyl)phosphonate powder sample at room temperature (22°C), 8000

accumulations.
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Figure 6-2. 3P NMR spectra (121.5MHz) of aqueous dispersions of
1,2-di-O-hexadecyi-sn-glycero-3-(2-aminoethyl)phosphonate  at  the indicated
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Figure 6-4. 2H NMR spectra (30.7 MHz) of 1,2-di-O-hexadecyl-sn-glycero-

3-(2-amino[1,1,2,2—?!;14]ethyl)phosphonate dispersed in excess buffer at the

indicated tempe'réfurs-. 20000 accumulations. The spectra on the right correspond
to the "de-Paked" version of those on the left for the liquid crystalline and hexagonal

phases.
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the gel-to-liquid crystal transition temperature. Below the main transition
temperature, the spectra are broad and relaavely featureless and are reminiscent of
the type of spectra observed for the acyl chains of lipid in the gel state (11, 12). This
type of spectrum arises when motions occur with an intermediate rate and/or a low
symmetry. Due to similarity to powder spectra observed when the quadrupols
splitting tensor is not axially symmetric, this is known as an n = 1 lineshape (1 3).
Above the main transition temperature, the spectra are axially symmetric, reflecting
the onset of rapid axially symmetric motion and the transition from. gel to liquid
crystal phase. The quadrupolar splittings slowly decrease with temperature in this
phase, and then, while still retaining their axially symmetric shape, are reduced to

less than one half their value in the hexagonal phase (Figure 6-6).

By analogy to previous studies on ethanolamine lipids, the large
splitting in Figure 6-4 is attributed to the deuterium atoms at position 1 of the
headgroup and the small splitting to those at position 2. This choice is logical since
it is expected that the ampliiude of the motions would be larger farther away from
the glycerol moiety, and thus the segmental order parameter S would be smaller.
Since both positions are Csz groups, the geometrical parameter and the
quadrupotar coupling constant is the same for both and thus the quadrupolar

splitting is direcfly proportional to S.

Table 6-1 reports 2H NMR spin-lattice relaxation time T data for the
three positions in both types of phases. The data shows that the rate of motions
increases on going from the glycerol C3 position to a higher position in the
headgroup. since T, values become larger. In the hexagonal phase, the headgroup
motion appears more restricted than in the bilayer phase, as reflected by a smaller

relaxation time, although the differences are relatively small.
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Figure 6-6. Temperature dependence of the 2H NMR quadrupolar splittings (Arq)
for the three different labelled positions of 1,2-di-O-hexadecyl-sn-glycero-

3-(2-aminoethyl)phosphonate in  aqueous dispersions above the bilayer-to-

hexagonal phase transition temperature.
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Table 6-1. 2H NMR longitudinal relaxation times T, data for 1,2-di-O-hexadecyl-
sn-glycero-3-(2-aminoethyl)phosphonate labelled in different positions of the

headgroup and the glycerol moiety in the liquid crystalline and hexagonal phases.

Temperature (°C) Glycerol Headgroup
3 1 2
74 1528 25.3 42.2
86 "~ 148 25.0 40.8

a T, values in ms for the 90° orientation only.



6.3.4 Computational methods

From the 3P NMR spectrum of the powder lipid, the principal values
of the chemical shielding tensor for the phosphonolipid could be obtained. The
complete 3'P NMR chemical shift tensor (the principal values as well as the
orientation) of the model compound 2-aminoethyiphosphonic acid has been
determined previously (see Chapter 4 and Reference 14). It is believed that the
orientation of this tensor could be used for phosphoholipids. given that the
orientation of the tensor for 2-aminoethanol phosphate was suitable for
phospholipids. In the liquid crystalline state, the static 31p NMR shielding tensor is
averaged by the headgroup motion and is replaced by an effective tensor which is

axially symmetric with respect to the bilayer normal,

Exact axial symmetry is assumed for the 2H NMR quadrupolar
coupling tensor, the axis of symmetry being along the C —2H bond direction. For
that reason, the tensor was replaced by a simple vector in the transformation

calculations.

A simple model of headgroup reorientation allowing free rotation about
the C2—-C3 bond of the glycerol is assumed to caiculate the headgroup
conformation. This bond is approximately parailel to the bilayer normal in crystals of
1.2-dilaurylphosphatidyiethanolamine  (DLPE) (15, 16).  From the 2H NMR
quadrupolar splitting for the sn-3 glycerol position, it is possible to determine the
order parameters of this segment of the glycerol backbone. The order parameter
Scg_zy Of the C3—2H bond vector is related to the quadrupolar splitting of the

powder-type spectrum according to

Br(80°) = 3/,4(e%qQ/4megh)Sc - [6-1]
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At 74.1°C, in the liquid crystaline phase, the quadrupolar splitting is equal to
32.8 kHz, while it is 14.4kHz in the hexagonal phase at 86.2°C. With a static
quadrupolar coupling constant 82q0/47r60h of 170 kHz, it follows that |Sg_ay| is
equal to 0.257 at 74.1°C and 0.113 at 86.2°C. Assuming exact tetrahedral symmetry,

the order parameter of this axis Sgo _ 3, is given by
Sco_cs = Sg_ap/[(3c0s2109.5° — 1)/2], [6-2]

yielding Seo g equal to 0.772 and 0.678 for the liquid crystalline and hexagonal

phases respectively.

The determination of possible headgroup conformations involves a
com'parison between the experimental and calculated NMR spectral parameters, i.e.
the 3P NMR chemical shift anisotropy and the 2H NMR quadrupolar splittings for
the 1 and 2 positions of the headgroup. The respective static tensors are
transformed from their principal coordinate systems through intervening bonds into
the coordinate system of the glycerol C2—C3 bond, where they are averaged. The
result is multiplied by the order parameter for this bond, Sgp _ 4, to account for the
wobbling motion of the segment. The transformations were done by vector and

matrix multiplication with a chain-segment transformation matrix,

cosq cosfcoso sinfsina
—sina —cosfcosa —sinfcosa
0 sing —cost
| i

the elements of which are functions of the bond (6) and torsion (o) angles (3).

In order to account quantitatively for the equivalence of the two

deuterium atoms at position 1 and the two deuterium atoms at position 2 of the
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headgroup, it was assumed that a rapid equilibrium exists between two
enantiomeric conformations, one with all torsion angles o; positive, the other with all

torsion angles «; negative.

A search was performed with =1° increments and 60° torsion angle
ranges. Values of oy and «, that satisfy the chemical shift anisotropy conditions
were determined. . Similarly, values of oy, oy and «g that give the correct
quadrupolar splitting for the deuterium atoms at position 1 of the headgroup were
kept as possible solutions. Finally, the quadrupolar splittings of the deuterium
atoms at position 2 of the headgroup were used to find possible vaiues for w, wy, tiy

and «,. Table 6-2 summarizes the parameters used for the simulations.

6.3.5 Conformational solutions

Each possible conformational solution found by the search is
represented by a dot in Figure 6-7 for the lamellar and hexagonal phases. The
results show that the conformations of the headgroup are very similar in both
phases. The number of solutions is bigger at 86°C because the magnitudes of the

NMR spectral parameters are smaller while the error on it remains constant.

The solutions for oy and o, are very similar to those found previously
for DPPE (3), i.e. oy is appro.iimately trans and o, is almost freely variable over the
+30° range. This can be explained by the fact that the «, axis lies nearly parallel to
the bilayer normal in this’ quasi-conformation.  The conformations of the
phosphonalipid in the lameilar phase obtained in this manner are very similar to
those of DPPE in the same conditions (3). Thus similar conformations for phospho-
and phosphonolipid headgroups resuit in a smaller chemical shift anisotropy for the

latter, the value for DPPE in the lamellar phase being 41 ppm (1).
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Figure 6-7. Conformational solutions for the headgi'oup of 1,2-di-O-hexadecyl-
sn-glycero-3-(2-aminoethyl)phosphonate in the lamellar phase at 74°C (left) and in

the hexagonal phase at 86°C (right). The torsion angles «; are given in degrees (°).
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Table 6-2. Input data for the determination of possible headgroup conformations of

- 1.2-di-O-hexadecyl-sn-glycero-s-(2-aminoethyl)phosphonate dispersed in excess

buffer in the liquid crystalline and hexagonal phases by simulation of the 31p NMR

chemical shift anisotropy d¢ and the 2H NMR quadrupolar splittings Arq.

31p NMR data

Ag (= 1.0 ppm)

temperature (°C)

~34.0
17.3

70.7
85.6

2H NMR data

Avg (= 0.1 kH2)

temperature (°C)

position 1 position 2
12,9 24 74.2
6.2 0.7 86.1
x-ray diffraction data
bond angle value (%)
b4 c-C-0 103
0, c-0-P 114
s O-P-C 105
04 C-C-=N 12
torsion angle ranges investigated
range (%)

torsion angle

[ 0
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LY2
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In DPPE, the phosphodiester moiety adopts a gauche-gauche
conformation (15, 16, 1, 3). In the case of the phosphonolipid, no solutions wers
found when «g was allowed to vary between 30 and 90°. Two solutions were found
however, one around 100° and the other close to 135°% The conformation here is

thus different than that of the phospholipid.

For oy, the search was done for 180 + 30° because this torsion angle
is nearly trans in crystals of AEP (17), and a few solutions have been found in this

range. The corresponding torsion angle in DPPE, oz, O—C—C—N, was gauche.

Although the torsion angles are different for phospho- and
phosphonolipids, the overall picture is similar, i.e. the molecuie is bent at the
phosphorus atom and the headgroup lies more or less flat at the membrane surface,

as shown in Figure 6-8.

6.4 Conclusion

The aim of this study was to determine if the headgroups of phospho-
and phosphonolipids adopt different conformations in model membranes. The 3'P
and 2H NMR parameters were used to calcuiate possible conformations for the
headgroup of 1,2-di-O-hexadecyl-sn—glycero-S-(2—aminoethyl)phosphonate. The
solutions are similar in the liquid crystalline and hexagonal phases, indicating that no
major headgroup conformational change is necessary for the lipid to undertake this

phase transition.

The geometry adopted by the phosphonate headgroup appears to
have the same overall features as that of DPPE, ie. there is a bend at the
phosphorus moiety and the rest of the headgroup is nearly parallel to the membrane

surface.
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Figure 6-8. Representation of one of the possible headgroup conformations
for 1,2-di-O-hexadecyl-sn-glycero-3-(2-aminoethyl)phosphonate  in  aqueous
dispersions in the quuid- crystalline phase (74°C), showing that the headgroup is
nearly perpendicular to the C2—C3 bond of glycerol assumed to be parallel to the

bilayer normal.
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The fact that one less torsion angle has to be determined for the same
number of spectral parameters results in a much narrower conformational space for

the phosphonate than for the phosphate headgroup.
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CHAPTER 7

CONCLUSIONS

The purpose of this chapter is not only to present the main
conclusions of the thesis research, but also to make suggestions for more work in
the area of nuclear magnetic resonance (NMR) of membranes in general, and of
unusual lipids like phosphonolipids in particular. These future studies could be
done at the level of the lipid crganization in attempting to explain the phase behavior
of natural lipids, from a more chemical physical point of view in the determination of
chemical shielding tensors of better models for phosphonolipids, at an organic
chemistry level in the synthesis of other phospho- and phosphonolipid analogs
possibly with different chain and headgroup compositions labelled in different
positions or with other isotopes, and finally from a structural and dynamic point of

view in the determination of a picture of headgroup conformation and motions.

7.1 Phase behavior of Tetrahymena thermophila lipids

The total lipids of Tetrahymena thermophila showed a phase behavior
quite different from that of the polar lipids, which is expected when ethanolamine-
~ containing phospho- anq phosphonolipids constitute the major molecular species.
The polar lipids slowly undergo a phase transition from a lamellar to a hexagonal
phase, while the total lipids are stabilized up to a higher temperature in the lameliar

phase, before it is transformed into ‘an isotropic phase. This phase showed



hysteresis and freeze-thawing was necessary to restore the bilayer structure. The
exact nature of the isotropic phase is unknown, as are the factors responsible for its

formation.

This kind of behavior has been shown to occur in other systems. For
example, mixtures of soya phosphatidylethanclamine (PE) and egg
phosphatidylcholine (PC) adopt either a hexagonal, an isotropic or a hilayer phase
depending on relative proportions (1). The same behavior is found when PC is
replaced by bovine brain sphingomyelin (SM). Mixtures of soya PE, bovine brain
SM and cholesterol in various proportions are highly stabilized into the bilayer phase
(2). Equimolar mixtures of polyunsaturated PC and cholesterol or various mixtures
of polyunsaturated PC and PE show exactly the same phase behavior as the total

lipids of Tetrahymena, i.e. transformation to an isotropic phase and hysteresis (3).

It would be interesting to study the phase behavior of the individuali
lipid components of T. thermophila, alone or in mixtures of known composition. The

effect of the triterpene tetrahymanci as compared with that of cholesterol found in
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animal cell membranes is of particular interest. Also, the exact role of ceramide

phospho- and phosphonolipids deserves attention. This type of study could put
some insight into the understanding of how the different lipid components of
membranes participate in maintaining the bilayer structure and thus the cell integrity,

while still allowing for particular membrane functions such as fusion.

7.2 3'P NMR chemical shielding tensor of phosphonates

The compléte 31P NMR chemical shift tensor was measured on a
single crystal of 2-amintoethylphosphonic'.acid (AEP). AEP was chosen as a mode!

for phosphon__olipids because it is the constituent of their headgroup. It was fouind



that the tensor correlates well with the electron distribution around the phosphorus
etom expected in the ground state of the molecule. However, phosphonolipids are
esters of AEP. Whether this affects only the principal values or also the orientation of
the principal axis system is not known. Attempts at the synthesis of a crystalline
ester of AEP have been made, but without success, in order to provide a better
model! for phosphonolipid headgroups. The best model would of course be the
phosphonalipid itself, but it would be difficult to obtain sufficiently large single
crystals from it. The knowledge of the differences in the chemical shielding tensor
between a phosphonic acid and its own ester would give indications on the electron

density redistribution induced by esterification.

7.3 Chemical syntheses

In this work, relatively simple procedures have been developed to
prepare phospho- and phosphonolipids selectively 2H-labelled in almost any
desired position of the molecule. It is well known that small chahges in the chemical
structure could have important effects on the organization and function of particular
lipids. With some more effort, the chain and headgroup composition could be
modified to prepare a whole family of analogs. The method is also suitable for
labelling with other isotopes; introduction of 13C is somewhat difficult to achieve
selectively, but 15N is a good candidate. The procedures described in Chapter 5
could be used to synthesize 15N-labelied phospho- and phosphonolipids, since
both [15N]g[yciﬁe — which can be reduced to ['5N]ethanolamine with lithium

aluminum hydride — and 15N'H3 are available commercially.

230



7.4 Headgroup conformation

The headgroup conformation of a syn‘thetic phosphonolipid was
determined using a very simple model for headgroup reorientation. A recent study
{4) suggests that this model is not completely adequate, but it was convenient for
this particular study, because it allowed a direct comparison with previously
determined conformations for analogous phospholipids. The synthesis of
analogous phospho- and phosphonolipids with the same chain composition and
with deuterium label at equivalent positions would make comparisons possible

between the two species using any model.

A better model would take into account the dynamics of the lipid
molecule, as determined by relaxation time measurements. For example, if T4 is
shorter for the C2 than for the C1 position of the headgroup, the model should allow
for motion, possibly of limited amplitude, of the C1 —C2 segment. Similarly, for the
glycerol backbone, because of the nonequivalence of the two deuterium atoms on
C3, the axis of motional averaging could not be exactly coincident with the C2-C3
bond. Based on the 2H NMR lineshape and spin-attice relaxation analysis of lipids
labelled in the C2 and C3 positions of glycerol (4), the glycerol backbone dynamics
can be described in terms of common fast internal motions and a slower whole
molecule axial motion. In addition to rotation about the long axis of the molecule, a
model involving a fast-limit three-site jump about the C2—C3 bond of the glycerol
moiety was used to simulate lineshape and relaxation features in the gel state. Such
a model could be used to simulate the 3'P and 2H NMR parameters obtained for the
headgroup of phospho- and phosphonalipids. it would probably narrow down the
number of possible conformational solutions and give a better confidence into the

determined headgroup conformation, without requiring unreasonable assumptions

to be made.,
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The ultimate goal would of course be to obtain a picture of the
conformation of the whole lipid molecule, together with the time dependence of this
conformation, i.e. the motions of ‘each individual segment, and the motion of the
molecule as a whole and with respect to its neighbors. The larger the number of

NMR parameters obtained for a particular lipid system, the better this goal could be
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achieved. For this, studies of lipids labelled in other positions or with other isotopes-

than deuterium would be required. 24 NMR studies of the phosphonolipid tabelled
in the sn-1 and sn-2 positions are now in progress and will allow a more precise
definition of the conformation of the glycerol backbone. An additional NMR
parameter, the dipolar coupling between 2H and 'H or between 2H and 2H in the
case of nonequivalent C—2H2 groups, could be measured and used in the
calculations. The model of molecular motion described above could also be refined
and extended with lineshape and relaxation data obtained for these positions.
Finally, 15N NMR could be used advantageously to narrow down the number of
possible headgroup conformations by providing an additional NMR paraméter at the

very end of the headgroup (5).

The results presented in this thesis have not answered all the
questions concerning the differences in the headgroup conformations of phospho-
and phosphonolipids; they have only given an indication that, despite noticeable
differences in the torsion angle ranges adopted by their neadgroups, the overall
spatial arrangement for the lipids of these two species are very similar. In fact, using
a vast array of techniques, the only important difference found between the two
molecular species is the added resistance to enzymatic and chemical degradation

conferred to phosphonolipids by the presence of the carbon-phasphorus bond.

Finally, the more is known about a particular system, the more there is

still to know, since new questions arise during the course of the studies, and the
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greater the level of complexity that could be investigated. The complexity of life and

of the universe probably has no limits and there will always be something to

investigate further. This statement makes science even more attractive.

7.5 References

1.

P.R. Cullis and B. de Kruijff, Biochim. Biophys. Acta 507, 207-218 (1978).
P.A. Cullis and M.J. Hope, Biochim. Biophys. Acta 597, 533-542 (1980).

C.J. Dekker, W.S.M. Geurts van Kessel, J.P.G.Klomp, J.Pieters and
B. de Kruijif, Chem. Phys. Lipids 33, 93-106 (1983).

M. Auger, M.-R. Van Calsteren, 1.C.P. Smith and H.C. Jarrell, Biochemistry,
29, 5815-5821 (1990).

S. Akoka, C. Tellier and S. Poignant, Biochemistry 25, 6972-6977 (1986).



APPENDIX A

13C NUCLEAR MAGNETIC RESONANCE DATA OF SYNTHETIC COMPOUNDS

A.1 Explanation of the tables

Tables A-1 to A-10 report the '3C NMR chemical shifts of the
compounds whose synthesis is described in Chapter 5, expressed in ppm
downfield from tetramethylsilane (TMS), either external when the solvent is 2H20 or
internal with all other solvents. Muitiplicities were determined either from
nondecoupled spectra, using the attached proton test (APT) (1) or the distortionless
enhancement by polarization transfer. (DEPT) pulse sequences (2). They are
reported with P for primary, S for secondary, T for ternary and Q for quaternary
carbons. For aromatic rings, the symbol ¢ is used, together with i for ipso, o for
ortho, m for meta, and p for para carbons. Primed numbers represent chains
substituted on carbons 1 and 6 of mannitol or on carbon 1 of glycerol. Similarly,
double primed numbers are used for chains on carbons 2 and 5 of mannitol or on
carbon 2 of glycerol. Triple primed numbers designate the headgroup carbons

positioned on carbon 3 of glycerol.

Peaks were assigned to particular carbons using the following
considerations: relative intensity, multiplicity, coupling to other nuclei,
disappearance of a carbon due to deuteration, and isotope shift. In addition, lipid

chains were assigned according to Batchelor et al. (3), whereas Bremser et al. (4)
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Table A-1. 75.5-MHz 13C NMR chemical shifts in ppm of compounds 2a, 2b, 3, 4, 5

and 6.

Carbon 2a 2b 3 4 5 6
C2HCl; C2HCl; C2HCI; C2HCI; DMSO-dg  2H,0

CH,-0 62,58 S ~ 61.21

CH,—Br 28.21

CH,—P ' 26.69 26.11

(1832)8 °  (132)

CH,~N 43.16 S - 4090 | 39.28 32.61 35.53

C=0 156.86Q 156.86 Q

C(—CHg); 79.66Q  79.65Q

CHg 28.38P  28.39P

C=0 168.89  167.85 167.46

é; 13200  131.81 131.68

é, 12346  123.53 122.88

®m 13420 13427 134.20

& 1J_p values in Hertz are given in parentheses.
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Table A-2. 75.5-MHz 13C NMR chemical shifts in ppm of compounds 7a, 7b, 8a, 8b.,

9a, 9b and 10a.

Carbon 7a

7b 8a 8b 9a 9b 10a
C3HCl; C2HCl; C2HCl3 C2HCl; 2H,0 2H,0 2H,0
C-1 20578  2883Q  30.82 30.03 3294 - 31.51
(13408 (132) (127, (127.)
(24)° (20)
C-2 29.57S  28.83Q  23.85 23.30 26.79 - 25.11
(24.) (24.)
CH, 62.04 62.01
(7.) @)
CHg 1645 16.44
(7.) (5.)
; 128.97 129.03
b, 122.76 122.79
bm + bp 130.13 13017

8 Jo_p values in Hertz are given in parentheses in normal script.

b 14 a, values in Hertz are given in parentheses in italic script.
C—=2H
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Table A-3. 75.5-MHz 18C NMR chemical shifts in ppm of compounds 11a, 11b, 12a,
13a, 13b and 13¢ in C2HClj.

Carbon 11a 11b 12a 13a 13b 13¢
C-1 179.70 180.11 Q 63.09 70.15 70.08 -
-2 33.97 - 32.87

C-3 24.72 2456 S 25.79 25.46 25.56 - 25.40
C-14 31.80 31.84S 31.97 3194 3190 31.94
C-15 22,71 22718 22,75 22.71 22.71 22.71
C-16 14.11 1414 P 14.14 14.11 14.11 14.14
CHj 37.44 37.40 37.40

Table A—4. 75.5-MHz 3C NMR chemical shifts in ppm of compounds 14, 16a, 16b
and 16¢ in 2H,0.

Carbon 14 16a 16b 16¢
CA 175.30 63.22S 63.30S -
C-2 69.37 70.86 T - 70.98
C-3 76.46 69.24 T 69.42T 69.50
C-4 76.46 69.24 T 69.48T 69.50
C-5 69.37 70.86 T 71.05T 70.98

C-6 175.30 63.22S 63.38 S -




Table A-5. 75.5-MHz '3C NMR chemical shifts in ppm of compounds 19a, 2ia, 2ib
and 24 in C2HCl,.

Carbon 19a 21a 21b 24
C-1 65.84 S 65.16 65.162 64.36
(148,43
c-2 76.30T 70.28 70.28 70.44
(147.)
C-3 62.86 S 63.35 63.350 72,54
(143.)
C(—CHg), 109.40Q
CHg cis® 26.68 P
(127.)
CHg trans® 25.26 P
(127
C-1' 174.40 174.36 71.89
c-2 34.20 34.17
c-3 24.95 24.91 25.11
C-1¢ 31.94 31.94 31.94
C-15 22.71 22.71 22.71
C-1¢' 14.14 14.14 14.11

2 1Jg_y values in Hertz are given in parentheses.

b Assigned as if it were 3-O-palmitoyl-sn-glycerol 21a.

€ Assigned according to References 5 and 6.
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Table A-6. 75.5-MHz '3C NMR chemical shifts in ppm of compounds 26a, 26b, 26c,
27a, 27b and 27c.

Carbon 26a 26b 26¢ 27a 27b 27¢
CzHCla 02H013 ) CQHCIa 2H20 2H20 2H20

C-1 66.33 S 66.20 S - 62.80 S 62.51S -

c-2 76.39 T - 76247 72517 - 72.18
C-3 79.50 T 79.38 T 79.42T 78.92T 78.62T 78.67
C-4 7950T 79.38T 79.42T 78.92T 78.62T 78.67
C-5 76.39T 76.38T 76.24 T 7251 T 7231 T 72.18
C-6 66.33S 66318 - 62805 62618 -

C(—CHgy), 3,4 11017Q  11019Q  11015Q 11066Q 110.53Q 11051
CHjcis + trans 27.50P  27.49P  27.45P  2640P  2624P 2623

C(—CHj),1,2:5,6 109.59Q 109.59Q 10856Q
CHj cis? 26.53P  2653P  2652P
CHj trans® 2537P  2535P  25.34P

2 Assigned according to References 5 and 6.



Table A-7. 75.5-MHz
and 30b in C2HCl,,
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13C NMR chemical shifts in ppm of compounds 28a, 28b. 30a

Carbon 28a 28b 30a 30b

C-1 65.238 65.10S 61.26 S 61.17 8

C-2 7247 - 7991 T -

C-3 79.92T 79.85T 79.00T 7877 T

C-4 79.92T 79.85T 79.00T 7877 T

C-5 7241 T 7238T 7991 T 7994 T

C-6 65.23S 65.20 S 61.26 S 61.17 S

C(—CHg), 109.30 Q 109.10Q 109.99 Q 109.94 Q

CHg 26.89 P 26.89P 27.17P 27.15P

C(-9)3 86.87 Q 86.84 Q

b; 143.92Q 143.92Q

¢ 127.84 T2 127.80 T4

bm 128.74 T8 128,71 T2

¢p 127.03T 127.03T

CHy—¢ 72.38 S 72,348

®; 137.76 Q 137.78 Q

12855 T 128.74T .

m 127.92 72 128.00 T

qbp 127.98 T2 128.00 T

@ Assignments in the same column may be reversed.
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Table A-8. 75.5-MHz 13C NMR chemical shifts in ppm of compounds 32a, 32b, 32¢,
37a, 37b, 37¢ and 37d in C2HClj,

Carbon 32a 32b 32¢ 37a 37b 37¢c 37d
C-1 62898 62818 6286 71.05S 71.07S 70.92S 71.00
C-2 7817T 78.08T - 78.96T 7897T 7893T -
C-3 68.84T 6875T 6882 7026T 70.28T 70.24T 7019
C-4 68.84T 6875T 6882 70.26T 70.29T 7024T 70.19
C-5 7817T 78.08T 7814 7896T 7897T 7893T 78.90
C-6 62.89S 6281S 628 71.058 71.07S 7092S 71.00
CH,—¢ 7288S 72.84S 7288 73.04S 73.03% 73.038 73.01
®; 137.74Q 13771 Q 137.74 138.34Q 138.38Q 13833Q 13831
P, 12853T 12B53T 128,57 128377 128.37T 128.39T 128.38
Pm 128.05T 128.05T 128.08 127.95T 127.93T7 127.98T 127.95
¢ p 128.05T 128.05T 128.08 12771 T 127.69T 127.74T 127.70
c-1 ' 173.98Q 174.05Q 17406 71.86S 71.76S -~ 71.86
c-2 34288 - 34.31

C-3 24985 2481S 2500 26145 25935 26.088 26,12
C-14' 31.95S 31.928 3197 31.95S 31.94S 31.94S 31.92
C-1% ' 22718 22718 2275 2271S 22708 2270S 2269

C-1¢' 14.12P 14.43P 1417 1414P 1412P 1412P 1411




Table A-9. 13C NMR chemical shiits in ppm of compounds 34, 35, 39 and 40.

Carbon

34 35 39 40
90.6 MHz 75.5 MHz 75.5 MHz 90.6 MHz
C2HCI3 021-|C|3 - 02H302H C2H Clg CzHCl3 - C2H302H
C-1 62.88 59 63.57 S 7117 70.55 8
C-2 77.36 T 76.20T 77.96 77.74T
7. (6.
C-3 ' 61.958% 63.30S 63.08 64.28 S
(1. (1)
CHy - 72158 72348 7215 72688
®; 137.88Q 137.66 Q 138.42 -
é:.- 128.49T 128.52T 128.47 128.73 T
N 127.85T 127.98 T 127.43 12828 T
Py 127.85T 12798 T 127.43 128.15T
c-1 173.81 @ 174.18Q 71.91 72238
c-2 3421 S 34298
c-3 2494 S 24.988 26.17 26.47 S
C-14 31.95S 32018 31.96 32.288
C-18' 22,708 22778 22.73 23.03S
C-1¢' 14.13P 14.15P 14.12 14.23 P
c-1" 32208 32.60S
(129.) (131.)
c-2" 27.038 27268

@ Assignments in the same column may be reversed.

b Jo_p values in Hertz are given in parentheses.



Table A-10. ¥3C NMR chemical shifts in ppm of compounds 42a, 42b, 4Zc, 44a,

44b, 44c¢ and 44d in C2HCl,.

Carbon 42a 42b 42¢ 44a 44b

44c¢ 44d

75.5MHz 75.5MHz 75.5MHz 90.6 MHz 75.5MHz 75.5MHz 75.5 MHz

C-1 70.84S 70778 - 7093S 70898 - 70.94 S
70.96 S - 70,998
c-2 79.75T - 7962T 7826T 78277 78137 78227
C-3. 7048T 7043T 70477 63135 63.09S 63.1258 6279T%
63.158
C4 7018T 7018T 70177
C-5 : 79.75T 7975T 79.62T
C-6 70.84S 70.83S -
C-1 71.84S 71858 71.78S 71.88S 71898 71825 71.898
C-3 26.158 26.15S 26.15S 26.13S 26.138 26.12S 26.13S
C-14 31958 31958 31955 31958 31958 31.95S 31.95S
C-18 22718 22718 2271S 22728 2271S 22708 22715
C-1¢' 1412P 1413P 14132 14.15P 14.13P 1413P 14.13P
c-1" 71.39S 71355 7138S 70428 70.39S 7041S 70.43S
71.395 70438

c-2¢ 30,138 30.13S 30138 30.10S 3041S 30.11S 30.11S
c-3" 26.23S 26238 261585 2613S 26.13S 26.12S 26.23S
c-14" 31,958 31958 3195S 31.95S 31.95S 31.95S 31.95S
C-15" 22718 22718 2271S 22728 22718 22.70S 2271S
c-1¢6" 14.12P 1413P 14.13P 14.15P 14.13P 14.13P 14.13P

@ Triplet due to coupling to 2H.
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was used as a general reference. Carbons of lipid chains which occur between 29
and 30 ppm, i.e. those of carbons 4 to 13 and in some cases carbon 2 of alky!
chains, are not reported in the tables because of partial overlap and difficulties in

assigning the individual lines properly.
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