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ABSTRACT

A sulfonium analogue of lecithin hZs been reported to re-
place the ubiguitous phosphatidyl choline in a non-photosyn- .

thetic diatom, Nitzschia alba. . The structure of this sulfo-

nium analogue has now been established by ,chemical éynthesis
using the folloJing- meghods: (1) + condensation - of
sn-3-phosphatidic acid (dimyristoy}-, dipalmitoyl-, distear-
oyl-, dioleoyl-) with sulfocholine (chlbride or tosyléte) in
the presence of triisopropylbenzenesulfonyl chloride in
chloroform-pyridine (9:1, v/v); and (ii) phosphorylation of
1,2~dipalmitoyl-gn~glycerol with monophényl phosphoryl di-
cﬂloridate-fo}lowed by a reaction with.sulfocholine 1in the,
_preéence of pyridine aqd finaily_remoVal- of the blocking_
‘phenyl-group by catalygig hydrogenelysis. The desired syn-
thefic prodﬁcts were obtained in overall yields of 50-70 %
and 11 % foér methods (i) and (ii), .respectively, and were.
characterize@ by elemental analyses; inf;ared spectroscopy;
nuclear m;gnekic resonanFe spectrometry; mass spéctrometry;
optical rbdtation; and thin-layer ¢ Jomatography mobilities.
Comparison of the syﬁtheti; aﬁaiodﬁ s with the natural sul-
folecithin showed them to be identical, except for the na-
ture of the fatty acid chains, thus‘est%?lisbing the natural

product as sn-3-phosphatidyl sulfocholine.



Haviﬁg-synthesized the above PSCs, we then studied the
phy51cal properties of these amphlpaths in aqueous meéia as
compared to those of PC using the following techniques: dif-
ferential scanning calorimetry (DSC), fluorescent polafiza-
tion with diphenylhexatriene (DPH), para-quaterphenyl (Q-4)
and c¢cis and trans-parinaric ac1ds as probes, electron param-
agnetlc resonance (EPR) with 5- doxyl stearic ac1d and N-tem-
postearamide as‘'probes, fourier transform infrared spectros-

copy (FTIR} and deuterium and phosphorus nuclear magnetic
. resonance (DMR énd S1PMR). Liposomal dispersiohs‘ of the
sulfonium analogues showed the typical multibilayer ‘struc-
ture by electron micrpscopy (EM) and were in general very
similar in physical behaviour to those of the corresponding
PCs. However, the fully hydrated saturated PSCs consistent~
ly showed sharp main transitions 2-~4 °C. above ‘those of the

corresponding PCs, by all techniques used; the unsaturated
PSC (dilB:1-) had a transition 2-3 °C below that of
di;lB:l—PC and only di-14:0-PSC and di-18:1-PSC showed a
,yell defined pretransition. Fluorescence polarization stu-
dies with cis and trans parinaric -acids showed that the PSC
bilayers Qere less ordered than the corresponding PC bilay~
ers in both the gel and liquid crystalline states. The FTIR
studies indicated that the crystal packing of the PSC chains
in the gel state was the same as that of the'saturated PCs,
_whéle the NMR studies showed that the mobilities of the head

group of PSC and PC in. both the gel and liguid crystalline



——

s;qtes are simil%r;i Finally -the monolayer studies demons-
trated that PSC head groups are ﬁofe idtgractive than PC
head groups and that both derivatives have ideétical minimum
cross sectional molecular areas. These results provide a
‘rationéie'for the observed ability of the sulfonium ana-

logues to substitute for PC in some natural membranes.
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RESUME

Chez la diatomée non photosynthétique, Nitzschia alba, la

phosphatidyl choline est remplacée par un analogue sulfonium
de la lécithine. La structure de cet analogue sulfonium a
été établie par }a synthése chimique 3 1l'aide des méthodes

suivantes: (i) condensation de 1l'acide sn-3-phosphatidique

(dimyritoyl-, dipalmitoyl-, distéaroyl-, dioléoyl-) avec le

chlorure de sulfocholine en présence du chlorure de triiso-
propylbenzenesulfonyl dans un mélange de chloroforme-pyri-

dine (9:1, v/v); (ii) phosphorylation du 1,2-dipalmitoyl

.Sn-glycérol avec le monophényl phosphoryldichloridate suivie
\ .

d'une réaction avec la sulfocholine ‘en présence de pyridine
et finalement, eniévément du groupe blogueur phényle par hy-
drogénolyse catalftique. Les produits de synthése désirés
ont été obtenus avec des rendement globaux de 50 a 70 % pour
la méthode (i) et 11 % pour la méthode (ii). Ces produits
furent caractérisés en les soumettant aux analyses sui-
vantes: analyse élémentaire, infrarouge, résénance mﬁgnétir
dgue nucléaire, ‘spectrométrie de masse, rotation optique et
mobilités & la chromatographie 3 couche mince. La comparai-
son des analogues synthééiques avec la sulfolécithine natu-
relle montre qu'ils sont identiques sauf-pour'la nature:des
chafnes d'acides gras. Le pfoduit’naturel eép donc une

~

gﬁ-B—phosphatidyl sulfocholine.
o
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 Aprés avoir  procédé 3 la synthése des PSCé//mentionnés

ci-dessus, les propriétés de ces amphipathes, en ce qui a.

trait a leur comportement en milieu aqueux, furent comparées
a celles des PCs par l'utilisation des techniques de calori-
métrie différentielle & balayage, de polarisation fluores-

cente avec les -'sondes diphénylehexatriene (DPH) et les

acides cis et trans-parinarique, de la résonance paramagné- .

tigque des électrons avec l'acide 5-doxyle stéarique et i'am—

ide N-tempostéarique comme sondes, de la spectroscopie in-

frarouge de transformation de fourier (IRTF) et de 1la

résonance magnétique nucléaire du deutérium e£ du phosphore
_(RMD, RM“P): Les dispersions aQueuses des analoéues sulfo-
:nium mont;érent la structure typique de double couches mul-
tiples (liposomes) gréce a fa microscopie électroniqué_(ME).
L{onrpﬁt conclure qu'ils avaient en général un comportement

physique trés semblable & ceux des PC correspopdﬁnts.. Cep-

"endant, les résultats de toutes les techniques démontrérent

. -
gue la température de transition des multidouble couche de

PSC saturés en milieu aqueux accusa unecourbe aiqué - ‘de 2 & 4

\

°C au-dessus de la température dgs PC correspondants. Le

PSC non saturé di-18:1-PSC accusait une température de tran-—

sition de 2 a 3 °C au-dessous de celle du di-18:1-PC et
seuls le di-14:O-PSé ét di—lé:llﬁsc manifestérent une pré-
transition bien définie. Les études - de polarisation
fluorescente avec les gcides cis et Egggg-parinariqués dé-

montrérent que les doubles couches de PSC étaient moins or-

- viii -



données & i'état de gel et de crlstal llqu1de que les dqh;
bles couches de PC -correspondantes La spectroscopie IﬁTF ‘
indigua que la structure cristalline des'éhéines'de PSC-sa—.
turés & 1'état dé gél &tait 1a méme que celle des PC sa--
turés; tandis que la spectrométrié de 1'RMD et de 1'RM?:p
-'démontra gue la mobilité des groupes de tétes de PSC et de-
PC dans les états de gel et de cristal llgUlde etalt du méme -
ordre. Enfln, les é&tudes portant.%sur les cquches simples
ont démontré que les groupes de tétes des PSC sont plu§ in-
téractlfs que les groupes des tétes de PC et que les deux

dérivés ont des grandeurs moléculaires minimum identiques.
Des résultats obtenus, on peut déduire que les analogues

LY

- sulfonium .peuvent se substituer & des PC dans certaines mem-
branes naturelles comme ils le font, en effet, dans plusi-
eurs organismes déija.

\) .
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INTRODUCTION

-~

* Phospholipids are a i}gss of lipid molecules which form
with protein the major constituents of biolecgical membranes.
Phosphatidyl choline (PC), the ubiduitous and most abuhdant
phospholipsd of eukaryotic membranes has an amphipathic
structure with a hydrophobic tail group (diglfceride) and a
polar. hydrophilic.héad group (phosphocholine). Recently, a
sulfonium analogue of phosphatidyl choline was discovered in

a diatom Nitzschia alba (1). The structure of this new lip-

id phosphatidyl sulfocholine (PSC) 1is shown in comparison

with that of phosphatidyl choline (PC) below (Fig. 1),

1

In PSC the pésitively éharged sulfonium analog of cho-
line, sulfocheline (S,S-dimethyl-2-thicethanol), replaces
the positively charged ammonium head group of PC, choline,
Both PC and PSC are zwitterionic and neutral at. pH 7 since
the phosphate bears a negativg charge and the positively
charged t}imethyl ammonium or dimethyl sulfonium group is
fully ionized at this pH. The diglyceride group contains
fatty acid chains (Rl, R2) of varying length and degree of
unsaturation. However in general the fatty acid chains at
C-2 of the glycerollare unsaturated and those at C-1 are sa-
turated. It is well established that the length and degree

of unsaturation of fatty acids in the hydrophobic tail re-

- xii1 -



gion of 'a phospholipid affects the gel to liquid-crystalline
transition temperatﬁre and the fluidity of the bilayer
sfructure (2}). Thus, shortening the chain lengﬁh and in-
.creasing thé unsaturation of the fatty acid residues lowers
the transition temperature and raises the fluidity of the
membfane'bilayers (87). However membrane fluidity is also -

affected by the nature of the polar head group (87).

AN
The existence of a sulfonium analogue of PC in a naturg%
membrane raised the question conterning the effect of thé“
sulfoniﬁm group on phfsical and bilayer properties of lec-
ithin. The synthesis of PSC was then undertaken to provide
sufficient material for such a study, as well as providing
final proof of the structure .of PSC. Furthermore, the'ques-
tion arose concerning the pathwayr for'biosfnthesis of the
sulfonium analogue. 1In addition to the novel sulfonium ana-
logue of PC, membranes of N. alba also contained a sterol in

both free and sulfated form which was identified prior to

this thesis work (3).

The research presented in this thesis is therefore divid-
ed into % parts as follows: The first (Part I) déals‘with
the de novo -chemical synthesis of PSC. The second (Part II)
presents a study of the physical properties (fluiditz and

lipid polymorphism) of PC and of PSC.

- xiiti -



Figure 1: -Chemical structures of phosphatidyl sﬁlfocholine
and phosphatidyl choline. The R groups
represent hydrocarbon chains
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-PART 1

CHEMICAL SYNTHESIS OF PHOSPHATIDYLSULFOCHOLINE

1.1 LITERATURE REVIEW

1.1.1 Discovery of PSC

In 1976 the non-photosynthetic marine diatom, Nitzschia
alba was reported to contain phosphatidyl sulfocholine (PSC)
instead of phosphatidyl choline (PC) in its biomembranes
(1). The structures are illustrated in figure 1. The exis-
tence of PSC remained undiscovered for many years because of
the similarity of its structure with that of PC. In fact,

these two analogous lipids are so similar-—3 solubility,

N\
charge, size and chemical/ﬁgoperties, that they are very

difficult to separate and distinquish from one the other

even with modern chromatographic methods, such as TLC.

Kates and Volcani (4) grew five species of marine diatoms
in the presencé of ”P-phosphaﬁe, "S;sulfate, and
'*‘C-acetate and the labelled lipids werefﬁisualized by auto-
radiography of‘silica gel loaded péper chromatograms. The
results obtained with radiocactive sulfate were quite sur-
prising as it was found to be present in several biproducts
apart frbm the well known chloroplast 'lipid sulfoquinovosyl-

diglyceridé. One of these **®*S-labelled lipids, that cochro-
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matographed with lecithin, was found in all of the five dia-
tom species analyﬁed. The mild alkaline hydrolysates of the
lipids of these diatoms gave anomalously low amounts of the
expected glycerophosphocholine. Instead, high concentra-
tions of glycerophosphate were found. ‘This is now known to
be indicative of a high content'of phosphatidyl sulfocholine
and a low content of phosphatidyl choline in the five diatom

species studied.

The unknown sulfur-labelled lipid was .identified ten

years later in the diatom Nitzschia alba by Anderson et al

(1, 5, 6) who also identified two other novel sulfolipids in
N. alba. The isolation and identification of the hitherto
unknown phosphatidyl sulfocholine was made possible by the
fact that they chose an organism N. alba that happened not
to contain any phosphatidyl choline in its membranes. Thus,
the problem of separating PSC from PC did not arise and the

isolation of pure PSC was relatively easily-achieved.

The identification of PSC was accomplished as follows.
The lipid cochromatographed with lecithin and had a phospho-

rus to sulfur ratio of 1 to 1. Proton NMR spectra sho

all the characteristic signals of lecithin, except that &
singlet at 3.17_8 assigned to sulfonium methyl groups re
placed the ammonium methyl singlet at 3.37 & . Infrared
spectra showed the absence of'a band at 970 cm™ ! present in
the spectrum of PC, and assigned to the guaternary ammonium

group.
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Enzymatic degradation gave the expected products (Fig.
2): phospholipase D gave phosphatidic acid and sulfocho-
line, while phospholipase C gave diglycgride and phospho-
sulfocholine. Chemical hydrolysis of PSC with 2.5% metha-
nolic HC1l gave sulfocholine, glycerophosphate and fatty acid
methyl esters (the expected products by analégy wfth lecith-
in), but mild alkaline deacylation with methanolic NaOH.gave‘
glycerophosphate and methoxysulfocholine instead of the ex-
pected glycerophosphorosulfocholine (see above). The PSC
readily undérgoes attack by a methoxy ion to give methﬁxy
qulfochqiine and glycerophosphate (6) (Fig. 2). These pro-
ducts are %Efracteristic of a sulfonium analogue of PC and
can be used to distinguish between PSC and PC. The above
results were entirely consistent with the structure of PSC
as shown in Figures 1 and 3 . However, final confirmation

of this structure by chemical synthesis was still required.

The structures of the other sulfur-containing lipids in
N. alba (Fig. 3) were established by Anderson et al 1978 (&)
with the sterol sulfate established by Kates and Tremblay
{3) as follows:

1. Sulfoguinovosyldiglyceride (SQD), this lipid is a

ubiquitous component of photosynthetic tissue
(leaves) of higher plants (7), it is.also found in
some non-photosynthetic organisms including the non-

photosynthetic diatom Nitzschia alba. This organism

lacks a chloroplast membrane structure, but it does
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bia,
however have a proplastid structure which may contain

n

SQD.,

2. Ceramide sulfonate (CS) an unusual lipid in which the

primary OH of ceramide is replaced by a direct carbon
to sulfur-bonded sulfonate group. The synthesis of
this lipid was undertaken during the course of this
thesis work but was abandoned when it was learned
that Russian workers (8) -had already published the
synthesis. =

3. Sterol sulfate (S8) This lipid was initially reported

to be brassicasterolsulfate (9), but the sterol is
actually the well known plant sterol, 24-methylene

cholesterol, an isomer of brassicasterol (10, 11).

Anderson et al (12) then studied the metabolism of sulfo-
lecithin. They showed that the 1labelled °*S amino acids
cysteine, cystine and methionine were effective precursors
of PSC, as was inorganic sulfate. Recently Anderson and
Bilan (13) demonstrated the ingorporation of sulfocholine
(?*S) into mouse LM fibroblasts with almost complete re-
placement of lecithin by sulfolecithin after 7 days when the
cells were kept in the presénce of sulfocheoline as the sole
choline source. This leaves little doubt that sulfocholine

can act as an effective substrate in the biosynthetic path-

way for lecithin.
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Earlier in 1969 Bjerve and Bremer (14) fed rats with °H
and *®S-labelled sulfocholine in which the tritium was in
the methyl groups and found that the sulfur label was incor-
porated into a lipid that chromatographgd with lecithin.
Because of a drop in the ’H to **S ratio, indicating a loss
of the methyl H label relative to the S label, no defi-
nite conclusions could be made concerning the structure of
this sulfur lipid. It was not possible to separate the *°S
labelled lipid from the ever present PC, but they were how-
ever éstute enough to propose the PSC structure for the unk-

nown sulfur confaining lipid.

Other recent studies also show the lack of specificity of
the lecithin biosynthetic pafhway toward choline analogues.
Thus Snyder et al 1980 (84} found that N-isopropylethanola-
mine an unnatural anélogue of choline competitively inhibits
the incorporation of choline into phosphatidyl choline, the
uptake of choline into the cell, the synthesis of DNA, RNA,
protéin, and the /\-9 acyl desaturase. However other mem-
brane-bound enzyme activities such as those of NADH-cyto-
chrome ¢ reductase, NADPH-cytochrome ¢ reductase etc. are
unaffected. Sﬁyder suggested that these effects are not
caused by a chan;;J;n fluidity of the membrane but by the
alteration of choline metabolism in the cell (a change in
the concentration of metabolites). Another recent study
(179) involves the in vivo incorporation of a phosphonium

analogue of choline into lecithin. '*P NMR was used to mo-
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nitor the incorporation of the choiine analogue into lecith-

in. Akesson has also shown (85) in vivo methylation of var-

ious choline analogueé"in which the methyl groups of cho-
nki?e have been replaced by one and two ethyl groups. These
éfugies show that the PC of a cell can be replaced by a num-
ber Bf unnatural PC analogues as a result of the b;oad spe-

cificity of the PC synthetase system.

To establish its structure unequivocably, the chemical
synthesis.of PSC was undertaken, and this in tﬁrn made avai-
lable sufficient quantities of the optically pure PSC with
specific fétty acids for metasolic and physical studies.
The approach used was sgmilar to that for the synthesis of
PCs and in the followiﬁg‘sections the procedures that have
been developed will be reviewed (15, 16, 17, 18, 19, 52).

L



Figure 2: Hydrolytic reactions used by Anderson et al (7)
for the elucidation of the structure of
phosphatidyl sulfocholine from the diatom
Nitzschia alba.
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Figure 3: The chemical structures of the four novel
sulfolipids from the diatom Nitzschia alba.
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1.1.2 Chemical Synthesis of Phosphatidyl Cholines

1.1.2.1 Saturated PCs

Baer and Kates in 1950 (20) first reported the synthesis
of enantiomeric forms of lecithin. The synthesis involved
phosphorylation of a saturated §g-i,2-diglyceride with mono-
phenyl phosphoryld?chloridate in the presence of guinoline
and the subsequent reaction with anhydrous choline chloride
in the presence of pyridine to yield phenyl-1,2-diacyl-sn-
glyceryl-3-phosphoryl choline which upen hydrogenolysis of
the phenyl group gave in low yield the first fully saturated
series of sn-3-phosphatidyl cholines (dimyristoyl, dipalmi-
tdyl, and distearoyl) (Fig. 4). Subsequently an improved
and simplified procedure was reported by Baer and Marukas
(21) for the synthesis of saturated lecithins including lec—

ithin containing water-soluble short chain fatty acids.

1.1.2.2 Unsaturated PCs

Because hydrogenolysis 1is used to remove the protecting
phenyl gfoup, the synthesis of unsaturated lecithins by the
above route is not possible. Baer, Buchnea and Newcombe
(22) reported the first synthesis of a fully unsaturated °
sn-3-phosphatidyl cholines by a long route involving shos-—
phorylation of 1,2-isopropylidene-sn-glycerol with
monophenylphosphorylechloridate followed by reaction with

2-chloroethanol in pyridine to yield phe-
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nyl-2'-chloroethyl~1,2-isopropylidine-sn-glyceryl-
3-phosphate from which the phenyl and isopropyl protecting
groups werel removed by hydrogenolysis and acid hydrolysis
respectively. The free hydroxyls of
2-chloroethylphosphoglycerol were then acylated with oleoyl
chloride in the presence of pyridine. The resulting diol-
eoyl glycerophosphorfleﬁhyl chloride was reacted with trime-
thylamine to give l,2-dioleoyl' sn-glycero 3-phosphoryl cho-
line,. This last step 1is similar to the procedure for
lecithin synthesis reported later by Hirt and Birchhold (23)
and then improved by Eible et al (24). They condensed di-
glyceride with bromoethyldichlorophosphatidate and isolated
2-bromoethylphosphatidate which was converted to lecithin by
substituting the bromide with trimethylamine, with an ove-

rall yield of 57;)

Baer and Kindler (25) synthesized unsaturated lecithins
using a much simpler approach. They condensed phosphorus
oxychloride with 1,2-dioleoyl-sn-glycerol in the presence of
guinoline. The resulting dichloride derivative of phospha-
tidic acid was esterified with choline iodide. This method
leads to many biproducts but the desired product was puri-

fied using silicic acid column chromatography.

Several methods have been reported for the synthesis of

both saturated and unsaturated homogeneous lecithins that

use glycerophosphocholine (37, 36, 30, 31, 29, 28, 27, 26)
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(Fig. 5).  The methods differ from one another generally in
the acylating agents, the organic bases or the solvents
used. The starting material sn-3-GPC is conveniently ob-
tained by mild alkaline hydrolysis of egg lecithin with a
suitable base such as} tetra-n-butyl ;mmonium hydroxide (34,

33, 32, 35).

Tattrie and McArthur (26). reported the use of fatty acid
chlorides to acylate sn-3-GPC in anhydrous chloroform. iKle
et al (27) synthesized other derivatives of lecithin by this
method and Baer and Buchnea (28) improved on the yield by
using the cadmium chloride adduct of sn—-3-GPC and pyridine
as the base.  Cubero Robles and van den Burg in 1969 (29) :
reported the synthesis of lecithin by acylation of sn-3-GPC
with fatty acid anhydride and fhe sodium salt of the fatty
acid in a sealed tube at elevated Femperafures (70°C). This
method gives poor yields if saturated fatty acids are used.
Pugh and Kates (30) synthesized unsaturated lecithins with
the activated mixed anhydride of the fatty acid and trifluo-
roacetic acid in the presence of pyridine and anhydrous

chloroform.

More recently 'mdthods have been published using more po-
lar solvents and more active bases with much shorter reac-
tion times. Thus Warner and Benson (36) have greatly im-
proved the yields with a very fast reaction in a reaction

mixture containing fatty acid imidazole and the very strong
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non-nucleophilic base: sodium dimethylsulfoxide carbanion.

Uhfortunatelf mfgratioh of the phosphate ester groups 'some-

‘time's occurs in the strongly basic solution with the concur-

rent préductjon of 1,3-didcyl-sn-2-glycerophosphocholine if

the reagents are not mixed immediately following dissolution

" of the sn-3-GPC (personal discovery). Another method giv-

ing a high yield of product was recently reported by Patel,
Morisset and Sparrow (37); sn-3-GPC is acylated in.the.fol-
léwing reaction mixture consisting of: ~ the base
4-N-pyrrolidinopyridine and fatty acid anhydride in the po-
;ar aprotic solvent mixture dimethyl sulfoxide/benzene (l,i,
v/v). ‘

4

1.1.2.3 Method of Aneja . .
| . 18 &

A novefhéynthesis of PC was published by Aneja“and Cha-
dha (38). This synthesis used the coupling agent triisopro-
pylbenzenesulfonyl chloride (TPS) to couple the two starfing

materials phosphatidic acid and choline chloride in the
: !

‘presence of choline at 70 °C. This temperagEfe is too high

fior the synthesis of certain of the (poly) unsaturated lec-
ithins, due to the risk. of auto—oxidation. Because of its
bu;ky isopropyl groups, TPS will only react with free{gnd
si&gly substituted phosphéte'groups to form sulfonate-phosp-
hate.anhyd;idés and thus prevents the synthesis of lecithin
with two choline groups. The arylsulfonate is also an ex-
cellent(leaving group. Thé product is obtained 1in a high
yield of proximately 75% (Fig. 6). |



_ Figure 4: The first chemical synthesis of phosphatidyl
choline as reported by Baer and Kates (20)}.

’

15

[



Hy -0OH
Ky pY
H-C-0-C-R  + CGHSO—P C1,
Hzl-o-diR pyridine
Dipalmitin
1. Q
HZC-OE -0-C6H5 Hzi-o- 5 -OcﬁHS
l 0 ’ { /,
H-C-0-C-R \ H-C-0-C-
é "O 3 ! ,"0
H,C-0-C-R \\\\\\ HZC-O-C- 3
+ ! -
H0~CH2CH2N(F?3)3
C1
e
pyridine /
\ 4 -
~CeHsg + X ? N
HZ? O0 OO CHZCH N(CH ) sz-oayéo CHZCHZI\(CHS)3
H-C-0-C-R H-C-0-C-R
l 0 H,/Pt [ 0
H,C-0-C-R. » H,C-0-C-R
Phenylphosphatidyl Phosphatidyl choline
choline

R = CH3(CH2)14

16



Figure 5:

Partial chemical synthesis of phosphatidyl
cheline from sn-glyceryl-3-phosphocholine.
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Il +
H,C-0-P-0~CH,CH,N " (CH,) 5

| 0 2
H-C-0-H
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0
v
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I
H,C~0-E-0~CH,CH,N" (CH,)
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Figure 6:
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The chemical synthesis of phosphatidyl choline by
the method of Aneja and Chadha (38).
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1.1.2.4 Mixed fatty acid PCs

De Haas and Van Deenen {(39) were the first to Qynthesize
_de novo mixed fatty acid lecithins. The starting material
l,2-diacyl-sn-glycerol-3-iodohydrin was first phosphorylated
with dibenzylchlorophosphate and then monodebenzylated to
the sodium salt of benzylphosphatidic acid. The sodium-salt
was then converted to the silver salt, which was then react-
ed with bromocholine picrate giving benzyl lecithin; finally
this product was debenzylated by hydrogenclysis to

1,2-diacyl-sn-glycero 3~phosphoryl choline (Fig. 7).

More recently mixed acid lecithins have been synthesiZed
by many authors (40, 29, 41; 42, 43, 44, 45) from monoacid
lecithins (synthetic) via I-acyl-sn-glycero-3-phosphoryl
choline. The lyso-compound can be conveniently prepared by
the action of phospholipase A~-2 on the .monocacid lecithin.
The free 2-hydroxyl of lysolecithins can be reacylated by

one of the methods described in subsection 1.3.2

The method of Cubero Rables and van den Berg (29) could
not be used for synthesis of PSC, since glycerophosphoryl
sulfocholine was unstable under the alkaline conditions in-
volved, an alternative method using sulfocholine had to be
considered, The method of Aneja and Chadha (38) seemed mqre
promising provided lower temperatures could be used. In
order to test this sulfocholine was required and its chemi-

cal synthesis will now be reviewed.
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Figure 7:
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The chemical synthesis of mixed acid phosphatidyl
cholines by the method of van Deenen (52)
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1.1.3 Chemical Synthesis 22 Sulfocholine

Sulfocholine was recognised early as a sulfur analog of
choline by ™Renshaw et al 1926 (46). Sulfocholine or
S,S—dimethyl-z—ﬁzgroxylethylsulfonium chloride as it is
systematically called, was first prepared as the iodide by
the reaction of ethylene iodohydrin with dimethyl sulfide
over a period of several days. The product, sulfocholine
iodide; was not pure, however, due to the dissociation of
éulfocholine to methyl iodide and methylthiocethanol and sub"’
sequent reaction of the methyl iodide with -dimethyl sulfide
to give trimethylsulfonium iodide. Many other side pro-

ducts, for example methyl-di-2-hydroxyethyl sulfonium iod-

ide, are formed by analogous reactions.

Maw and du Vigneaud 1948 (47) prepared sulfocholine iod-
ide in two steps via S-methyléhioethanol obtained from the
reaction of methyl mercaptan and ethylene bromohydrin in tﬁe
présence of base. Methylation of the product with methyl
iodide géve sulfocholine iodide quantitatively. The chlo-
ride was obtained by treatment of a solution of sulfocholine

iodide with silver chloride.

Bjerve and Bremer 1969 (l4i used this method to prepare
radicactive sulfocholine chloride, e.g. sulfocholine la-
belled in the methyl groups with tritium as well as with
158, Similarly Anderson et al (6) prepared sulfochéline

iodide by the reaction of methyl iodide with mercaptoethanol
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for several days at room temperature. The product was puri-
fied and cbnvertea to the chloride on a column of cation ex-
change resin [Rexyn 101 (H*)] by elution with increasing
concentration of agueous hydrochloric acid. The major bi-
product, trimethylsulfonium chloride, was removed by this

method (Fig. 8).

Because the one step methods of Renshaw et al (46) and
Anderson et al (6) gave many side product, a two step ap-
proach, analogous to the method of Maw and du Vigneaud (47),
was adopted in the present studies (Fig. 8). 2-Thioethanol
was substituted for the foul smelling methyl mercaptan and
the intermediate produ&t, 2-methylthicethanol was purified
.by vacuum distillation. Final methylation of this product
with methyl iodide gave sulfgcholine iodide guantitatively
as.reported by Maw and du Vigneaud (47). The Ehloride was
then prepared by treatment with ion—exchahge resiﬁ_Rexyn 101
(H*). Radioactive sulfocholine required for the metabolic
studies aescribed in Part III was prepared by the method of

. Anderson et al because of its simplicity (Fig. 8).



Figure 8:

26

Two procedures used for the synthesis of
sulfocholine: A) a two step method, B) a direct

method used for the synthesis of 33§ labelled
sulfocholine chloride.

I
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v
HO-CHZ-CHZ-SH Z-Mercaptoethanol
l - A
HO-CHZ-CHZ-SK
l CH;I (1 mole)
HO-CHZ-CHZ-S-CH3 S-Methyl-2-thicethanol
CHSX (excess)
v
HO-CHZ-CH2-§(CH3)2 S,S-Dimethyl-z-hydroxyethyl-
X sulfonium iodide
Rexyn H' (101) eluted with HC1 L
v
HO-CHZ-CH2-§(CH3)2 S,S-Dimethyl-Z-hydroxycthrl-
c1’ sulfonium chloride
X = tosylate, icdide
HO-CHZ-CHZ-SH Z-Mercaptoethanol E3
CH3I (excess)
v
+_- .
HO-CHZ-CH2—§(CH3)2 + (CH3)3S I (biproduct)
1 Trimethylsulfonium
Rexyn H' (101) eluted with ycy Lodide
 J

HO~CH2-CHZ-§(CH3)2 5,5-Dimethyl-2-hydroxyethyl-
c1’ sulfonium chloride
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1.1.4  Chemical Synthesis of Phosphatidic acids

Baer (48) first reportfed the complete synthesis of opti-
cally pure phosphatidic acids with monoacid saturated fatty

acid side chains using ‘the condensation of diphenylphospho-

rylchloride with sn-1,2-diglyceride. The resulting phospha-

tidic acid diphenyl ester was then converted to phosphatidic
acid by hydrogenolysis of the protect;hg'phenyl'groups (Fig.
S). The product had %Frepégducible melting points, probably
because of the bresencé of partially neutralized forms of
phosphatidic acid that are due to the alkali present in the
Adams' catalyst, and/or because of tHe formation of lyso-
phosphatidic acid. ; Both racemic sn-1.2 and sn-2,3-diacyl
saturated phosphatidic acids were also prepaféd by this
method (49). A method using 1,2-diacyl-sn-glycero
3-iodohydrin and'silver dibenzylphosphate followéd bf hfdro-
genolysis of the protecting benzyl groups yielded saturated

phosphatic acids (62, 51, 52).

- The first synthesis of unsaturated phosphatidic acids was
acﬁievéd by Baer and BuchneaJ?SB) by phosphorylation of
1,2-dioleoyl-sn-glycerol with phosphorus oxychloride. Unsa;
turated derivatives of phosphatidicl acid were also synthes-
ized by van Deenen and de Haas (52). The procedure involved
the protgction of the double bonds of the mixed acid diben-
zylphosphatidate (prepared -from the 1,2—diacyi gg—giycerol
3-iodohydrin and the silver salt of dibenzylphosphate) by
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bromination g% -20 °C, catalytic. removal of the prgtecting
"benzyl groups and finally rémoval of the protecting bromines
with activated zinc dust. A more recent synthesis of-unsa-
turated and mixed acid phosphatidic acids (55) used di-t-bu-
tyl silver phosphate to react with 1,2~diacyl-§5—giycero—
3-iodohydrin to yield di-t-butylphosphatidic acid. The pro-
tecting groups were removed under anhydrous and mild acid
conditions that did not cause 1osé of the fatty acid side
chains. Racemic diacylphosphatidic acids have also been
prepared by Lapidot (56) by acylation of glycerophoéphate
with a fatty acid anhydride and the tetrammonium salt of the
fatty acid with either saturated or unsaturated fatty acids.
This is a direct and convenient prbcedure for many deriva-
’tives bt suffers from the drawback that the phosphatidic

acids formed are not optically active.

Phosphatidic acids can bg conveniently prébared also from
commercially availaﬁie synthetic‘lpﬁosphatidyl cholines or
from natural lecithins by the action of phospholipase D
(Fig. 9) (57, 58, 59).

In ﬁﬁé present work, saturated phosphatidic acids were
synthesi%ed both by a modified procedure of Baer (48) and by
phosphobipése D hydrolysis {59) of correponding PC's; unsa-
turated phosphatidic aci;s were made by the phospholipase D

hydrolysis procedure (Fig. 9).



Figure 9:
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Ve

Two procedures used for the synthesis of
sn-1,2-diacyl phosphatidic acids: A) method of
Baer (74) for saturated PAs, B) enzymatic method
for both saturated and unsaturated PAs
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1.1.5 Strateqgy

The synthesis of PSC was previousiy attempted in this la-
boratory uéin%‘;he method of Aneja (38). Tﬁgjlabile nature
of sulfocholine at high temperatures visw/ﬂ—elimination,
especially in the presence of base, was probably the reason
for the failure of this technique. When this thesis work
was started, it was decided to attempt a method analogous to
that of Eible et al (24}, In the final Step dimethyl sul-
fide was substituted for trimethylamine. Unfortunately,
despite many attempts using various conditions, the substi-
tution reaction failed to yield any PSC. We then decided to
try another approach based on ‘the well known acylation
proceduré “of sn-glycero-3-phosphoryl choline to form PC
(29), using glycerophosphosphorylsulfocholine (GPSC). How-
ever, this metgod proved not to be feasible because of the
labile nature of GPSC 1in base. Therefore the classi;al
method of Baer and Kateé (20) was adapted for synthesis of
PSC by substituting sulfocholine for choline. This method
yielded the first synthetic 'DPPSC, albeit in low yield (Fig

10) and will be described in section 1.5.2.1. .

Aftef this initial success, it was decided to synthesize
PSC via a method that should give a higher yield and which
would permit the synthesis of both saturated, unsaturated
and deuteri&m labelled derivatives. The method of Aneja was

modified to produce milder conditions by using a lower temp-

Y
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erature and a lower concentration of pyridine base as de-
scribed in section 1.5.3 (Fig. 9). The phosphatidic acids
were prepared by enzymatic degradation of synthetic and na-
tural PC's (Fig. 9). The synthesis.of saturated phosphatid-
ic acids was also carried out by the method of Baer (48).
"In addition the insoluble and hygroscopic chloride of sulfa-
choline was }eplaced by the soluble and stable non-hygro-
scopi¢ tosylate in some syntheses and gave higher yields.
The use of this derivative was suggested by Dr. Tony'Durst,

from the Chemistry Department of this University.



Figure 10:
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ynthesis of saturated phosphatidyl

sulfizsaéiné by the method of Baer and Kates

(20)}.'
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Figure 11: The £hemical synthesis of phosphatidyl
su/gfocholine by the method of Aneja and Chadha
(38)
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1.2 MATERIALS

1.2.1 Solvents and reagents

All solventé were glass distilled, "a 10% forerun being
discarded. Anhydrous solvents were prepared essentially as
described by Vogel (60) and/or Fieser and Fieser (61), with
the following modificatiqns:

1. Chloroform was washed'with distilled\;sfg;}to remove

ethancl, dried over anhydrous sodium sulfate, and
distilled over phosphorus pentoxide (61.2 °C ). It
was discarded when traces’of phosgene were detected
by smell.

2. Diethyl ether and Tetrahydrofuran were refluxed with

lithium aluminum hydride for one hour, and distilled
carefully. | .

3. Pyridine was dried over KOH and barium oxide from
which it was distilled. A constant boiling fraction
(115.5 °C) was collected.

4. Carbon tetrachloride was purified and dried by dis-

tillation discarding the first 20 % of the distillate
and collecting the constant boiling fraction at 76.8
°C. The water was removed in the forerun as a bipha-
sic azeotrope boiling at 66.8 °C.
All Ppurified solvents were stored 1in brown bottles over ni-
trogen. The solvents used for spectroscopic measurements

were:
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Chloroform: Fisher certified A.C.S. Spectranalysed

(Fisher).

Carbon tetrachloride: Baker-Analysed GC Spectropho-

tometric quality solvent (Baker).

Deuterochloroform: "Silanor C", containing 1%.(v/v)

tetramethyl silane as reference standard {Merck,
Sharp and Dohme, Canada).

Hexadeuterated dimethylsulfoxide: "Silanor"™ contain-

ing about 1 % (v/v) tetramethyl silane reference
standard, (Merck, Sharpe and Dohme).

Deuterium oxide: (Merck, Sharpe and Dohme).

Deuterium depleted water: (Aldrich Chemical Compa-

nyl.

The following reagents were purchased from the Aldrich Chem-

ical

Company, Milwaukee, Wisconsin, U.S.A.:

triisopropylphenylsulfonylchloriﬁe, monophenyl phosphoryldi-

cﬁloridate.

4

The following reagents were prepared as follows:

1.

Ethereal solutions of diazomethane were prepared ac-

cording to Fieser and Fieser (p. 196, vol. 1) from
pjtoluenesulfdnyl methylnitrosamide, on a one-quarter
scale. It was stored at -20 °C as long as the yel-
low colour persisted.

Palladium on carbon (10% catalyst) was prepared ac-

cording to Hessel et al. 1954 (62).
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3. Platinum oxide sor Adam's catalyst was obtained from

Matheson Coleman and Bell, Norwood, Ohio, U.S.A. or
prepared from chloroplatinic acid according to Vogel

(60). < .

1.2.2 Enzymes
Phospholipase D: Phosphatidylcholine phosphatidohydrolase

(E.C NO. 3.1.4.3) from cabbage was purchased from the Sigma

Chemical Company, St. Louis Mo.

1.2.3 Microorganisms_

1.2.3.1 Nitzschia alba

The nonphotosynthetic marine diatom, Nitzschia alba was

the organism used for the 1isolation of the natural phospha-
tidyl sulfocholine and for metabolic studies (63). The or-

ganism was isolated, screened and studied by professor B.E,
Volcani of the Scripps Institute of Oceanography at the
University of California, San Diego, La Jolla, California
92093. The organism wasxgrown in his laboratory and sent to

Ottawa as a lyophilised off white powder.
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1.3 METHODS

1.3.1 Chromatographic Methods

1.3.1.1 Column Chromatography
) -
Bothﬁnatural and synthetic lipid intermediates were puri-

fied on columns of Bio-Sil A (100-200 mesh) silicic acid.

"The silica was activated for 12 hours at 110‘°C before use,-

cooled, 1immediately made into a slurry with chloroform and
poured into a glass column equipped with a teflon stopcock
above which a glass wool plug had been introduced. The ad-
sorbant was allowed to settle by gravity thle passing five
column volumes of chloroform through the column. A solution
of lipid mixture in a minimal volume of chloroforh was in-
troduced at the top of the column and the elution rate was
adjustgd according to the size of the column: for a fifty

gram column 5 ml per minute was usually satisfactory.

Elution of the synthetic lipids was accomplished by pass-

ing a step gradient of chloroform and methanol solutions
through the column. Typically teﬁ column volumes of chloro-
form:methanol 20:1, 10:1, 9:1, 8:1, 6:1, 4:1, 2:1 and 1:1,
were used and the PSC's wer generally eluted in one of the
last three solvents. At thjL stage the PSC's wére chromato-
graphically pure as judged by TLC. The fractiong containing
the PSC's were pooled and brought to dryness on a Buchi ro-

tory evaporator. The PSC's were extracted by the Bligh and

Dyer procedure {see section 1.3.2.1) and then precipitated

N\
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with acetone to yield pure solid material. For the unsatu-
rated derivatives the final acetone prec1p1tation step was

_omittgd.

yNeutral éluminé (705/30 mesh ASTM) = (Brinkmann Instru-
ments, Rexdale Ontario) wasqused to purify lecithin from
hens' egg yolks. It was.dried at 110 °C overnight and deac-
tivated by addltlon of water up to 3 percent and mlxltg;on a
rotoevaporato? before use. The elution was accompllshed ac-
cording to Hanahan (64).

1.3.1.2 Thin Layer Chromatography (TLC)

A Analytical TLC

For determination of purity and monitoriﬁg of reactions,
thin layer chromatograms were run on 7.5 cm t'4 0 ¢m micro-
scope slide plates or 20 cm x 20 cm plates coated with sili-
ca gel G (0.5 mm tglckngss). Spots were routinely visual-
ised by sprdying .with one of the following reagents:

1. 50% sulfuric acid in ethanol followed by charring de-

tects all organic material {65)

2. Dragendorff reagent for the detection of onium type

compounds (e.g. Choline,rsulfocholine) (66, 67)

3. Phosphate détecting,reagent of Dittmer and Lester

. 1964 (68) which gives blue spots in the presence of

phosphorus containing compounds followed By'charring
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A combination of these sprays may be used on the same
plate (e.g. the Dragendorff spray followed by the phosphorus
spfay). The Rf valués quoted are the mean valués of at
least three independent determinations. Commercial plates
were also used when better resclution was needed, such as
the separation of 'PC and‘ESC.- The plates were either Brink-
man solil G-25 (0.25 mm thick layer) or Whatman Linear KS
plates (0.25 mm thickness and 80 angstromipdre diameter).

B Preparative TLC

Preparative TLC was carried out on 20 cm x 20 cm plates
coéted with silica gel G (1 mm thickness). The coated
plates were washed onge by ascending chromatography in chlo-
roform:methanol (1:1, v/v}, air dried and then activated at
110 °C for 12 hours. Soclvents systems used for the separa-
tion of neutral and polar lipids are given in}the appropri-

ate experimental sections.

For the separation of natural lipids or for the purifica-
tion of éSC's, plates were streaked w}th a solution (80 mg/
ml) of the lipids (ca. 40 mgYplate) in chloroform:methanol
95:5|v/v) using a 'Pelick Streaker' (Appiied Science Labora-
torigs, State College, Pennsylvania). The plates were-de-
veloped in pre-equilibrated rectangular jars lined' with

Whatman no. 4 paper, using chloroform:methanol:water

(65:35:5, by vol.) as solvent. The lipid bands were visual-

ised with iodine vapour after air drying the plates, and the
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spots were marked. The iodine was then allowed to sublime

away before scraping and eluting the lipids spots.

1.3.1.3 -Paper Chromatography
The water-soluble products were identified by paper chroma-

tography as follows:

5 microlitres aliquots containing about 40 micrograms of
choline or sulfocholine were applied from a concentrating
tube to a strip of Whatman no. 4 .paper (19x57 ¢m). The cho-
line derivatives were chromatographed for 12-16 hours (éé-
cending technique) or 6-7 hours (descending technique) 'in
one of the following solvent‘systems:

1. Butanol-propionic acid-water (5:2:3, by vol.), as-

cending,

2. Butanol—aéetic acid-water (5:2:3, by vol.), descend-

ing,

* 3. Phenol-water (9:1, w/v), ascending.

L

The water-soluble components were visualized, after tho-
rough drying of the paper in air, with the Dragendorff spray
reagent to detect choline or with UV light (366 nm) to de-
tect nucleotides. Radicactive compounds were located by au-
toradiography or by a Berthold Radioactive Scanner (Qarian

Aerograph series 6000.10).
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1.3.2 Lipid Extraction Procedure

1.3.2.1 The Bligh and Dyer Procedure (69)

The Bligh and Dyer method was used to Separate thé lipid
material from other classes of Eompounds {protein, carbohyd-
rate, nucleic acids and salts etc.). It is a two step ex-
traction procedure: The first step consists of disrupting
cells in a one phase system containing metha-
nol:chloroform:water in a ratio of 2:1:0.8, (by vol.j. The
lipids are soluble in this mixture while any insolubie ma-
terial (certain prbteins) is removed by filtration or by
centrifugation. Chloroform and water is then added to ac-
hiéve a final ratio‘of methanol:chloroform:water of 1:1:0.9,
{(by vol.). This is a two phase system with a lower chléro—
form layer containing the libids and an upper methanol:water
(10:9, v/v). There is usually a button of solid material at
the interphase (protein). The lower chloroform layer is
carefully removed, was?ed Ehreé or four times with an equal
volume of upper phase (hethanol:wate; 10:9, v/v) and evapo-
rated to dryness under vacuum in the presence benzene to el-

iminate water from the mixture.

.

Example extraction: to 2.5 g of diatom cells (dry weight)

in a glass-stoppered 50 ml tube, 20 ml of methanol, 10 ml
of chloroform, and 6 ml of water (assume 2 ml water in the

cells) were added. The mixture was vortexed, centrifuged

and the supernatant removed. The pellet was again extracted

e
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with 3.8 ml of methanol:choroform:water (2:1:0.8, by vol.)
and the supernatant after centrifugation was combined with
the first extract. 10 ml of chloroform and 10 ml‘of water
were added and the mixture was centrifuged, to separate the
two phases. The lower chloroform layer was removed careful-
ly by Pasteur pipet (avoiding the protein layer at the in-
terphase), washed thrice with 10 ml aliquots &f uppef phase
(methanol:wgter, 10:9, wv/v), and finally concentgqtgd'to a
small volume on a rotary evaporator. Further purification
was accomplishéd either by ﬁolumn chromatography or by pre-

parative TLC.

With chromatographic eluates or with the residues from
reaction mixtures a modification of the above procedure was
used. This consisted in dissolving the lipid material in a
mixture of methanol:chloroform (1:1, v/v, 1-10 mg/ml) . The
‘solﬁtion was cleared by centrifugation and 0.45 volumes of
water was added to make two phases, 1in the éame ratio as
above. The mixture was treated as'before. If iodine was
present in the lipid sample (from TLC) 0.02 N sodium thios-
ulfate was substituted for the 0.45 volﬁmés of water; simi-
larly, for the elimination of pyridine from the reaction ma-
terial or to convert certain lipids‘from the salt to the
free acid form (e.g. calcium salt of phosphatidic acid to
frée phosphatidic acid) 0.2-2.0 N HCl was used depending on

the concentration of lipid used.

ik

A Y

K



+J

47

1.3.2.2 Isoprépanol Extraction (70, 65} »

When enzymatic degradation of the lipids is likely to oc-
cur (e.g. by the action of lipéses or phospholipases; espe-
cially in plants), the method of extraction used should re-
sult in inactivationAof these enzymes. The Bligh and Dyer
procedure does not complétely inactivéte hydrolytic enzymes
but the use of hot isoprgpanol is very effective in deacti-

vating enzymes as well-as in extracting the lipids.

Example extraction: to 35 mg of lyophilized diatom

cells was added 4 mL of hot isopropanol; the mixture was
shaken and centrifuged, and the isopropanol extract was re-
moved. The extraction with hot ‘isopropanol was repeated 4
times followed by two additional extractions with 4 mL por-
tions of chloroform:methanol (1:1, v/v). The extracts were
pocled and the solvent was removed under vacuum in a rotary

evaporator. The residue was immediately dissolved in B.mL

of chloroform:methanol (1l:1, wv/v), transferred to a 15 mL

centrifuge tube, and diluted with 3.6 ml of water to form

two phases. After centrifugation the upper methancl:water

phase was carefully removed; the lower chloroform phase was
washed three times with methanol:water (10:9, v/v) and fi-
nally concentrated under a stream of nitrogen to a known vo-

lume,
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1.3.2.3 Acetone Précipitation (65)

Polar lipidé, especially phosphatides, are insoluble in
acetone (particularly in the presence of magnesium ion},
while neutral lipids are soluble. This provides a conve-
nienF method for the separation of the two classes of lip-

ids.

A chloroform solution containing lecithin or s5ulfolecith-
in cleared by centrifugatﬁon was concentrated to a small vo-~
lume (taking care to assure that all the lipid remained in
- solution) and 20 volumes of ice cold acetone were added in
portions with shaking. The white flocculent phospholipid
precipitated out of solution.and the tube was stoppered and
stored-for 12 hours at 4 °C for th; Saturated derivatives or
at -20 °C for the unsaturated derivatives. The sample was
centrifuged at 2000 x g for 5 minutes in the cold, (4 °C);
the pellet was resuspended 1in a small volume of ‘ice cold

acetone, recentrifuged and the final pellet was dried in va-

Cuo 1in a desiccator to remove traces of acetone.

1.3.3 Analytical Procedures

1.3.3.1 Dry Weight

An aliquot ,of the 1ipid solution containing 25 mg was
placed in a 20 mL weighing bottle and the solvent was evapo-
rated under a stream dk nitrogen, takipg care to spread the
residue along the interior surface of the vessel, The resi-

hY

due was pumped under vacuum (0.1 mm Hg) to constant weight,

>

=T
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1.3.3.2 Phosphorus Determination
The total phosphorus ' content of the phospholipids was
determined using a modification of the semimicro method of

Allen (71), or the micro method of Bartletf (72). all

glassware was washed with chromic acid prior to use.

A Allen's Method

An aliquot of sample solution contaiﬁing 20-80 pg of P
(less than 2 mg of lipid) was placed in "Lewis-Benedict su-
.gar tube” and evaporated to dryness under a stream of nitro-
gen. The residue was digested for 4-5 minutes with 2.0 mL
of 72 % perchloric acid (Analar, BDH Chemicals) at reflux
temperature. To the cooled tubes, water was added to the
12.5 ml calibration mark and 2 mL of Amidol reagent solution
* and 1 mL of ammonium-molybdate solution ** were added with
't@orough mixing after each addition. After 20 minutes for
colour development the solution was diluted to the 25 mL ca-
libration mark and the tube was mixed by inversion. The ab-
sorbance was measured at 680 nm. Standard inorganic phosp-
hate solutions were treated identically omiting the
digestion step. Beer Lambert's law 1is obeyed in the range
10-100 ug of P. The following solutions were prepared for
phosphate analysis: //

/

1. * Amidol reagent 1.0 g of 2,4—diaminophendl dihydro-

chloride (Amidol) and 20 g of sodium bisulfite dis-

solved in 100 mL distilled water and filtered.
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2, ** Ammonium molybdate solution: B.3 g of ammonium

molybdate dissolved in 100 mL of distilled water.

3. *** gstandard Phosphate solution: 1.097 g of KHoPO4

(primary standard, Fisher Scientific Co.) dissolved
in 250 mL of distilled water. This solution was di-
luted 10 fold to give a working solution containing
10 ug of P/mL for the Allen method and 100 fold to

give 1 pg of P/mL for the Bartlett method.

B Modified Bartlett Method

Lipid samples containing 0.5 to 6 Hg of P were digested
in sugar tubes (25 mL, bulb shaped) with 0.4 mL of 72% per-
chloric acid. The tubes were cooled to roém temperature and
4.2 mL of distilled water , 0.2 mL of amidol solution and
0.2 mL of ammonium molybdate solution were successively ad-
ded with vortex mixing. The.tubes were then covered with
glass beakers and heated together with tubes containing
standard amounts of phosphate (treated in the same way) in a
boiling water bath for 7 minutes and\i?oled by immersion in
a8 cold water bath. A stable blue colour was developed after
15 minutes and measured at 800 nm. Beer-Lambert's law was

obeyed in the range of 0.5-10 pg of P.

1.3.3.3 Fatty Acid Determination

For the determination of fatty acid compesition of ester-

linked lipids and or quantitative determination of the fatty



51
acids, 1lipids were methanolysed by the method described by
Kates, 1972 (65). An aliquot of the chloroform solution of
lipids {(1-15 mg) and a known aliquot of a standard solution
of heptadecancic acid (0.5-7.0mg) was pipetted into a 15 mL
straight-walled ground glass tube and the solvent evaporated
under a stream of nitrogen; 4.5 mL of 3% HCl in methanol
(made by dissolving 3.0 g of HC1 gas in 100 mL of methanol)
was added, the tube loosely stoppered, and heated in a dry
heating block at 70 °C (Lab-line Instruments Inc., Temp
Block Module Heater N0-2090) for one to two hours. After
dilution with 0.5 mL of water, the mixture was extracted re-
peatedly with 1 mL aliquots of petroleum ether (b.p. 30-60
°«C). The combined ether extracts were concentrated to a
small volume (ca 5 Fl) under a stream of nitrogen in a test
tube with a fine tip. An aliquot containing about 100 ug of
fatty acid methyl ester was analysed by gas-liquid chroma-
tography as described below. The fatty acid composition was
calculated from the peak areas as described by Carroll, 1961
(73) and expressed in area %. Absolute contents of fatty
acids were determined with the aid of the internal standard

methyl heptadecanoate.

1.3.3.4 Gas-Liquid Chromatography

Gas-liquid chromatography (GLC) was carried out using a
Carlo Erba Fractovap unit equipped with a flame ionization

detector set at 240 °C and an injection port set at 240 °C.

/
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n of fatty acid methyl esters was carried out on

$P2330 or 10% SP2300, both on 100/120 Chromosorb W AW
lpelco) packed in 1.8 mm x 0.4 (i.d.) glass column held
175-200 °C with a nitrogen carrier gas pressure at 0.7
cm?, Sterol and sterol acetates were separated on 3%
SEF30 on Chromosorb W packed ina 46 cm x 0.6 mm (i.d.)
steel column held at 190 °C with a nitrogen gas pressure at
0.8 kg/cm?*. : ' e

4
s

1.3.4 Spectroscopic Analytical Methods

1.3.4.1 Infrared Spectoscopy RN

All pure compounds were analysed with a Pye Uﬁicaﬁ double
beam spectrophotometer (Model no SP1000). Spectra of solids
were recorded as KBr pellets: 1 % solutions were found to
be optimal for most polar lipids (molecular weight 600-800),
while proporticonally lower concentrations were used for
smaller molecules. The lipid sample (2 ﬁg) was added to
finely grdund KBR (190 mg), the mixture was ground fu;ther
in an agate mortar for 5 minutes, then added to the KBr pel-
let maker (Barnes Engineering Company, Stampford, Connecti-
cut, USA) and subjected to a vacuum of 1 mm of Hg for 10 mi-
nutes before applying a pressure of up to 400,000 psi of 5
minutes. The pressure was released, the pellet removed, and

the spectrum measured immediately.
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For small quantities of oil samples, spectra were record-

ed in KBr, as follows: a solution of the lipid (2 mg) inQ,2
mL of chloroform was added to iBO mg of finely ground KBr in
a small centrifuge tube. The solvent was removed in vacuo.
The mixture was ground and processéd as described 1in the

preceeding paragragh.

The spectra of oil, were also recorded as thin films bet-
ween two NaCl plates when sufficient quantity of the materi-

al was available. : e

1.3.4.2 Nuclear Magnetic Resonance Spectrometry

Proton NMR spectra were measured using a Varian HA-100
NMR spectrometer (100 MHz) for critical spectra and on a Va-
rian T-60 NMR spectrometer (60 MHz for routine measurement
and purity checks. Samples were ruq(Foutinely as 5% solu-
tions in 4 mm (OD) thin walled tubes.- For smalier samples
thick-walled tubes with thick bottoms (0.5 cm) were used.
Tetramethylsilane (TMS) was used throughout as an internal
reference in CDCl, solutions and in hexadeuterated dimethyl
sulfoxide solutions %hile‘no internal standard was uséd with

 heavy water. Whenever possible, chemical shifts were re-

ported as & (ppm) relative to TMS taken as zero ppm.

For identification of readily exchangable protons (e.q.
OH) the sample was shaken with 2 drops of heavy water and
the spectrum rerun. The signal of ionizable groups disap-

pear in the presence of heavy water.
4
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1.3.4.3 Mass Spectrometry

GC-mass spectrometry was used to analyse the structure of
certain lipids of N. alba. Phospholipids were analysed by
the technique called Field Desorption Mass-Spectrometry

(FD-MS).

1.3.4.4 Optical Rotations

Optical rotations of samples 1in chloroform:methanol
(1:1,v/v) solutions, at 25 °C, were measured at the sodium D
line using a Perkin-Elmer polarometer, Model 141, with'digi-
tal rea&out. Because of the weak opticak.activity of most
of the substances investigated, readings were taken on sam-
ple solutions of at least 2% concentration in a 1l dm tube.
Care was taken to ensure that traces of silica‘arising from
prior chromatography were completely remoYed by centrifuga-
tion. The optical rotations reported are the mean values of

at least five separate readings.
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1.4 RADIOISOTOPIC PROCEDURES

1.4.1 Synthesis of *H, !*C, and ?°*S-Labelled Precursors

1.4.1.1 ‘H-Sulfocholine chloride

A mixture of 200 mg of (‘H)dimethﬁlsulfate (5 mCi, spe-
cific activity 3.15 mCi/mmole), 300 mg (3.2 mmoles) of S-me-
thyl-2- thicethanol and 1 mL of dry acetone was heated under
reflux for 90 minutes and left to cool for 18 hours. The
product separated from the solution as an oil, but cfystal-
lized when left in the cold at -20 °C for 36 hours. The
crystais were washed with 8-10 mL of cold dry acetone and
dried in vacue to constant weight;: the yield of crude pro-
duct was 248 mg (100 %)}, containing 5 mCi, of *H (100% re-
covery of radioactivity); Paper chromatography using sol-
vent system butanol:propionic acid:water (5:2:3, by vol.)
showed the presence of the product together with an impuri-
ty; the ratio of radioactivity 1in the impurity relative to

product was 1.8.

A solution of the crude product in '10 mL of water was
passed through a column of 2.5 g of Rexyn (H* form) cation
exchange resin. The °*H-sulfocholine was absorbed on the co-
lumn while the impurity passed through. The product was
then eluted with 2N HCl, and the eluates were lyophilysed
and the residue made up to 10 mL in water; the total ra-.
dicacitivy recovered was 3.0 X 10* dpm (139 juCi) giving a

specific radioactiﬁity of 0.705 mCi/mmole. Paper chromatog-
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raphy in the same solvent system as above revealed a single

Draéendorff*positive spot containing all the radioactivity.

L
1)

l1.4.1.2 135-SULFOCHOLINE CHLORIDE

A mixture o6f 1.5 mCi (13.8 mCi/mmole) of **S mercaptoe-
thanol, 46.5 mg non radiocactive mercaptoethanol (total mer-
ééptoethanol, 55 mg or 1.7 mCi/mmole) and Zdé mg of methyl
iodide was shaken in a tightly stoppered tube at room temp-
erature for;GO hours. The dark oily product was purified on
a 1.5 g Rexyn (H* farm) cation exchange column, which was
eluted with a step-wise gradlent of HC1 from 0.5 N to 6 N
HCl. /Sulf gIlne appeared in the 1-2 N HCl fractions. The
main impurity, trimethylsulfonium chlori@e, was eluted with
0.5 M, HCI ;hile other polar bi-products of this reaction
were eluted witﬁ:Z N HC1. Thgvéluates were monitored by
chromatography'oh Whatman No. 4bpapér 1534 using the solvent
syste@ butenol:propionic acid:water (5:2:3, by veol.) and the
appropriate fractions were lyoph?lized. The toEal radioac-

tivity recovered was 4.3 X 10* dpm, giving a §pecific ra-

diocactivity of 1,16 mCi/mmole.

1.4.2 Measurement.of Radiocactivity .

The radioactivity of *H, **C anginSjlabelled compounds was -
".‘.n-.a

measured bg sc1nt1llat10n countlng in plastic dlsposable vi-

als in a sc1nt1llat10n cocktail cons1st1ng of 0.3 grams of

PCPOP, 5.0 g of PPO, 130 mL of methanol and 100 mL of solu-
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Eilizer in one litre of toluene using a Beckman LS-150 scin-
tillation counter. Each sample was counted to at least 1%
statistical error and the **C and **S samples were corrected
for quenching by the external standard ratio ﬁethod using a
series of standards containing equal amounts of !‘C toluene
AP.03 x 10* dpm) but différent amounts of the glenching
agent chléroform. " Radioactive spots on TLC plates were
scraped directly into the above scintillation cocktail and
counted. Radioactive spots on paper chromatograms were cut
out and'addgd directly to the scintillation mixture and

their radiocactivity counted.

1.4.3 Autoradiography

R and *’S-labelled lipid spots on TLC platés and paper
chromatograms were detecfed by expdsing the chromatograms to
a sheet of Kodak Blue Brand X-ray film for a suitable period
of time depending on the amount of '*C and *°S radioactivify
of the spots (2 days per 1000 dpm for TLC plates and 20 days
per 1000 dpm for paper chromatograms). The film was devel-~
oped and fixed by'standard photographic techniques. _Autora-
diograms_of ’H-labelled compounds required the use g% a sen-
'siéizerr This is a phosphorescent‘product from New England
Nuclear whlch is sprayed on tha plate or paper before expos-

ing to X ray film at -80 °C for 72 hours per 1000 dpm.
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1.5 EXPERIMENTAL

1.5.1 Synthesis of Precursors to PSC

1.5.1.1 Preparation of S-methyl-2-thiocethanol

To a solution of 2-mercaptoethanol (15.6 g, 0.2 moles)
in 5 M methanolic KOH (40 mL) was added dropwise, over a
period of one hour, a solution of methyl iodide (28.4 grams,
0.2 moles) 1in 15 mL of methanol at room temperature. The
mixture was stirred for sixteen hours and then filtered to
remove potassium iodide. The filtrate was diluted with an
equal volume of water and extracth with several 50 mL por-
tions of methylene chloride. The combined extracts were
dried over anhydrous sodium sulfate.and concentrated to dry—l
ness under reduced pressure at room temperature. The resi-
-duél 2-(methylthio)-ethanol was distilled under reduced
pressure; the boiling point was 60-62 °C at 10 mm of Hg and
the yield was 12.0 g (66 %). The NMR spectrum obtained was
consistent with the expected structure énd showed the fol-
lbwing signals (6 ppm): 2.08 (sinélet), S§-CHy (3H); 2.70
(multiplet), CHpS (2H); 2.74 (singlet), OH (1H); 3.75 (mul-
tiplet), CHQb'(ZH).

b '

1.5.1.2 Preparation of §,S$- Dlmethyl 2-hydroxyethyl-
sulfonium Iodide
The sulfonium iodide was prepared in quantitative yield
by reacting 2-{(methylthio)-ethanol with a five-fold excess

of methyl iodide at room temperatureifor 16 hours. After
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removal of the(fS; acted methyl 1iodide by pipet the product
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formed a solid mass whi;h was freed of final traces of sol-~
.vent in vacuo. The residue was then dissolved in a minimal
amount of methanol, precipitated by the addition of 20 vo;
lumes of dry acetone, filtered and finally washed with cold
anhydrous acetone and dried in vacuo. The chrématographi-
cally pure sulfocholine iodide [Rf 0:7 in the solvent system
butanol:propionic acidﬁwater (5:2:3, by vél.) and 0.9 in th:
solvent system pgﬁaol:water (9:1, w:v)] was obtained in an
overall yield of /63%. The NMR spectrum showed signals at
the following values in § (ppm): 3.01 (singlet), S(CHg),
(6H); 3.6 (multiplet), CH,0 (2H); 4.6 (multiplet), OH (1H)}.
1.5.1.3 'breparation of 5,5-Dimethyl-2-hydroxyethyl-

' sulfonium Chloride

The sulfonium chloride was prepared by passage 6f an agueous
solption‘of the iodide through a column of Rexyn H* (101)
cationlexcﬁgnée resin, followed bx elution with 2N HCl, re-
movai of the water and HCl by liophilization iﬁ vacuo over
KOH and crystallization of the sulfonium chloride from ace-
tone. This compound is very hygroscopic and was dried in a
pistol over phosphorus pentoxide at 40 °C at 1 mm Hg before
use. It was quickly ground to a“fine powder and dried again
before use. The proton NMR spectrum (Fig. 12) in Dg-dime-
thylsulfoxide ShOfed the same signals as sulfocﬁoline iod-

i
ide.

- 1
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1.5.1.4 PreparJ;ion of §,5,-Dimethyl-2-hydroxyethyl-

sulfonium Tosylate

The sulfonium tosylate was prepared by the reaction of
2-{methylthio}-ethanol (1 mole) with methyl-p-toluenesulfo-
nate (1.05 mole) in anhydrous acetone for 16 hours under re-
flux. After removal of the solvent in vacuo the residual
0il was crystallized from-dry ethyl ether. The yield was
86%. The NMR spectra in hexadeuterated dimetﬂylsulﬁoxide

was consistent with the structure.

8 .
1.5.1.5 Preparation of S,S-Dimethyl-2-hydroxyethyl-
sulfonium Sulfate

The sulfonium sulfate was prepared by the reaction of

2~ (methylthio)- ethanol . (2 moles) with dimethylsulfate (1°

mole) in anhydrous acetone for 2 hours under reflux. After
removal of the solvent in vacuo the residual oil failed to
crystallize from cold dry ethyl ether oq\\from dry acetone,
The sulfate assumes a semi-solid white appég;ance when dried
over phosphorus pentoxide. It is soluble in water but'inso;

luble in methanol, ethgf, or acetone.

1.5.1.6 Preparation of Diglycerides

The synthesis of diglycerides is central to many of the
de novo syntheses of lecithin and other phospholipids. To
obtain optically active diglyceride e.g - 1,2-diacyl sn-gly-

cerols a lengthy synthetic route starting from D-mannitdl is
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generally used (Fig. 13). Following the method of Baer
(74}, acetone was reacted with D-mannitol to obtain
1,2,5,6-diisopropylidene-D-mannitol, which, after periodate
cleavégé and sodium borohydride reduction according to Le-
cocq and Ballou (75), yielded 1,2-isopropylidene sn-glycerol
(with a specific rotation at the .sodium D line of +15.3).
The free alcohol was then benzylated according to Kates (76)
and the isopropylidene group was removed with acid ko obtain
~the key starting matérial for the synthesis of all the satu-
rateQ(?iglycerides: 3-benzyl-sn-glycerol, Following phe
method of Sowden and Fisher {(77) benzylglycerol was then
acylated with fatty acyl chlorides/in carbon tetrachloride
to yield 1,2-diacyl-3-benzyl-sn-glycerol which upon hydroge-
nolysis with Pd as catalyst gave the saturated optically

pure diglyceride.
{

Of course only saturated diglycefides can be obtained by
%his method. Unsaturated diglycerides are most conveniently
prepared by hydrnlysis of the corresponding lecithin with
phespholipase C. The unsaturated lecithins can be synthes-
ized from sn-3-glycerophosphoryl choline and an activaned
unsaturated fatty acid by a method such as that of Warner

and Benson (36).
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Figure 12: The proton NMR of sulfocholine chloride in
hexadeuterated dimethylsulfpxide:-

R

(_)L
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Figure 13:

The chemical synthesis of saturated diglycerides

starting with D-mannitol by the procedure of
Sowden and Fisher (77)
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1.5.1.7 Preparation of Phosphatidic Acid from Diglycerides

Optically active saturated phosphatidic acids were syn-
thesized from 1,2 diacyl-sn-glycerol by the method of Baer
(48). Thus, synthetic di-14:0 DG, di-16:0 DG angydi—IB:O DG
were phosphorylated with diphenylchlofgphosphate in pyri-
dine. The intermediate 1,2-diacyl dlphenyl phosphates were
converted to the corresponding phosphaﬁld e ‘acids by hydro-
genolysis with platlmum oxide catalyst. The optically ac-
tive PA's were converted to the free acid form by theyaddi-
tion of 0.45 volumes of 0.2 N HCl to a 10% solution of
chloroform:methanol (1:1, v/v). The lower chloroform phase
was remeved and evaporafed to dryness under reduced pressure
in the presence of benzene. . The free phosphatidic ac1d%\
then were used immediately because they are unstable and

spontaneously deacylate to form lyso PA.

The phosphatidic acids were pure as judged by TLC in the

.solﬁent systems chloroform:methanol:ammonia (65:35:5, by
vol.) and chloroform:methanol:acetic acid (65:35:5, by
vol.). The infrared and NMR spectra of the free PA's and

their phenyl derivatives gave the expected signals. The

vyields of the various saturated phosphatidic acids from DG

—
i

were always above 80%. '

-,

-



J
. ‘ o~ ‘ 67
1.5.1.8 . grﬁpigaéion of Phosphatidic Acid by Phoépholipase
etho ; ‘
AR

Dioleoylphosphatidic acid, . dipalmitoylphosphatidic acid
and the phosphatidic acid from egg phosphatidyl choline were
made by the enzymatic hydrolysis of the corresponding phos-
phatidyl cholines, with phospholipase D, by a modification
of the method described previously (57) as follows (Fig. 9):
to a suspension of ‘1 mmole 6f the vacuum dried 1lecithin
(786 mg) in 15 mL of 0.2 M acetate buffer (pH 5.6) was added
'3 mL of 1.0 M calcium chloride, 12 mL of enzyme solution (48
mg of Phospholipase D in 12 ml of water; specific activity
18 units/mg; Sigma Corp.) and 15 ml of ethyl ether (washed
with water to remove traces of alcohols). The mixture was
shaken vigorously at room temperature for 18 hours on a Bur-
rell wrist action shaker. The ether was removed on a rotary
evaporator and the agueous suspension was diluted with 82 ml
of methanol, 41 mL of chloroform and 3 mL of 2N perchloric
acid, mixed, and diluted further with 41 mL of chloroform
and 41 mL of water: The two phase mixtufe was allowed to
separafe in‘ a separatory funnel and the lower chloroform
phase was removed, diluted with benzene and brought down to
dryness on a rotary evaporator. The dried residual oil was
dissolved in 10 mL of chloroform and placed on  a .column of
20 g of silica gel (Bio Sil A, made up in éhloroform); the
free acid phosphatidic ac;d was eluted with 10 column vo-

"lumes of chloroform:methanol (4:1, v/v). -~ The solvent was



s dried in vacuo over phosphorus pentoxide.

chromatographically pure product was 90%.

YA
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| removed in vacuo and the residual free phosphatidic acid was

The yield of
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1.5.1.9 Synthesis of Dioleoyl PC

Dioleoyl phosphatidyl choline was synthesized by the
method of Warner and Benson (36) with a few modifications as
follows: the activated oleoylimidazole was prepared by the
"reaction of 5 g (17.7 mmoles) of oleic acid and 3.3 g (18.0
mmoles) of l!l—carbényldiimidazole in 17 mL of THF. To the
evapdféted THF solution (oleéylimidazole) was added 15 mL of
dimethylsulfoxide,' 2.47 g (4.4 mmoles) of L-o-glycerophos-
phocholine gadmium complex in 15 mL of dimethylsulfoxide énd”
60 mL of sodium dimethylsulfoxide cafbanicn (0.9 grams, 36.5
mmoles} of sodium in 70 mL of dimethylsulfoxide. After 10
minutes stirr;ng, 550 mL of 0.5 M HCl was added, then 5 por-
tions of 435 ml of chloroform:methanol (2:1, v/v) were added
with the lower chloroform layers being removed after each
wash and pooled. The 600 mL of chloroform was extracted
with 6 portions of 150 mL of neutral upper phase (méthé-
nol:water, 10:9, v/v) and was concentra£ed undef vacuum to
7.70 g-of oily residue. This was placed on a 110 gram sili-
ca gel column and was eluted with a step gradient of chloro-‘
form:methanol starting with pure chloroform and ending with
chloroform:methanol (1:1, v/v). Fractions containing single
phosphate positive and Pragendorff positive spots as visual-
ized by TLC were pooled and wused directly for the synthesis
of dioleoylphosphaiidic racid by -enzymatic hydrolysis with

phospholipasé D (57) (see preceeding section)
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1.5.2 Synthesis of ﬁhosphatidyl sul focholine

1.5.2.1 The Method of Baer énd Rates {20)

This was the first synthetic method used for the synthe-
sis of PSC. Though the yield was low, it provided a very

pure product'after one column chromatography step. ~ -

1,2—Dipalq}zg;l-gg—glycerol (2.56 grams; 4.5 mmoles; ta]D
-2.6 degfée;S_ was phosphorylated in a mixture of chloroform
{25 mL) and anhydrous pyridine (1.5 mL, 5 mToles)'Qith mono-
phenyl phosphoryl dichloride (1.05 grams, 5 mmoleé) as de-
scribed breviously by Baer and Kates 1950 (20), followed by
further addifion gf anhydréus byridine (2 mL) and reaction
. with sulfocholine chloride (0.75 g;ams, 5.2.mmoles) at room

temperature with stirring for 2 days.

e

Afﬁer addition of 2 mL of water and stirring " for 15-mi-
nutes to hydrolyse any unreacted phenylphosphoryl chloride,
the ﬁikture was partitioned according to a modified Bligh
and Dyer procedure (69) by adding 25 mLﬁaj'meﬁhanol and 20
mL of 2 N HCl. After mixing and centrifugation, the upper
methanol:water layer was removeg~+ and the lower chloroform
layer was washed 3-4 times with 5 mL portigns of neutral up-
per phase (ﬁethanol:water, 10:9, v/v). .Thé.neutral chloro-
“form extract was concentratgd under reduced pressure using
benzene to aid in removini}jﬁﬁfgs of Waper..‘ The residug
(2.18 Qrams) was fradti?ﬁEE dvoﬁ al;olumn of Bio Syl A sili-

cic acid (20 gfamS) \jii?g chloroform (500 mL) to elute the

«

2V :

-
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'Vfast“moving components (dipalmitoylglycerol, bis (dipalmi-
toylglycerol}phenylphosphate) (Fig. 10) followed by 150 mL
of chl@roform:me;hanol (1:1, v/v) to elute the product phe-
nyl ~phosphatidyl sulfocholine iphenylPSC), " together with
some monophenylphosphatidic acid (defived from chloromono-
phenylphosphatidate).‘ PhenylPSC was then. obtained in pure
form for analytical .purposes by preparative thin layer chro-
matogfaphy on §ilica gel H plates using the solvent system
chloroform:methanol:acetic écid'(QO:IO:l, by vol.). 1t gave
a single spot with an Rf of 0.21 and positive‘phospﬁétéland

positive Dragendorff reactions.

The NMR spectra showed the expected signals iin o (ppm) :
0.90 (triplet), CHz; 1.3 (singlet), CH, ; 2.3 (triplet)
-+ CH,CO; 3.4.(singlet), S(CH4q)y 4.1 (triplet), CH,S; 4.3,
(triplet of triplet), = CH,-OP (sulfocholine); 4.3, CH,0P
(glycerol); 5.3, CH-OC (glycerol); 8.1 (triplet), 8.5 (tri-

plet) and 8.98 (triplet), phenyl-hydrogens.

The fraction (2.1 grams) eluted with chloroform:methanol
(1:1, v/v) containing‘cqmpound phenylPSC (Fig. 10) was hy-
drogenated in 50 mL of methaqol (warmed to ensure dissolu-
tion) with 0.8 g of platﬁnum oxide (PtO,)} under a slight po-
sitive pressure of hydrogen at room temperature.
Hydrogenation was complete after éne hour (uptake 360 mL at
NTP, calculated for the cleavage of ph;nyl group and reduc-

tion of catalyst = 364 mL). The catalyst was removed by
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centrifugation and washed four times with 5.0 mL portions of

-

chloroform:methanol (1:3, v/v). The combined supernatants
were conc?ntratéd‘to dryness under. reduced pressure and the
residue was fractionatgd on a silicic acid column (80 grams,
Bio Syl A} using 2.0 L of chloroform:methanol {(4:1, v/v) to
elute any fast moving cpﬁponents'(phosphatiﬁic_aciﬁ and bis-
PA) followed by. 2.0 L of chloroform:metpanql'(1:1, v/v) to
.elute the desiréd compouﬁd‘1,2—dipalmi£oyl-§g 3-phosphatidyl
sulfocholine, The combined eluates containing 16:0-PSC were
brought to .drynesghon a rotary evapofatqr and the residue
(380 mg, 11% yield from dipalmitin) was dissolved in 30 mL
of chloroform:methanol (1:1, v/v}) and diluted with 13.5 mL
of distilled water. The biphasic mixture was centrifuged
aCd the lower chloroform was washed 3-4 times wi;h §.m1'por—
tions of neutral upper phase (methanol:water, 10:9, v/v)} and
brought to dryness on the rotary evéporator. The rgﬁidue
was precipitated from chloroform solution (2 mL) by addition
of anhydrous acetone (40 mL); the white flocculant product
Ia was recovered by centrifugation, washed with col@ acetone
and dried in vacuo giving a yield of 325 mg‘(ll %) of chro-
matographically and analytically pure phosphatidyl sulfocho-
line.

Analysis: Calcd..for C H O PS. H O (755.07):

i 39 77 8 2
C, 62.04; H, 10.41; P, 4.10; S, 4.25.
Found C, 61.96; H, 10.25; P, 4.23; S5, 4.09.

[a]p= +7.56 ° (¢, 5.25 in chloroform). My = +57.1 °,
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1.5.3 Method of Aneja

1.5.3.1 Dipalmitoyl-sn-3-~phosphatidyl sulfocholine (Ia)

A mixturg of 1.14 g (1.76 mmoles) of 1,2-dipalmitoyl-sn-
glycerophosphoric ééid (Fig., 11) and 3.0 g {21 mmoles) of
sulfocholine chloride was dried in vacuo (1 mm Hg) over
phosphorus pentoxide overnight; 50 mL of anhydrous E?ﬁanol*
free chlbéroform, 5 mL of anhydrous pyridine and 1.6 g (5.3
mmoles) of triisopropylbenzenesulfonyl chloride (TPS) were
then added and the mixture was stirred vigorously errnight
(20 hours at room temperatugel. The mixture was diluted
with benzene, concentrated oh a rotary evaporator at 35 °C
and then dried in a desiccator over concentrated sulfuric
acid in vacuo (10 mmm Hg) to remove pyridine. The yellow
residue was d}ssolved in 30 mL of chloroform:methanol (1:1,
v/v), éilu}ed with 13.5 mL of water and the mixture was cen-
trifuged. The lower chloroform phase was washed twice with
10-mL of acid upper phase (methanol:0.5 N HCl, 10:9, v/v) to

. remove traces of pyridine and sulfbcholine and finally ex-
tracted twice with Aeutral‘upper phase (chlorofdrm:methanol,
10:9, v/v) or,until the Washing was‘néutral.. After concen-
tration of the chloroform solution to dryness in vacuo, the
white residue. (2.1 grams) was fractignatea on a silicic acid
column (80 grams) by elution with 30 coluﬂn volumes of chlof
roform:methanol (4:1, v/v) to remcve the fast movingfméteri—'
al, and then with 30 column volumes of chloroform:methanol

L]

(1:1, v/v) to remove the desired product Ia; lyso compounds
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were subsequently eluted wiph 10 céiumn volumes of chloro-
form:methanol (1:2, v/v). - The eluates containing compound
lIa were concentrated té dryness in vacuo, and the residue
was precipitapéd from a minimum volume of a solution made up
in chléroform:methanql (1;1, v/v} by thé.addition of 20 vo-
luﬁes of cold acetone as deséribed above; the yield of chro-
matographically pure compound Ia was 0.61 g (0.83 mmoles; 47
$ from phosphatidic acid.) For analytical purposes, the
compound was further purified by preparative TLC in solvent
system chloroform:methanol:water (65:36:5, by vol.). The
chloride of sulfocholine is very hygroscopic and is insolu-
ble in the reaction mixture. On the other hand the tosylate
is much less hygroscopic; it can be heated undep.vacuum in a
pisﬁol at 50 °C and it is soluble in the reaction mixture.

analysis: cald. for C H O PS.H O (755.07 mw)
. 39778 .2

-

'C, 62.04; H, 10.41; P, 4.10; S, 4.25.
Palmitic acid/P mole ratio, 2.00,
Found C, 62.08; H, 10.39; P, 4.15; S, 4.42.
| Palmitic acid/p, 1.99.

[a]D = +7.44 °, c: 1.15 in chleroform-methanol.1l.1.

- 2
My @ +56.2°.

Transition temperature: 81-83 °C
(Fig. 16).
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1.5.3.2 Dimyristoyl-sn-3-phosphatidylsulfocholine Ib

Compoundllb (Fig. -11) was synthesized as described above
for compound Ia by the method of Aneja, starting withci.G g
(2.7 mméles) of 1,2—dimyristoyl-gg—3—glyceropﬁosphoric acid,
1.74 g- (12 mmoles). of sulfocholine chloride and 3.29 g (9.6
mmoles) of TPS in 80 mL of chloroform and 10 mL of pyridine.
The préduct was isolaﬁpg and purified by silicic acid coclumn.
chgpmatographyz as deé&ribeélﬁor ;a.‘ The yield o¢f pure prég
duct 1lb was 0.95 g (1:3 moles, 50 %).

Analysis: Calcd, for € H ©O PS.H O (689.96 molecular weight),,

35 €9 8 2 - : . ’

¢, 60.15; H, 10.09; P, 4.43; s, 4.59;
Myristic acid/P mole ratio, 2.00

Found C, 60.11; H, 10.10; P,.4.50; S, 4.63;
myristic acid/P mole ratio, 1.98.

[Oz]D < +8.28 °, .c: 1.15 in chloroform-methanol 1:1,v/v.

Mp: +57.9 ° _ !

Transition temperature by DSC, 55-58 °C.
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1.5.3.3 Distearoy1-§§—3—phosphatidyl-sulfocholine (1¢c)

Compound Ic was synthesized as described above for com-
pound Ia, starting with 1.5 g (2.1 mmoles)  of
l,2—diétearoyl-§g-3- glycerophosphoric acid (Fig. 11), 2.5 g
(9 mmoles) of sulfocholine tosylate and 3.2 g (9.6 mmoles)
of TPS in 50 mL of chloroform and 7 mL'of pyridine. The
yield of pure product Ic was 1.1 g (1.2 mmoles, 56 %).

Analysis Calcd. for C H O PS.H O (molecular weight 811.10)
" 43 85 B 2 .

C, 63:;7: H, 10.81; P, 3.82; S, 3.95;
‘ Stearic acid/P mole ratio, 2.00
Found C, 63.58; H, 10.64; P, 3.95; S, 3.90;
ngaric acid/P mole ratio, 2.01.

lalp= +6.94 °, c: 2.52 in'Ch%oroform—methanol, }:1,'v/v.

)
~

¥D: +56.3 °

Transition temperature by DSC, 87-90 °C.

1.5.3.4 Dioleoyl*§§-3—Phosphatidyl sulfocholine (14d)

. : . ' : 1
- Compognd Id was synthesized as described above .for com-

peund la, =~ starting with- 0.% g (1.28, mmoles) of |

l,2—dioleoyl*§g—3:‘\glycerophosphor§c a&id, 2.3 g (5.4

mnoles) of sulfocholine tosylate and 1.9 g (6.3 mmoles) ‘of
TPS in 45 mL of cﬁloroform and 6 mL of pyridine. The yield .
of TLC pure product 1d afte? column chromatography was 0.74 -

g (0,92 mmoles, 72%); acetone E%Ecﬁpitation Was avoided be-.
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cause of losses due to the appreciable solubjlity of Id in

acetone. \\>

~ Analysis: Calcd. for C H O PS.H O (807.16 molecular weight),
43 81 8 2

C, 63.99; H, 10.24; b, 3.84: S, 3.97.

‘oleic acid/P mole ratio, 2.00.

Found C, 63.32;: H, 10.26; P, 3.91; S, 3.89.

oleic acid/P mole ratio, 2.00.

[a]D= +7.0 °, c: 1.54 in chloroform-methanol 1:1. v/v.

My +§6.5 °.

1.5.3.5 Phosphatidyl sulfocholine analogue of Egqg Yolk PC

Thié analogue was prepated as destfibed above for 14,
starping with 0.90 g‘(ll.29 mmoles) of phosphatidic acid
derived from egg yolk bhosphaﬁidyl choline (see above), 2.3 °
g (5.4 mmoles) of sulfocholine tésylate and 1.9 g (6.3
mmoles) of TPS in 45 ﬁL of chloroform and 6 mL of pyridine.

The yield of pure product was 0.7 grams (70 %).

: -

Analysi; Calcd. for C H O PS.H O (molecular weight=786.1)
i . 41.2 Bl1.6 8 2

C, 62.95; H, 10.46; P, 3.94: §, 4.07.

Fatty acid/P mole ratio, 2.00,

Found C, 62.79; H, 10.41; P, 3.96; S, 3.93.

Fatty acid/ P mole ratio, 1.99,
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‘Fatty acid composition: 16:0, 43.1%; 16:1, 0.9%; 18.0,
12,7 ; 18:1, 37.9%; 18.2, 1.8%; 20:1, 0.8%; >20:x, 2.8%.
‘ /
1.5.3.6° Synthesis of 1,2-Dipalmitoyl-d4-sn- .\-
glycero-3-Phosphosulfocholine

To the éadmiUm chloride complex of glycerophosphocheline
(200 mg, 0.48 mmole) rendered anhydrous by repéated evapora-
tion of added aky benzene was added 12 mL of freshly dis-
tilled ahhydrous alcohol-free chloroform. To éhis suspen-
'sion palmitdyl anhydride-d4 \(deuterated 'in the C2
methylenes) (690 mg, 1.2 mmoles) and 4-N,N-dimethylamino py-
ridine (120 mg,  0.96 mmoles) were added and the flask was
sealed under dry nitrogen. The reaction mixture was stirred
in the dark for 18 hours, The preogress of the reaction was
monitored by TLCﬁ using the solvent syétem chloro-
form:methancl:ammodia (65:35:5, by voll;. The mixture was
diluted with 12 mL of methanol followed by 10.8 mL of 2N HC1
and the lower éhaée was removed and quickly washed with
) methanolfwater, (10:9, v/v). The chloroform phase was eva-
porated to dryness on a rotory evaporator. The
4-N,N-dimethylamino pyridine was removed by passing the mix-
ture through a Réxyn column (102, H+). The crude lipid mix-
ture was purified by preparative TLC using the solvent sys-
.tem chloroformi:methanocl:water (65;35:5, by vol.); the yield
. of pure d-4 DPPC was 222 mg (62%) . The corresponding. d-4

dipalmitoyl phosphatidic acid was prepared By the phospholi-
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+ pase D method, and then the sulfocho}ine head group—was ad-
ded by the Aneija method'.deSribed in section i.5,3:1, using
sulfocholine tosylate instead of the chlor%de. The_f?eld of

pure d4-4 PSC was 80 mg (36 %).

yallna
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1.6 RESULTS AND DISCUSSION

1.6.1 Synthesis of Phosphatidyl sulfocholine

The synthesis of PSC was accomplished by two synthetic

procedures,. one based on the method of Baer and Kates (20),

and the other on the method reported by Aneja and Chadha

{38).

H
l.6.1.1 The Method ¢f Baer and Kates

This synthesis (Fig. 10) involved the bhosphorylation of
an equivalent of a diglyceride (e.g. 1,2 dipalmitoyl-sn-gly-
ceréi) with an equivalent of monophenyl phosphoryl dichlori-

date. Unfortunately a second diglyceride can react with the

.intermediate product and give rise .to the formation of

bis-(dipalmitoyl‘glycerol) phenylphosphate, which lowers the
vield of the overall reaction. Reaction with sulfocﬁ;line
in a teg\fold excess of pyridine then yields 1,2-dipalmitoyl-
sn~glycero phenylphosphoryl sulfocholine, or phehyl deriva-
tive of PSC. | '

This step has three diffjicultiess the’extremelf hygro-
scopic nature of- sulfocholine chlofiée, its theqmdlability,
and its insolubility iﬁ‘the reaction mixturé. .The first two
difficulties were overcome by drying the sulfocholine 'in a
pistol at room temperature and then guickly adding it to the
reaction mixture. All these difficulties could have been

avoided by the use of sulfocholine tosylate instead of the

3
)
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chloride, as was done in later syntheses using the Aneja

method.

The phenyl PSC intermediate was partially purified using
the Bligh and Dyer procedure followed by column chromatogra-

phy. - A small sample was purified by preparative TLC for

jected to catalytic hydrogenclysis to remove the protecting
phenyl groﬁp and the desired phosphatidyl sulfocholine was
burified by the Bligh and Byer method and then by column
chromatography on silicic acid:) The owerall yield of PSC,
based on dipalmitin was iow: 11 % comparable to the reported

yields for phosphatidyl choline,

The hydrogenolysis step also involved certain problems.

The presence of sulfur in/ the substrate seemed to poison the
_ 5

platinum catalyst, but this difficulty could be overcome by

a second addition of the «catalyst, Alsc, 1in one prepara-

tion, hydrogenation of the phenyl‘group occurred without

cleavage. Finally the hydrogenolysis step limits this
synthesis to saturated derivatives. In summary, this proce-
dure would not be the method of choice, although 1t does

readily yield-the desired compound in a pure form.

e

Ianalytical purposes. The semi-purified phenyl-PSC was sub—_
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"1.6.1.2 The method of Aneja . o

The second method’ (Fig. il), a modification of the mefhod'
of Aneja (38), involved the coupling of 'a phosphatidic écjd
(6 derivatives in this case) with sulfocholine in the pres-
ence of triisopropylbéqzenesulfonyl chloride, pyridine and"
anhydrous chloroform. The pzin;ipal~differences_ beﬁweeq
this ﬁethod and that-of Aneja 1s the présence of chloroform
and the lower temperature of the reaction 125w°C5. The so-
lublerqulfochoiine tosylate was used preferentially. The
product was'purified by‘ﬁeuxral and jaéid Bligh and Dyer (to
remove traces of p?ridine). The crude mixture was then pu;
rified by column chromatography on siliéiciacid. For éna-
lytical purposes and for the physical studies "the product
‘was further purified by preparative TLC. - Minor amounts of
impurities, probably traces of TPS, TPS sulfocholine ester,
.and sulfocholine, were coeluted with PSC from the column.

These were detected by mass spectroscopy.

In.prinqiple: any lecithin could: be'synthegized by Aﬁe—“
ja's .method, saturated, uﬁsaturaﬁed or mixed fatty acid lec-
iphins. In the p;esent study, 14:0 PSC, 16:0 PSC, 18B:0
PSC, 18:1 PSC, the PSC derived from egg PC and two deuterat-
ed derivatiyes of PSC, wére.grepared by-thfs method. Yield
oﬁ the PSCs before TLéuwas 50 to 72 %. TLC purification re-
sﬁlted in the loss of about 20 % of the product by weight.

PSC decomposes slowly even on storage at -80°C with the for—?
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mation of lyso PSC and a faster moving component containing
1 \

phosphorus. but no sulfbnium group (probably a phosphatidyl .

derivative), These degradative products were not investi-

The purified acetone precipitated saturated derivatives

.of PSC were white amorphous, ‘solids at room temperature,

o

while the purified unsaturated derivatives of PSC were waxes

- at room temberature. All the PSC's werelchromatographically
pure ‘(Fig. 14) and co-chromatographed with the PSCs derived
from N. .alba. The elemental analyses gave good agreement
betwe?A’the calculated values for monohydrated PSC's and the
expeéimenbal values. The synthetic analqgues all had s/p
atomicyratios close to the expected atomic ratio of l:lﬁ{fa—

ble 1 ) and the fatty acid/P mole ratio;\ﬁaii:very closé to
the theorgtical value of 2:1 (Table 1 ).

|

‘,-.";'.'.:l’:" '

-}

']

N4
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TABLE 1

Mole Rétio‘&f S$/P and Fatty acid/P for PSCs

J

B4
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. MOLE RATIO -
FOUND - CALCULATED

Method PSC s/p FA/P s/p FA/P
Aneja & Chadha (38)

di=-1430 1.01 1.98 .00 2.00

di-16:0 1.03 1.99 .00 2.00

di-18:0 0.95% 2.01 .00 2.00

di-18:1 0.96 2.00 .00 2.00
Baer and Kates (20)

di~16:0 0.96 2.00 .00
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The TLC behaviour of the synthetic PSC's was identical to
that of the hydrogenated PSC from N. alba (Fié. 14). The
mobilities on TLC (Rf) were: 0.38 = 0.01, 0.29 : 0.02 and
0.38 : 0.01 in solvent systems: chloroform{methanol:ammonia
(65:35:5, by vol.), chl;::Eorm:methanol:water (65:36:5, by
vol.) and chlordfprm:methanol:acetic acid:hater'(80:20:4:2,
by vol.) respectively. Bbth the natural and the synthetic
derivatives of PSC stainéd positively with the phosphate

stain (blue) and with the Dragendorff reagent (oramge).
J

An almost straight 1line function was obtained from a
graph of the specific. optical rotations of the saturated
PSC's versus their fatty acid chain length (Fig. 15). A si-
milar trend was seen with the corresponding synthetic PC's
(20). The saturated synthetic PSC's had fairly constant mo-
lecular rotations, in the range of +56-58 °, identical in
sign and magnitude to that of hydrogenated PSC from N. glgé-
‘{Mp,” +53 °). The high optical rotations (Fig. 15) indicated
that the synthetic PSC's had a high degree of optical puri-
ty. The natural and synthetic saturated PC's had somewhat

lower molecular rotations (M, +49-50°) (20).

These results establish unambiguously the sn-3 confiqura-
tion of the PSC from N. alba. The same configuration is
generally found for all glycerophospholipids with the excep-
tion of the phytanyl ether-linked pﬁospholipids of the ar-

chaebacteria {extreme halophiles, methanogens and thermoaci-
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dophiles) (78) and the lyso bis-phosphatidic acid found in
the lysosome of mammalian cells (79) which have the opposite

[
sn-1 configuration,

[ .
1.6.2.1 Thermal behaviour of PSCs

In general, anhydrous PSC's show thermal behaviour simi-
lar to that found for PC. When DPPSC was heated in a.melt-
ing point tube the solid white amorphéus powder of the satu-
rated DPPSC underwent a transition at 80 °C. The substance
became translucent but did not liquify as there was no for-
mation of a meniscus. This transition is not a true melting
but is probably charhcteriétic of solid-liquid-crystalline
transitiong."On further heating to about 100°C the compound
decomposed spontaneously. By contrast the corresponding PC,
DPPC forms a meniscus at Q25-226 °C and decomposes at much

higher temperature (20).

Transition temperatures were also measured.by DSC (Fig.
16). The saturated synthetic PSC's showed fairly sharp
transition temperatures (over a range of 2-3 °C) with:qnéet
of melting at 55 °C for di-14:0 PSC, 81 °C for di—lGéO PSC
and 87 °C for di-18:0 PSC (Figs 16 A, 16 B and 16\9 respec-
tively). By contrast, the corresponding PC's showed onset
of melting at lower témperatufes: 42 °C for di-14:0 PC, 69
°C for di-16:0 PC and 81 °C for di-18:0 PC (Figs 16 A, 16 B

and 16 C respectively). Thus each of the PC's showed a low-
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er transition temperature than the corresponding PSC, the
difference being inversely proportional to the fatty acid
chain length. For both PC and PSC the transition tempera-
tures increased with increasing fatty acid chain length in
similar fashion, the increase between the di-16:0 and the
di-14:0 homologues being greater than between the di-16:0

and the di-18:0 homologue.
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TLC of A} egg-PC, B) egg-PSC and C) PSC from N,
alba






Figure 15:
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FA chain length and the specific rotation. The
[a]lp of the PSCs were measured in
chloroform:methanol (1:1, v/v). PCs data is from
20
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DSC curves of anhydrous saturated PSCs and PCs
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1.6.3 Spectroscopic analysis of-PSC's

1.6.3.1 ° Infrared Spectroscopy

The infrared spectra of the saturated PSC (Fig. 17) were
identical in all'respects.to the hydrogenated PSC from N.

alba. A striking similarity with the spectra of saturated

PC's was also noted, except for the absence of the medium

strength band at 970 cm~* which 1is characteristic of the
quaternary ammonium (CH3)3N* group of PC's, The spectra of

the PSC's (KBr pellet) showed the expected absorption bands

~at 3450 cm"* (H-bonded OH), 2990, 2958, 2875 cm™' (CHg, CH,,

asymmetric stretching), 1750 cm-* (ester ccof stretch), 1482
cm™* (CH,, bend), 1430 cm-: (CHS, asymmetric deformation),
1390 cm-? (CH;, symmetric deformation), 1265 cm-* {(P=0,
stretch), 1190 cm"l(ester C-0, asymmetric stretch), 1595
cm™* {0-P(0), -O} antisymmetric PO~ stretch) and several
weak absorptioné at 1020 cm-* (CO-P, sfretch), 975 cm-?

(C-§*-C, stretch), B85 cm-* (C-C, stretch), 820 cm-*, 755

cm-' and 722 cm' {{CH3)n, rock}. Because of the similarity

between the infrared spectra of PC's and the PSC's, this
technigue is not suitable for .distinguishing the two. The

peak at 970 ecm~! is the only distinguishing absorption.

_However the Fourier.transform infrared spectra of aguéous

dispersions of DMPSC g%owed additional diagnotic absorption
bands at 3024 cm-? (CHS, asymmetric stretch) and 1435 cm-!

{S* (CH )y, asymmetric CHg deformation} (80).

A
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Figure 17:

96

Infrared spectrum of synthetic 1,2-dipalmitoyl-
sn-3-phosphatidyl sulfocholine in KBr
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1.6.3.2  Nuclear Magnetic Resonance

A Proton NMR

The proton NMR spectra of dipalmitoyl phosphatidyl sulfo-
choline (Fig, 18) and the natural hydrogenated PSC from N.
alba were identical (Table 2). The spectra of the natural
unhydrogenated PSC differed only in that it showed the pres-
ence of unsaturated methyne signals of the fatty acid side
chains. 'The spectra of DPPC and DPPSC were also very simi-
lar excebt for small differences located in the signals for
the Qéad groups. Thus the diagnostic groups in PMR spectra
are: 'SQE?G)Z at 3.2 (singlet, 6H), SCH, at 3.95 (multi-
plet, 2H) and P-0-CH, (S-choline) at 4.36 (multiplet, 2H).
Those of the corresponding PC are: N(CQS):3 at 3.4 8, NCH, at
3.8 and POCH (N-choline) at 4.36. These differences can be .
used for the identification of sulfonium analogues of PC
isolated'frpm natural sources, This 1is shown in the NMR
spectra of 1:1 and 1:2 mixthes 6f PSC and PC (respectively)
where the methyl singlets at 3.4 and 3.2 can be clearly dis-

tinguished from one another (Fig. 19).
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Figure 18: 100 MHz proton NMR spectrum of synthetic
1,2-dipalmitoyl-sn-3-phosphatidyl sulfocholine
in CDC13. ’
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Figure 19: 100 MHz PMR spectra of 1:1 (bottom) and 1:2

(top) (mole:mole) mixtures of egg-PSC and egg-PC,
respectively.

-
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The **C NMR spectra of synthetic DPPSC (Fig. 20) and of
the natural hydrogenated PSC from ﬁ.' alba (Fig. 21) were
identical (Table 3). Of particular interest are the diag-
nostic signals in the spectra assigned to the sulfonium
group: S-(CHgz), at 4%.7 § S-CH, at 63.7§ and P-0-CH, (S-
choline) at 59.4 and 59.9 §. '

S

These. signals as well as the glycerol carbon signals were
quite‘broad'(Fig. 20) felative to those of the hydrocarbon
groups. The probable explanation for this is the formation
of inverted micelieé;in non-agueous solvents such as chloro-
form.. The polar heéd groups are in£efnalized and immobi-
lizedithrough hydrostatic bonding between the positive sul-
fonium and the neighbouring phosphate groups. ‘The fatty
acid side chains on the othér hand project freely into the
chloroform solQent with little or no inter-chain van der
Waals attractions between them. The Tl relaxation times of
_riéid‘and immobile groups is long compared to the relatively
short T2 and produces broad signals while highly mobile
‘groups have much longer T2 relative to Tl and therefore give
sharp sigqals. In.addition, the broadening of the peaks is
partially due to the long rénge phosphorus splitting. This

can be clearly seen in the doublet at 72 §.

The '°C spectra are less important for diagnostic purpos-
es, '?C NMR requires large samples of over 100 mg and long

measuring times (1 hour or more).
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Figure 20: '?C-NMR spectrum of synthetic 1,2-dipalmitoyl-
sn-3-phosphatidyl sulfocholine in CDClj.
#
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Figure 21: !°C-NMR spectrum of synthetic 1,2-dipalmitoyl-
sn—-3-phosphatidyl sulfocholine from N. alba in
CDCls. T
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TABLE 2

'H-nmr Assignments For Phosphatidyl Sulfocholine



o

o SYNTHETIC* NATURAL**

GROUP fA/ SIGNMENT

6 (ppm) No. of Protons d(ppm) No. of
- Found Calc. Protons
HCO glycerol (multi- 5.20 1.0 1.0 5.20 1.0
plet) ;
CH -CO-R : i . 2.0 2.0
2 4.36 4.0 4.36 -
CH -0-P(0)[S=choline] : 2.0 2.0
CH -0-P(0) [glycerol] 2.0 3.90 2.0
3 3.90 4.5
CH -S* [multiplet)] 2.0 3.80 2.0
(CH ) s* [singlet]  3.21 6.0 6.0 ©3.20 6.00
3 2
©cH €0 [triplet] 2.28 3.9 - 4.0 . 2.28 4.0
3 <
CH [multiplet] 1.28 47.5 52.0 1,28 58.0
2
CH [triplet]) 0.90 6.0 6.0 0.90 6.0
3

* (Dipalmitoyl) phosphatidyl sulfocholine
** (Hydrogenated N. alba phosphatidyl sulfocholine {major acyl
groups, 14:0, 18:0 and 20:0)



R

TABLE 3

'?C-nmr Assignment For PhosphatidyljSulfocholine
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SYNTHETIC* NATURAL**
GROUP ASSIGNMENT 0 (ppm) No of o (ppm)
' (Rel to TMS) C-atoms (Rel to TMS)
Acyl C-16, Terminal methyl 14,12 2 14.08
Acyl C-15, Adjacent to termi- 22.75 2 22.68
. minal methyl
Acyl C-3 25.01 2 25.04
C 26.11 26.00
29.28 . ¥
Acyl C-4 to C-13 . 29.44 i8 29.7
. 29.78
o
Acyl C-14 32.00 2 - 32.00
Acyl C-2 (sn-1 position) 34.22 1 34.32
Acyl C-2 (sn-2 position) 34.41 1
(CH ) s- : 45.70 2 45,56
3 2
POCH (S-choline) 59.42 1 59.93
2
H C-0-CO- (sn-l-glycerol) 62.93 1 6€2.70
2
H COP (sn-3-glycerol) 1 63.41 1 63.45
CH S$° (sulfocholine) 63.65 1 63.72
2
HCO (sn-2-glycerol) 70.60 1 70.40
C=0 (sn-l-position) 173.08 1 173.20
C=0 (sn-2-position) 173.47 1 173.60

* (Dipalmitoyl) phosphatidyl sulfocholine
** Hydrogenated N. alba phosphatidyl sulfocholine (14:0,18:0
and 20:0 acyl groups)
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l1.6.4 Mass Spectrometry of PSC h

The field desorption mass spectra of the PSC homo-
logues (Table 4 ) gave base 1ion peaks corresponding to tpe
theo;etical molecular Qeigh, M + a proton (M+H)* withjﬁ/z

vfmass to charge ratio) of 681, 737, 793, 789 for di-14:0,

di-16:0, di-18:0, and di-18:1 PSC's, respectively.

The spectra of all samples showed the expected ions from
the isotopes of C and S (M+2* and M+3*) with intensities
slightly higher than calculated (81, 82). Several peaks
were noted that had higher molecular weights ‘than the base
peak, which is thought to be due to the formation of com-
plexes between a molecule of PSC and one of the intense po-
lar head fragments (e.g. m/z: 89, 107, 187). Thus, M+15 or
M+{CH;) ions were prominent in the spectra of all samples
and are thought to arise from the intermolecular transfer of
sulfonium methyl groups, analogous to the methyl transfer
demonstrated for PC (82). Di-14:0 PSC showed other heavy
ion complexes at m/z 755 (M+75) while the heavier ions of
di-16:0 were measured at m/z 797, 811, and 826 (M+6l, M+75,
M+30, respectively). The following structures may be the
fragments transferred to form the heavier complexéd ions:
CHg-S-CH,- (M+61), CH3-S-CHp-CH,- (M+75), (CHg)oS*-CH,~CHp-
(M+90) . These ions were weak or absent in the spectra of

the heavier derivatives, di-18:0 PSC and di-18:1 PSC.
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Several ions of low molecular weight were seen in the
_spectra of all PSCs, corresponding well with the pelar head
group phosphosulfocholine (m/z 187), sulfocholine (m/z
107), dehydrated sulfocholine (m/z 89) and the diacyl gly-
cerol moiety (R*, Table 4), Other diagnostic peaks can be
assigned to the following fragments: M-61 (M+H- (CHz)55- ),
M=59 (M*H- CHg-S—CH,+ H),  and M-45 (M+CH3-CHp-S-CHs+ H).
The assignment of these fragments is questionable because of
the several complexing steps required (82). In a few spec-
tra (e.g. di-16:0 PSC and the natural mixture of PSC; from
N. alba) the following ions were observed: m/z 77 and 121.

These ions correspond to (CHg)p~S* and methoxy sulfocholine,

respectively.

The spectra reported here are very similar to the spectra
of the hydrogenated natural PSC from N. alba, and the as-
signments of the present data are also consistent with those
reported for the hydrogenated molecular species of PSC from

N. alba (6).
Deuterated derivatives

Two deuterated derivatives, one with a deuterated head
methyl and the other with the 2 position of the‘palmitic
acid deuterafed were synthesized. The mass spectra (not
shown) showed the eipected ion peaks together with other ion
-peaks which could not be assigned unambiguously because of

scrambllng of the deuterium atoms.
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TABLE 4

Principal Ions in Field Desorption Mass Spectra of PSCs
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14:0 PSC 16:0 PSC {ie:o PSC 18:1 PSC
\ .
Tentative - S~
Fragment Assignment m/z° RI$ m/z RI% m/z RI% m/z RI%
89 CH =CH-§(CH ) 89 21 89 14 89 1 89 51
2 k) 2
107 HOCH -CH -S*(CH ) 107 4 107 20 107 - 107 2
2 1 2 a
187 (HO) POCH CH $(CH ) 187 1 187 1 187 1 187 -
2 2 2 3 2
M-185 R+ (Footnote b) 495 5 551 11 607 3 603
M-184 ’ 496 - 3 552 11 608 - 604 -
OH . :
M-61 R-O—g—OCH -CH * 619 4 675 5 731 4 727 -
M-60 2 2 620 - 676 - 732 2 7128 &
. LH
M-59 (R-O-P-OCH CH +H)* 621 1 677 11 733 - 729 ¢
M-58 o] I 622 - 678 6 734 - 730 2
M-46 _OCH, 634 - 690 - 746 5 742 -
M-45 (R-o—g~OCH CH +H)* 635 1 691 10 747 3 743 1
M-1 : 679 5 735 10 791 6 787 -
M _OH . 680 2 736 - 792 - 788 5
M+l  RO-R-OCH CH S{CH ) 681 100 737 100 .793 100 789 100
\O K by 1 3 2
M+2 682 52 738 53 794 54 790 17
M+3 683 7 739 15 795 - 791 5
M+14 LOCHy 694 - 750 - 806 - 802 3
M+15 RO-P-OCH CH S{CH ) 695 13 751 32 807 19 803 48
O F 2 i ] 1
(M+1)+15 696 6 752 12 808 21 804 26
M 680.4 736.5 792.6 788.5
anode current (mA) 10-13 % 18 16 17-19
number of scans 4 1 1 ) 5
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1.7 DISCUSSION

The above results confirh the successful synthesis of
" several optically active homologues of phosphatidyl sulfo-
choline thé major phospholipid of N. alba. -The pure syn-
thetic PSC's were obtained in high yields (50-70% by the
Aneja method (38)), and both saturated and unsaturated mo-
noacid, mixed acid and deuterated dérivatives of PSC were
prepared. The synthetic procedure could also be used for

the synthesis of radioactive PSC..

It 1s interesting to note that PSC may occur in other or-

ganisms other than Nitzschia alba. Maw and de Vignaud (47)

have shown that sulfocholine fed to rats is incorporated
into the phospholipidsvof the liver. Later the work of
Bjerve and Bremer (14i using **S and °’g labelled sulfocho-
line confirmed this and showed that the radioactive (**S and
*H) phospholipid co—chfomatographed with PC on TLC. Kates
and Volcani (4) aléo demonstrated the presence of a sulfur
containing lipid that co-chromatographed with lecithin from
5 different species of marine diatoms. Anderson and Bilan
(13) have achieved an almost .complete replacement of PC by
PSC in cultured LM cells. The cells were grown with
’*S-labelled sulfocholihe as the sole choline source. Simi-
lar.}esults have been obtained with yeast cells and with the

diatom N. alba itself (63).
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These findings together show that PSC can indeed replace

PC in biomembranes of many types of living cells. The ques-
tion now arises concerning the structure-function rélation—
ships of the sulfonium analoques as membrane components com-
pared to the ubiguitous phosphatidyl choline. It 1is this

question which is investigated in Part II of this thesis.



PART 11

PHYSICAL STUDIES OF PSC

2.1 INTRODUCTICN

The presence of phosphatidyl sulfocholine (PSC}) as a ma-
jor membrane component in d;atoms {1) and in LM cells (13)
and in yeast cells cultured in the presence of sulfocholine
(63) raised questions.regarding the effect of this sulfonium
lipid on the physical and dynamic properties of the respec-
tive biomembranes. Some of these questions are:

l. What are the polymorphic forms of PSC?

2. What is the thermal behaviour of PSC?

3. What is the effect of the sulfonium héad group on the

fluidity of PC?

4. Does PSC interact with cholesterol as does PC?

5. What is the effect of PSC on the permeability of mem-

branes?
Having at our disposal a homologous geries of_ synthetic
phosphatidyl sulfocholines, we undertaok a comparative study
of the physical properties of agueous dispersions of the
sulfonium and ammonium analogues of lecithin with the view
of answering these questions, " Lecithin-water dispersions

have been commonly used as model membrane systems in studies

- 118 -
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of structure-function relationships of biological membranes.
The effect of the fatty acid side chain on membrane fluidity
is well recgognized and has been widely studied (83), but at-
tention is shifting presently towards the effect of the po-
lar head group on the properties of biomeﬁbranes (87, 83,

85) .
. 4

The gquestion of thermal behaviour and the effect of polar
head on ﬁluidity was investigated by several techniques,
such as, | differential scanning calorimetry (DSC), steady
State fluorescence polarization, electron paramagnetic reso-
nance (EPR), deuterium and phosphorus broad band nuclear
magnetic resonance and fourier transform infrared spectros-
copy (FTIR). The morphology of PSC dispersions was examined
by freeze-etch electron microscopy , phase contrast light
microscopy, *!P-NMR and monolayer studies, The interaction
of PSC with cholesterol was studied by DSC and permeability
(towards urea) 1in presence and absence of cholesterol was

measured by osmometry (not presented in this thesis}.

Before proceeding with the presentation of the results of
these studies a brief review of 'the.knowledge of our phyéi—
cal properties of natural and model membrane systems, fol-
lowed by a review of the physical methods used 1in the pre-

sent study will be given. -
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2.2 PHYSICAL PROPERTIES OF NATURAL AND MODEL MEMBRANES

Phospholipids exhibit complex‘ morphological behaQiour
which israffected by the structure of the phospholipid, the
solvent environment, the sélutes present and finally the
method of preparatign of the lipid dispersions. Their mor-
phology and fluiditf is also greatly influenced by tempera-
ture (thermotropic effect) (86, 87).. These points were stu-
died with respect to the effect of the sulfonium polar head
and are® therefore discussed below, in the following sec-

tions.

2.2.1 Mesomorphic Phases (89)

The behaviour of phospholipids in water is dependent 6h
its amphipathic nature. The polar head meoiety of these am-
phipaths is soluble in water because of the strong polar
bonding between the charged head group and water. .The fatty
acid tail however excludes water for the following reasons
based on the thermodynamic consideration‘of the 'hydrophobic
effect’ (88): water is a highly structured material with an
extensive hydrogen bonding network  between the water molec-
ules; the interaction of polymethylene groups with water mo~
lecules necessitates a restructuring or distortion of the
structure of water. No favourable bonding can occur between
water and hydrocarbon chains to compensate for the loss of

H-bonds in water. In fact, the introduction of acyl chains
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into an agueous medium requires an unfavorable loss in en-
tropy for the system. . These two factors render the process
energetically very unfavorable and leads to tﬁe exclusion of
hydrocarbon from water. The free energy for exclusion of a
hexadecane from water into a non-polar medium has been cal-
culated to be between -850 to -600 cal/mole (88). This
gives an equilibrium constant of 10’ in favor of the exclu-
sion of water. Thus phospholipids in aqueous media sponta-

neously form aggregate structures (i.e. mesomorphs) (Fig.

22), as has been amply documented (89).

The dry or monohydrated saturated lecithins exist in sev-
eral crystalline states but lecithins precipitated from ace-
tone show a reproducible 'simple'’ transiiion at a tempera-
ture somewhat higher than the transition temperature of the
fully hydrated lecithins. As one adds water to the’ monohyd-
rated lecithin samble, there is a progressive lowering of
the transition temperature to a stable temperature called
the gel to liguid-crystalline transition temperature (Tm}
(2). Further dilution with water to a solute concentration
of 10°** M (the critical micelle concentration, CMC) produc-
es no. change in the transition temperature nor in the en-
thalpy of transition, the lecithin remaining.in an aggregat-
ed form, Below this concentration the lecithin ceases to
exist in an organized or aggregated form (liposome or vesi-

cle) and instead behaves as freely soluble molecules (2).
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A variety of lipid aggregate structures are known such
as: the monolayer, the micelle, the bilayer é%d'the hexago-

nal phases (Fig. 22) (g%ée reviews: 950, 89, 91).

¥
2.2.1.1 The Monolayer

Amphipathic molecules spread as a monolayer film on the
surface of water with ghe hydrophilic head groub submerged
in the water and the fatty chains extended upward in the
air. This system resembles a two dimensional gas, the mo-
lecules cover the entire area and act more or less as inde-
pendent molecules., If the area is diminished, the molecules
on the surface will be forced to come together. The pres-
ence of a lipid layer on the surface of water lowers the
surface tension of the water. The more condensed the lip-
ids, the lower the surface tensioni From the measurement of
this property, the events occurring in the monolayer can be
monitored. Upon compressing the film the mobility of the
surface head groups+is festricted first, and fihally, the
fatty acyl tails are immobilized perpendicular to the sur-
face of the monolayer. At the highest point of compression
of the monolayer, the cross-sectional area of the phospholi-
pid can be calculated. The detailed compressién curve can
-give information on the relative influence of the head group

and the fatty acid tails (92, 93).
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2.2.1.2 Bilayers and Liposomes s

The most thermodynamically stable aggregate of lecithin
is the bilayer (94, 95, 137).  The phospholipids in this
structure form a two-dimensional barrier to water with the
polar head groups prdjecting‘;ﬁto the agueous medium and the
.hydrophobié chains projecting away from the water into the
_ interior of the bilayer. This very ordered two dimenéional
crystal has a ‘eat tendency for spontaneous formation as
judged by the enthalpy (AH)  for bilayer formation from
aguecus solutiomn of ~1B kcal/moles. It should be noted also
ﬁhat these bilayers will form ogly if the temperature is
such that the phospholipid is in the fluid state. Bilayers
can be seen as a 75 angstrom wide double track in EM on

heavy metal staining of both biological membranes and phos-

pholipid dispersions (96).

Bilayers of lecithin asséciate into large structures con;
sisting of a series of concentric hollow spheres of bilay-
ers, layered one 6n the other, much like an onion. This
structure is called a multilamellar vesicle (MLV) or lipo-
some (95f (Fig. 22). Each layer is formed of a bilayer, and
between each layer “is aqueous medium., 1If an:aqueous_diSper-
sion of MLV is subjected to ultrasonic vibration the lipo-.
Somes will be disrupted and fragmented to smaller unilamel-

lar structures called vesicles (Fig. 22).
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) 2.2.1;3 hﬁodel Membranes

The study of biomembranes 1is rendered easier when the
components are - separated and investigated _individually.
Though the properties of simple membranes are somewhat
different to that of biological membranes, the results can
be:used to understand the behaviour found in more complex
membranes. One of the most commoniy studied phospholipids
is dipalmitoylphosphatidyl choline (DPPC). PC is the-most
abundant phospholipid in most biomembranes and Cle fatty
acids are usually present in natural membranes. DPPC is the
major phospholipid of lung surfactant. DPPC is easily syn-

thesized and is commércially available at a reasonable cost.



Figure 22:
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Mesomorphs formed by amphipaths in agqueous and
non aqueous media.
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v

2.2.2 Membrane Fluidity

Membrane fluidity can be defined in terms of viscosity in

the following simple relationship (97): I
Fluidity = ¢ = 1 = T“j
viscoslty n

Because the conventional methods for the determination of
viscosity measure the bulk properties of the liquid, and be-
cause it is the mobility of the individual lipids in the bi-
layer which 1s the area- of interest in membrane fluidity,
special methods are needed to examine membrane fluidity.
Lipids in a bilayer are stacked parallel to one another and
nearly perpendicular to the plane of the bilayer, forming a
two dimensional crystal, The mobility of the lipids in a
membrane can be considered in terms of 4 components of mo-
tion of the lipid:
1, Vibrational motion of the fatty acid chains of the
phospholipids
2. Translational motion of the lipid along the plane of
the‘bilayer. |
3. Rotational motion of the lipid along the long axis of
the lipid ie motion similar to the motion of a top.
4. Flip-flop motion of the lipid: movement from one side

of the membrane to the other side.

The vibrational motion of the fatty acid is defined as

the rate of exchange of trans and gauche conformers and is
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often measured as the relative amount of these two conform-
ers at any time (98). This property can be measured by deu-
terium NMR and FTIR spectroscopy. Deuterium NMR experiments
on aqueous dispersions of perdeuterated DPPC at 0°C have
shown the fatty acid chains to be highly ordered and immobi-
lized in a gel like state (Fig. 23) with the methylenes in
an all trans conformation (99, 100). A gradual increase in
motion is observed with increasing temperature. At the
transition temperature the motion increases rapidly indicat-
ing the formatioh of gauche conformers. ﬁantsch (101, 102,
103) has confirmed these results with FTIR. They found that

in the gel state, up to the transition temperature, all the

methylene groups Qf the fatty acid chains are in the trans

conformer. However, in the liquid-crystalline phase, there
is an increase in the average number of gauche conformers

per acyl chain as the temperature is raised (99),

The lateral diffﬁsion rate of phospholipids along the two
dimensional plane of the bilayer was measured by ESR and NMR
spectroscopy. Using spin labeled 1lecithin®(labeled in the
head group) Kornberg (104) found the jump rate of a phospho-
lipid from one site in the bilayer to another site to be
greéter than 3000 times per second at 25 °C. Several au-
‘thors (105, 106, 107, 108) using diffe;ent ESR methods (109)
have found the diffusion rate of phospholipids in the bi-
layer and 1in the liquid «crystalline state to be from 1 X

10-* to 5 X 10" cm?/sec. This implieé\that a phospholipid

L



129
¢an travel thousands of molecular diameters’a second; howev-
er the presence of proteins and cholesterol are known to,
slow down translational motion (110, 106). Lateral diffu—‘
sion can give rise to phase separation in biological mem-
branes and this in turn to functional heterogeneity along

the surface of the bilayer. \

Rotational motion along the long axis of the ospholi-
pids in a bilayer also has been measured by ESR and NMR and
has been found to be temperature and phase dependant. Re-
sults have shown the lipids rotate very rapidly in the fluid

state (109).

Finally, flip flop motion has been found to be extremely

slow in comparison to the other modes of motion. Single bi—\\

layer vesicles of lecithin with spin labelled lecithin only
on one side have exchange rates s;ower than 2 X 10-* times/
sec (104). This is not surprising as studies of bioldgical
membranes have shown that the lipid of these to be highly

asymmetric across the membrane (111).

It seems reasonable to assume that an increase in fluidi-
ty arising from various mode§§: otion of the lipids would
Cause the bilayer to expand. The expansion of sealed vesi-
cles upon heating can be measured by the amount of light
Scattering in the visible range (650 nm) (112). This expan-
sion or lowering of molar volume is quantified by the fol-

lowing equation:
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‘1/n = B{(V-Vo)/Vo (97)

N

where Vo 1is the molar vdlume of the liquid just above its
melting point, V is the-volume of the liquid at the measured
temperature and B is a constant to correct for the excess
molar volume and for the spatial orientational features of a
bilayer (97). Fluidity measurements wusing fluorescent re-
porter pfobes imbedded in membranes are actually measuring
the degree of expansion of a bilayer (153). The steady
stéte anisotropy or polarization is a measure of of the an-
gular rotation of the probe which depends on the 'space'

between the lipid molecules (113).

There 1s a close dependence of fluidity of biomembrane on
the molecular structure of phospholipids (89). Organisms
alter the molecular composition of these lipids to compen-
sate for .changes in their environment (83}. The length and
dégree of unsaturation of fatty acid side chains as well as
the nature of Ehe polar head of a lipid has a profound ef-
fect on the fluidity of the membrane. These aspects will be
discussed next under the heading of lipid thermotropic ef-~

fects and are the immediately following topics.

2.2.3 Lipid Thermotropic Effects

. 2.2.3.1 The Gel State

At room temperature, aqgueous dispersions of saturated

derivatives of PC [di-16:0, d4i-18:0, di-20:0 etc] exist in a-
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gel { Fig. 23) like state Where yhan der Waals forces between
the methylene groups of .the fatty acid side chains maintain
a crystal structure. As mentioned above, the methylene
groups are held 1in an all trans conformation (see membrane
fluidity section) with the fatty acids tilted slightly out
of perpendicular to t;e plane of the bilayer ( 30°) . (114).
This is thought to allow for maximal separation of the hyd-
rostatic repulsive forces of the head group of PC (87), whi-
le maintaining the tight orthorhombic packing of the fatty
acid chains/ (Fig. 24) (102f. There is also some torsional
motion, 'w ich increases with 1increasing temperature of the

bilayers (102).

2.2.3.2 The Pretransition (Tp)

-

. As the temperature 1is increased there is an increase in
motion (tortional) of the lipid chains and a rearrangement
of the orthorhombic or distorted hexagonal packing of the
fatty acids to hexagonal packing above Tp (114, 102) (Fig.
24), with a corresponding slight s;réightening up of the
chains to less than 30° from perpendicular to the plane of
the bilayer (Fig. 23) (114), an increase in the hydration of
the head group (87) and the appearance of a periodic undula-
tion or rippling along the surface of the bilayer, which can
be distinctly seen,” by freegg etch electron microscopy, as

furrow like structures on the surface of the bilayerk(167),

and has been detected and the periodicity measured by X-ray
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diffraction (115, 114). This low heat requiring transition
- was first seen by calorimetry and is generally referred to

" as pretransition (Tp) (2}.

©2.2.3.3 The Main Transition (Tm)

-

Aé the temperature is further raiséd the motion .of the
chains increases to a point where the van der Waals bonds
wbreak and the fatty acids become fluidised. The temperature
and the energy requirement of this melt was first measured
by calorimetry and was found to be dependant on the length
cf-the fatty acid chain; of the phospholipids (2), as well
as the polar head (2), where the temperature, enthalpy and
entropy of transition increases nearly linearly with in-
creasing chain length of the fatty acids (Fig. 30). The in-
creaée in van der Waals forces between fat@y acid chains has
beeq calculated to be approximately 1.0 Kcal/methylene (2).
Also the difference in the temperature of the pretransition
and the main transition diminishes linearly with indreasing

chain length (117).

2.2.3.4 The Liquid Crystalline State

The liquid crystalline state or the fluid state is char-
acterized by an increased motion of the fatty acid chains
{99, 100), by translational motion of the lipids along the

plane of the membrane (106, 109), rotational motion of the
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lipid perpendicular to the plane of the membrane (98} and
finally in an overall expansion of the bilayer-(lle, 119)
(Fig. 23). This motion is discussed in the previous‘section
on membrane fluidity. Spontaneous formation of liposomes
will occur only 1if the lipid agueous mixture 1is above the
" lipids' transition temperature; This implies that membranes

must be fluid in order to form these special stuctures.

2.2.3.5 The Subtransition (Ts)

In aqueous aispersions of DPPC, the gel to ligquid-crys-
talline main transition at 41.5 °C and the pretransition at
35 °C are the only thermal transitions usually seen by calo-
rimetry. However liposomes of DPPC maintained at 0-4 °C for
several days, Eiow a third broad transition at 18 °C. The
quantity of heat absorbed by this transition increases with
the period of incubation at 0-4 °C to a maximum value at
several days. For-DPPC, the maximum heat of transition of
the subtransition so far reported (4.5 Kcal/mole) was three
times as large as the pretransition (1.5 Kcal/mole) and one
half as large as the main transition (9.4 Kcal/mole) (120).
- The transition on coolihg cannot be detected by DSC, This
type of behaviour is a typical kinetically controlled slow
process leading to a more thermodyhamically stable state.
Recent infrared spectroscopy studies have shown that this
pretransition 1is caused by the rearrangement of the

2-dimensional packing of the acyl <chains of DPPC (143) and
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possibly a change in the orientation and hydration of the

head group (184, 185).

e
.

—
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Figure 23: Thermotropic behaviour of saturated lecithins
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2.2.4 Hexagonal Phase versus Bilayer

+PE behaves quite’ differently -than PC (122, 123, 124).
Saturated deriqatives of PE form bilayer structures but
these have gel to ligquid transitions_zo to 25 °C higher than
the corresponding PC. At higher temperatures the fatty acid
part of the molecules swing apart and the liposomes are
transfbrmed into cylinders stacked parallel on top of each
other. Each cylinder is comprised of lipids with the polar
heads pointing inward and the fatty acid tails are pointing
outward. This structure does not hold very much water com-
pared to the bilayer and is called hexagonal phaée (Fig.
22), not to be confused 'Qith hexagonal packing (Fig. 24).
Unsatuiated-PE like Egg PE or di-18:1 PE adopt the hexagonal

phase at room temperature (122).

The different morphic behaviour of PE verses PC has been
attributed to at least three different things:
1. ’The smaller head group of PE (125).
2. The difference in orientation of the two headgroups
(126, 127, 128), .
3. The ability of PE to form stronger polar head inter-
molecular associations with neighboring polar heads

(129, 130, 131, 187).

Neutron diffraction studies of PC and PE have shown the
head groups of both derivatives in both the gel and fluid

states are nearly parallel to the plane of the bilayér-
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The evidence of a greater intermolecular association

of PE head groups than of PC head groups via hydrogen bond-

ing between the negative charged pheosphate of one molecule

and the positively charged ammonium group of a neighboring

lipid molecule is étrong:

1.

The lower mobility of the head group of PE than PC as
measured by NMR (133).
The greater diffiéulty in hydrating PE than PC (134).

' PE packs tighter than PC in monolayer studies (87).

The higher transition temperature of PE (2).

Tﬁe greater order of PE bilayers than PC bilayers
(87). | *
Vesicles of PE interact with one another and fuse at
a much more rapid‘rate than vesicles of PC (135,
130).

If the pH is raised the transition temperature. of
PE's drops to that of the corresponding PC and the
vesicles of PE will no longer fuse (136) due to a de-
protonation of the ammonium group. This indicates

that a positive charge on the amine is necessary for

intermolecular association of the polar head groups.

Examihation of the transition temperatures of other phos-

pholipids show that the transition temperature of DPPC at 41

°C is the lowest for all the different head groups. Thus

DPPC(+-) has a transition temperature of 41 °C, DPPE(-, at

high pH)™Ngt 41 °C, DPPG(-) at 41 °C (87). It hqf been sug-

4
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gested that the head groups of PC and these othqr phospholi-
pids repulse each other and thus cause this lo;‘transition
temperature (87). Other phospholipids, on the other- hand,
are thought to have interactive polar head groups and there-
fore higher transition temperatures. Thus DPPE (+-) has a
transition temperature at 63 °C, DPPS{(-~-+) at 55 °C, DPPS

(=+)} at 72 °C and DPPA (-) at 71 °c {(87).

2.2.5 The Effect of Cholesterol

Cholesterol is an important component of animal plasma
membranes and its effects on é%gmbranes has been studied ex-

tensively (141, 45).

~  Cholesterol has been reported to have both a fluidizing
and condensing effect (141, 142, 42). How can this dual be--
{‘héviour be explained?

First cholesterol interacts non-covalently with bilayers
and disrupts the orthorhombic paéking of the fatty acid
chains (112). This restructuring of the chains accounts for
the disappearance of the pretransition and the lowering of
the cooperative unit of saturated lecithins. Also while the
steroid nucléus immobilizes the first nine meﬁhylene carbons
of the phospholipids, the remaining terminal fatty acid me-
thylenes and the sterol side chain are very mob{}e. In ad-
dition, the head group and the sn-3 carbon of glycerol do

—_

not intéract with cholesterol (193) while the fatty acid es-

L

]
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ter carbonyls hydrogen bond to the sterol hydroxyl (112),.
This explains the dual nature of cholesterol: its fluidizing

and condensing powers.,

Below 20 mole % cholesterol, two phases coexist and ap-

pear to be made up of pure DPPC bilayers and mixed bilayers

of DPPC-cholesterol 8:1 (188) or 4:1 (189). At cholesterol
levéls greater than 20 mole % the separate domains no longer
exist, the bilayer condenses and this stabilized structure
behaves as a better permeability. barrier to water and other
metabolites (141). At 29 mole $ cholesterol, there 1is
another critical change in the structure. Despite the mem-
brane stabilization effect cholesterol Has very little in-
fluence on phospholipid diffusion rates (191). Addition of
increasing qhantities of cholesterol progressively abolishes
the gel to liquid-crystalline transition with the appéarance
of an additional broad thermal transition at a slightly
higher‘temperatu;e (190). Finally, the bilayer cannot acco~
modate a greater cholesterol content ‘than SO mole percent
before it is disrupted by the cfystallisation of the cho-

lesterol.

2.2.6 Fluid Mosaic Model

The fluid mosaic model, proposed by Singer in 1972 (144)
is now generally accepted as being the prevailing model of

the structure and function of biological membranes. This

5 :
/
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model proposes that the biological membrane of living cells
is principally a bilayer structure with a 2 dimensional sea
of lipids in.which and on which floats a mosaic of proteins.
Like any model, it has certain limitations. There is strong
evidence that hexagonal phase may be required for fusion of
ﬁembranes, a vital function in certain cellular processes

like the secretion of hormones {(14%).

is
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2.3 REVIEW OF THE PHYSICAL METHODS USED IN THE PRESENT
STUDY

2.3.1 Calorimetry

Differential Scanning Calorimetry (DSC) is a technique in
which the sample and reference are heated or cooled sepa-
rately and the difference in heat réquired to maintain both
at the same temperature is recorded againsf temperature (2).
Thermal events such as phase transitions and changes in en-

thalpy may be accurately determined by DSC.

In DSC, agueous dispersions of homogeneous lipids give
very sharp endothermic gel to liquid-crystalline transition,
an indication of a high degree of cooperativity between the
lipids. A rough measure of the size of the cooperative unit
of the monolayer is given by the expression h//\ T: where
h = peak height and /\ T is the temperature range of the
transition at a fixed height. The cooperative unit has also
been calculated by other methods (117). The enthalpy of the
process (/A\H) is is given by the area under the transitiéﬁ
peak while the change in entropy is derived from the follow-

ing relation, for an adiabatic process (2):

S = /AH
Tm(K)
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2.3.2 Fluorescence Studies

2.3.2.1 Fluorescence polarization

The degree of fluidity or the rigidity of biléyers may be
measured by the technique of fluorescence polarization of .a
suitable fluorescent probe. The degree of polarization of
’emission using vertically polarized excitation source is de-

fined as:

v/ - 11

// + 1 _|

where I// and I _| are the intensities of the components of
the fluorescence measured parallel and perpendicular to the
direction of the vertically polarized excitation beam (146).
The fluorescence polarization is maximal when the fluores-
cent molecule is fixed in a given orientation (does not ro-
‘tate during the lifetime of the excited states) and when the
emission dipole is parallel to the absoérption dipole. If
this ideal situatioﬁ can be achieved then the maximum value
cf P is 0.5. Therefore in a spherical‘liposome,' if the
fluofescent probe is completely immobilized then one expects
to observeﬁa value of 0.5, In practice the ideal situation
is rarely achieved because the motion is never totally res-
tricted and the absorption and emission dipoles are rarely
parallel. The value of P is therefore always below 0.5.

The polarization of a fluorescent probe such as DPH in the

rigid gel state of DPPC is about 0.4. When the rigidity of

-
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the bilayer is diminished, as in the liquid-crystalline
state, the fluorescent molecule has a greater fregﬂpﬁ\?f mo-
tion resulting in a lower degree of polarization, F}ue of
0.2-0.3. The transition temperature (Tm) is thus def?ned as

the temperature at the mid-point in the change in P,
- .

The fluorescence intensity of pelycyclic aromatic molec;
ules is dependent on the solvent, temperature, and phase
(148, 147)., For %ﬁgmple, the fluorescent intensity (quantum
yield) of unsubstituted aromatic molééules in aquéous media
is generally low compared to that in non polar media, such
as hydrocarbons. Therefore if such a membrane probe is dis- °
solved in the external isotropic agqueous media its fluores-
ceﬁce will not interfere with the polarised fluorescence of
the probes imbedded in the membranes. Of cburse, the parti-
tioning equilibium of a membrane probe should lie heavily in
favour of dissolution of the fluorescent molecule in the bi-
layer. The fluorescencé iﬁtensity progessively diminishes
with increasing temperature and drops rapidly at the gel to
liquid-crystalline transition. This is because interactions
with the lipid environment are increased resulting in an in-
crease in the non-radiative deactivation of the excited
state of the probe molecule. Hence fluoresceﬁce qguenching
is dbsarvéd. The interference of other excited state
quenching mechanisms such as oxygen quenching or due to ex-
cimer formation may be eliminated as follows: oxygen

quenching is eliminated by the use of deoxygenated solutions
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while self-quenching {the formation of excimers) 1is minim-
ized with dilute solutions of the probe in the bilayer. The
high lipid to probe ratio (400:1) also lowers the disruptive
effect of a foreign material in the bilayer. Because only
small amounts of fluorescent probes are used, it is required
that the fluorescent molecule has a high molar extinction

coefficient.

A summary-of the relevardt properties of the fluorescent

~
probes used in this study is given below. Four fluorescents
probes were used: diphenylhexatriene, cis and trans parinar-

ic acids and p-guaterphenyl.

2.3.3 Fluorescent Probes

2.3.3.1 Diphenylhexatriene

Diphenylhexatriene (DPH) (Fig. 25) an aromatic molecule
used widely in many model and biological membrane studies
(113, 149, 150, 151}, is particulérly suited for membrane
studies. In-particular, 1ts extremely highbmolar extinction
coefficient (85,000 units) ensures thAt very small amounts
of this probe may be used which will not disrupt the mem-
branes. The fluorescence of DPH can be quenched quite sev-
erely with oxygen bﬁf its quantum yield in deoxygenated so-
lutions is very hiéh {0.8). In addition, the hydrophobic
and the linear nature of the excited molecule render this

probe lipid soluble and hence its fluorescence polarization
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is dependent on the disorder of the bilayer -{(146). This{
probe reports from the hydrophobic region of the bilayer
(152, 192) (Fig. 26).

2.3.3.2 Parinaric Acid (153, 154) .
Parinaric acids are excellent fluorescent probes for study-
ing membranes. They are. unsaturated fatty acids with 4 con-
jugéted double bonds. They exist in two forms: all Egégg

(Fig. 25) and cis trans trans cis (Fig.- 25). Becausg they

are f&tty acids they induce very little perturbation to the
membrane and report from the polar regions of the bilayer
(Fig. 26) (192). 1In addition, Sklér has reported that trans
parinaric acid places itself in the ordered gel phase while
cis-parinaric acid partitions into ‘the liquid crystalline

areas of the membranes. o

2.3.3.3 p-Quaterphenyl (QP)

This highly fluorescent molecule {Fig. 25) has not been
used previously as a lipid probe. It has absorption and
fluorescent propetties desirable for a membrane prébe: e.qg.
a high molar extinction coeficient (40,000 units); a high
fluorescence quantum yield of (0.89)  short singlet decay
time (0.8 nsec) (147). The low solubility of p-quaterphenyl
makes~the handling of this substance difficult. As in DPH,
QP is thought to report from the hydrophobic region of the

bilayer (Fig. 26).
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2.3.4 Electron Paramagnetic Resonance (162, 109)

McConnell and coworkers (155, 156, 157, 158) were the
first to use stable nitroxide spin 1labels to study the phy-
sical properties of membranes. Bj comparing the spectra of
spin probes in isotropic media and those intercalated in the
bilayer, insight into the motion of the lipid molecules was
obtained (157, 158; 168, 159). The fatty'acid spin probes
x-doxyl stearic acid proved to be very sensitive to motion
along the long axis of the fatty acid chain because of the
orientation of the unpaired .pi electron orbital of the ni-
troxide group which lies parallel to the direction of the
fatty acid chains. Through detailed spectral analysis, the
rotational motion and the flexibility of the chains was ana-
lysed and waé usually related in terms of the order parame-
ter, S (160, lél).' The spin probe N-tempo stearamide, which
reports from the polar head region of the bilayer, has a
more isotropi; type motion because of the very high rota-
tional rate of this probe around the short axis of thé fatty
acid chain. This rate of motion was related to the rota-
tional correlation coefficient (162). Finally,‘ the large
nitroxide probes have been known to disrupt tﬁe bilayer
structure and this has led to anomalies in the Properties'of
the bilayer, e.g. low transition temperatures (169, 186).
Two spin probes were wused in the study of PSC: 5-doxyl

stearic acid and N-tempo stearamide.



Figure 25:

150

Structures of probes used: Fluorescent probes,
A} trans-parinaric acid, B) cis-parinaric acid,
C) diphenylhexatriene, D) quaterphenyl, Spin
probes, E} S5-doxylstearic acid, F) N-tempo
stearamide. ,
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Figure 26:

152

Probable location of probes in the bilayer: A)
trans-parinaric acid, B) cis-parinaric acid,C)
diphenylhexatriene, D) guaterphenyl, E) 5-doxyl
stearic acid, F) N-tempostearamide.

»
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‘2.3.5 Nuclear Magnetic Resonance

-~

The NMR technique has  been of great importance in the
study of membranes., One great advantage is no extraneous
probe is used, and therefore, the structure of the bilayer.
is not disrupted as in the techniques using probesl Phos-
phorus, proton, deuterium and carbon can be studied direct-
ly. Unfortunately, carbon and protoh NMR givg;very little:
information on their environment: they show very little
chemical shif nisotropy, and their relaxation times Tl and
T2 are not sizjéficantly altered by small changes in motion,

Deuterium and phosphorus on the other hand, have been used

.extensively in physical studies of membranes.

2.3.5.1y .Deuterium NMR

.Despite the relative insensitivity oY deuterium NMR rela-
tive to proton NMR (9.65 x 10°? times) the quadrupble moment
of the deuterium nucleus (spin = 1) has made it particularly
useful in the study of molecules in anisqtropic media such
as liguid crystals and solids (98). The obseféed quadrupole
splitting of selectively deuterated 1lipids is influenced by
local properties of conformation (order) and motion of the
lipid molecules {132). ‘

The application of an external magnetic field, Ho, influ-
ences the spatial orientation of the spins of fﬁe‘nucleus.

The interactive energy Eg depends %n the direction of the
] A3

N

——



155
nuclear spins an on the distribution of local charges due
to the C-D bond and these nuclear and electronic factors
determine the orientation of the quadrupole tensor. The
distribution of cha}ges around the C-D bond ﬁzoduces an in-
homogeneous magnetic field  (electric field gradient tensor),
with a symmetry axial to the direction of the C-D bond.
Thus for a g{vén EFG tensor angle, the interactive energy Eg
has 2 possible values according to the allowed spins of deu-
terium (+1, -1). The two energy levels can be calculated or
measured as the quadruﬁole splitting for fixed angles of
single crystals and has been found to be -127 KHz for C-D
bond perpendigular to Ho and 255 KHz for a parallel—orienta-
tion using the static coupling constant 170 KHz (132). The

deuterium spectra of 1iposomesi/;ith deuterium labelled-liﬁ—

ids appears as a powder spectrum due to the superpositioning

of the quadrupole splitting of all the angles of the C-D
bonds relative to Ho. The spectrum ofiihe gel state (of 1li-
posomes) is very broad. However the spé@trum of the liquid
c ystalline state, because of the rapid rotation of fhe lip-
id molecules about the long axis, is more- narrow than the
gel state spectrum because of the averaging of the signals
about the axis of each lipid. In the spectrum of liposomes
two maxima are seen; these correspénd to 'effective angles
of C-D' at 90° with respecf.of Ho and it is these maxima

which are generally called "quadrupole splitting”™ as will be

the case in subsequent discussion. (J

4
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The deuterium spectra of lipids labeled in the head group
cannot be analysed by single order parameters (166), as is
commonly used for the spectra of phospholipid bilayers with
deuterated acyl chains because there is a lack in knowledge
of the behaviour of the head group (163). It is however in-
creasingly apparent that more information is held in the
deuterium NMR spectra than that  obtainable from simple cal-
culations of gquadrapole splittings and‘signal 'halfwidths
(164). More reliable deuterium spectra obtained from ultra-
mogffn high technology NMR spectrometers can give insight
into aspecté such as: the changes in the rates of motion of
the lipids, in the distribution of the order parameters, in
more accurate calculations of the avefage order parameters
(100, 165), and in the fraction of the lipid in the gel or
the fluid state 5164). These various items may be calculat-
ed from the moments of the. spectra according to the follow-
ing equation:

n
faa f (x) dx

£ (x) dax

where %V(x) is the experimental lineshape, x = w,- w and w,
is the angular frequency at the center of the sSpectrum. A
more accurate measure of the quadrapole splitting is ob~
tained from the Ccalculation of the first moment of the NMR

spectra [Dg=0.3849 M1, vide infra ] (164). The fraction of
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the lipid in the gel state or the liguid-crystalline state
at the temperatures just below and above the transition
temperature can be calculated from the first, second and
third'moments by .the method of Jarrell et al (1647,J521ng

their equation 1.

2.3.5.2 Phosphorus NMR (132)

P NMR is wused to distinguish morphological phases and
motional states of phospholipids. Onlike deuterium, phos-
phorus has a spin of l/2;and its che&icgia;hift is dependant
on the orientation of thé phosphorus nucleus in the magnetic
field, because of &khe uneven distribution of the circulating
electrons: around the phosphorus nucleus. Phosphorus-in iso-
trop1c solution will give rise to an avere value, wusually
used as the reference chemical shift of zefé6. Different or~

ientation of the phosphate group will Tresult in the a shift

upfield and downfield relative/to the isotropic signal.

Phospholipids in a lipogome are oriented with equal pro-
bablility over the surface of the sphere. A powder spectrum
arises due to the superpositioning of the sub-spectra ex-
pected for each orienLation of the phosphorus nucleus. Be-
cause the NMR signal is spacially oriented not all orienta-
tions have an equal contribution to the spectra and a
characteristic powder spectra is obtained (Fig. 27}. The

orientation of the phospholipids in hexagonal phase 1is

‘ S
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di?EEE}S!;:from that in liposomes and this results 1in that
the spectra of hexagonal phase can be clearly distinguished

from the spectra of bilayer phase (Fig 27).

Phosphorus NMR may be used in temperature dependence stu-
dies. In the case of liposomes, as the temperaturé is
raised, the phosphorus spectrum narrows from the increase in
motﬁon.and decrease in order of the phosphate. It is howev-
er, difficult to distinguish between these twd parameters
(166). The width of the spectra is nonetheless used to stu-
dy the motigﬁ of lipids and is termed the extreme chemical
shift (CSA) 1In CSA the difference between the upfield maxi-
mum and the lowfield minima is measured in Hz. The midpoint
in sharp changes in this parameter is defined as the transi-

tion temperature (Tm).



RN §

Figdre 27:

Relationship between the **PNMR spectra and
mesomorphic phases.
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2.3.6 Fourier Transform Infrared Spectroscopy

Modern instrumental advances in IR spectroscopy, such as
fourier transform spectra acquisition, has~3pde it feasible
to study model membranes due to the digitization, high reso-
lution and a high signal to noise ratio of the spectra.
Thus the freguency of a band may be accurately calculated
from the centre of gravity, the band widths may be accurate-
ly determined at a fixed distance fr;E“Ehe peak height and
finally difference spectra can be used to measure previously

undetectable thermotropic changes in the spectra.

The intensity, frequency and width of different bands
have been used to characterize certain thermal behi§§our
such as the main transition temperature (Tm), the pretransi-
tion (Tp) and the nature of the gel and fluid states. The
packing of hydrocarbon chains in a gel like phase has been
deterhined by the splitting of the methylene scissoring band
(1462 & 1472 cm-1), " In the case of DPPC in the gel phase
below the pretransition temperature, the methylene scissor-
ing band is split in two bands due to the "crystal field ef-
fect”™ that only occurs in an orthorhombic.or monoclinic lat-
Gfice (?fg. 24). | On the other hand, the single band

indicates a hexagonal or tricliniec packing of the acyl

chains and is found iz/ﬁhe gel phase of DPPC above®the pre-‘
N
(

trawgfzion temperatur Fig. 24). Other studies have con-
{

"firmed that the packing of the acyl chains in gél phase at

)
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low temperatures is ;the tight orthorhombic subcell while at
temperatures above' the pretransition the chains are packed
in a .hexagonal manner (102} (Fig. 24). The pretransition
temperature may be calculated from the methylene scissoring
band (splitting) or from the chénges in frequencf and width
of the ester carbonfl stretching band (1740 cm-!). The main
transition temperature can be' accurately measured from sev-
eral bands: methylene antisymmetric and symmetric stretching
bands (2920, 2880 cm ') and the terminal methyl asymmetric
and symmetric stretching band (2956, 2872 cm-*) (103).
These bands from the acyl chains éhow sharp changes in the
intensity, freguency and bandwidth at the main transition

temperature.

The strong phosphate Kands (1220 and 1080 cm~!) are rath-
er insensitive to changes in temperature and phase, perhaps
due to the anchoring effect of the complexed water. In ad-
dition, ' the head methyl groups of PC gives rise to a very

weak band with minimal changes.

2.4 METHODS

2.4.1 Electron ﬁicroscopy

Freeze-fracture EM was carried out as described elsewhere
(181) wusing a Polaron Type 7500 freeze-etch device eguipped
with an Edwards 12E6 coating unit and a Phillips Model 300

electron microscope.
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2.4.2 Differential Scanning Calorimetry (2)

The‘ differential calorimeﬁer used was a Perkin-Elmer
DSC-2 instrument with an operating témperature range between
-60 °C and 400 °cC. Solid samples (1-2 mg) were placed in
sealable Dupont coated aluminum pans; water (2 to 10 pL) was
added, and the mixture was stirred on a hot plate at a temp-
erature 5 degrees higher than the expected transition temp-
erature (Tm) of th lipid. Witk long chain saturated deri-
vatives, addition of an extra aliquot of water (2 to 10 uL)
was required to compensate for losses due to ‘gvaporation
dqriné heating at temperatures greater than 40°¢. The pans
were sealed by crimping the edges in a specially designed
press and the samples were annealed by cycling their temper-
ature above and below the transition temperature of the lip-
id and with vigorous shaking on a vortex mixer. The pan Qas
then placed in the sample chamber of the DSC instrument and
the sample was annealed further by heating and cooling it
above and below the Tm until a reproducible DSC curve was
obtained and no transition due to ény uhhydrated lipid was

observed.

With non~solid lipids (e.g; diéleoyl phosphatidyl sulfo-
choline or egg PSC and DPPSC:cholesterol mixtures) chloro-~
form solutions of the samples (2 mg/100 pl) were applied to
+ the pans in small aliguots and brought to'dryness under a

gentle “stream of nitrogen. Last traces of solvent were re-



l64
moved in a vacuum oven (0.05 mm=of Hg) over KOH pellets at
40 °C fbr one half hour. These lipid films were then treat-

ed with water as above.

The melting behaviour of the dry crystalline PSC's, pre-
" cipitated from acetone, were also measured by DSC. Samples
were placed in the pans as described above, but the hydra-

tion and the annealing steps were omitted.

A heating rate of 2.5 °C per Tinute and a sensitivity of
0.5 to 2 mcal/sec® was used routinely, Enthalpies of tran-.
. sition were estimated from the areas of the transition peaks
after calibration of the instrument with indium and quanti-
tation of the phospholipid in the aluminium pans via fatty
acid methyl esters analysis by GC as described in section
1.3.3.4. Areas of peaks were determined by cutting the
peaks off the photocopied chart paper and weighing them.
The chart speed was increased to 160 inches/min in order to
increase the‘size of the peak and thereby lower the errof-in

deteTmination of their weight.

2.4.3 Fluorescent Spectroscopy

Fluorescence measurements were made with a Perkin Elmer

spectrofluoriméter, model MPF-44A equipped with a Perkin-gl-'

mer correction spectral unit. The fluorescent probes; (di-
phenylhexatriene (DPH), <cis and trans parinaric acids or p-

quaterphenyl) were incorporated into the lipids, in a probe

4
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to lipid mole ratio of approximétely 1 to 400 as follows: a
chloroform solution (ca. 1 mL) containing 0;6—0.8 mg (1
Pméle) of phospholipid (PC or Hé&) and 0.54 ug (2.3 ﬁmoles),

of DPH, or 0.64 pug (2.3 nmoles) of cis or trans parinaric

acid, or 0.7‘Pq‘(2.3 nmoles) of QUaterpﬁényl was brought to e
dryness inja 10 mL test tube under a steam of nitrogen. The
residuge_was dried in a desiccator in vacuo (1 mm Hg), éver
phosphoru;_pentoxide, for thirty minutes. It was dispersed
in 2.5 mL of 0.02 M sodium phosphate'buffer (pH 7) in 0.1 M
NaCl by ‘warming above the transition temperature for 30 mi-
‘nutes with intermittent vigorous vortexing. The suspension
was then transferred to a 3 mL clean stoppered cuvette con-
.taining a small magnetic stirring bar@ The suspension was
then deoxygenated with ‘a stream of nif%ggen for 8 minutes.
The cuvetté was sealed immediately witg a tight fitting te-
flon cap and placed in thé;fluorimeter saﬁple holder equip-
ped with a small mini magnetic stirrer. Flucrescence mea-
surements were made using the following wavélengths lfor
excitation and emiésion: 360 nm, and 430 nm, respectiyeiy,
gor DPH; 305 nm and 410 nm respegtively, for trans-parinaric
acid; and 310 nm and 415 nm, respectively, for cis-parinaric
acid; and 295 nm and 365 nm, }espgctively_fof p-quaterphe-
nyl. The temperature &f the stirred suspensions was moni-
tored with a thermocouple immersed 1in the suspeﬁsion tn a
corner’ of the cuvette away from the paths of the excitation

beam and the measured emission beam. Samples of phosphati-
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. dyl sulfocholine and phosphatid}l choline with identical

fatty acid chains were placed in.the same thermostated block

and measured at.the same time 1in order to minimize errors .,

that might ‘occur between runs. = The degree of polarizati
was obtained by measuring the fllorescence, intensities of

both parallel (VV) and the perpendicular (VH) to the verti-

cal polarized excitation beam using polaroid polarizing

filters {(type HNP'B). The different sensitivity of the
fluorimeter for different polarization directions was cor-

rected. The correction factor, G,

G = HH / HV

v \\J‘\,-

where HH indicates the fluorescence intensity when the di-

rection of both the excitation and the emission beams polar-

ization filters were horizontal and HV refers to the

fluorescence intensity where the excitation beam filter was
placed horizontally and the emission beam filter was placed
vertically. Fluorescence polarization was calculated using

the following formula:

I - I x (G)

~
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2.4.4 Electron Paramagnetic Resonance

L4

EPR spectra were obtained in the laboragory of Dr. N.Z.

Stanacev, Dept. of Clinical éiolog§‘of the'University of To-
_-.""/ :
ronto with a Varian E-4 instrument operating at 9.5 GHz,

equipped with a nitrogen gas flow variable temperature con-

trol unit. The sample was prepared as follows: a chlore-

form solution containing 20 mg (27 pmoles} of phosphatidyl

choline or phosphatidyl sulfocholine and 75 nmoles of

S-doxyl stearic acid or N-tempostearamide spin probe was
brought to dryness under a stream of nitrogen, in a 15 mL

centrifuge tube. ThHe residue was dried in in vacuo, dis-

persed in 0.08 ml of 0.024 M sodium phosphate buffer (pH

7.0) in 0.1 M NaCl, as described abové. The sampléé.ﬁere

then transferred to a 50 uL disposaEle glass capillaries

which were then sealed at one end. The instrﬁmgnt settings

: \ ¢
used routinely were: microwave power, 10 mW; modd&atfgh am-
plitude, 1.25 Tesla; scan range, 100 Tesla; and filter time
constant, 0.1 seconds for 4 minute scans. Spectra were ob-
tained at wvarious temperatures and the order parameter ({S)
was calculated for 5-doxyl steagic acid from the following
equétion (168, 169):

4
)

T - T | 15718

27.42 2T_| + 7|
3

R
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For the spin probe N-tempo stearamide the rotational corre-

[
lation time was calculated according to Schreier et al

(170). The order parameter and the log of the rotational

correlation time were plotted against temperature.

2.4.5 Nuclear Magnetic Resonance {(Broad Band)

2.4.5.1 Sample Preparation

" One hundred mg of dipalmitoylphoséhatidyl-s-[’Hlfmethyl—
S-methyl-mercapto ethanol (d—3—DPPSC)‘§nd 200 mg of Qeutéri-
um ‘depleted water (Aldrich} in'a 1X5 cm quartz NMR tube were
agitated on a Vortex mixer at.50 °C in order to make multi-

lamellar vesicles (MLV).

2.4.5.é ~ Deuterium NMR -
Deuterium NMR spéctra were measured on a Bruker CXP-300
Spectrometer opera&ing at 46.1 mHé with the .probe built by
Dr. I.C.P. Smith's group (National Research Council, Otta-
- wa, Canada.). - épectra-we;e obtained by the quadrapole echo
technique.(983. The pulse spacing was 200 psec; the recycle
time was 1 second: the éO“ pulses were set for 4.5 usec and
1000 acquisition were obtained per spectra. The delay bet-
ween the second 90; pulse and the echo aguisition was S;E‘Et
30 usec to obtain the maximum echo amplitude before Fourier
transformation. The moments of the spectra were caiculated

on the ASPECT computer by Dr. Byrd of National Research

Council of Canada as described elsewhere (166).
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2.4.5.3 Phosphorus NMR
Phosphorus NMR spectra were measured on a Bruker CXP-300

»
spectrameter operating at 121.46 MHz. The spectra weré ob-
tained using -90° pulses of 8 psec with 1 second recycle

times and 200-500 acgquisitions. The spectra were proton de-

coupled using a high power radio frequency signal decoupler.

2.4.6 Fourier Transform Infrared Spectroscopy

- -

2.4.6.1 Sample preparation

tAqueous dispersions of DMPSC, DPPSC and DSPSC were pre-
pared by adding 20 mg of deuterium ‘oxide to 2 mg of dry
crystalline PSC.. The samples were heated in a water bath at
a temperature five degrees above the corresponding gel to
ligquid-crystalline transit&on temperaﬁureﬂand cooled to room
temperature. This heating-cooling cycle was rebeated three
times. Thefdispersions were transferred to an infrared cell
with calcium fluoride or barfum fluoride windows and a vari-

L

able thickness of 6, 12 or 25 um.-

PR

2.4.6.2 Measurement of Spectra

Thg spectra were recorded on a Digilab FTS-11 Fourier
transform infrared speétrometer and 'a high sensitivity cad-
mium telluride detector with 600 iq}grferograms collected
per spectrum. The spectra were compdted from the interfero-

grams as was described elsewhere (102), to a final resolu-
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tion of 2 cm 1, Temperature control was achieved by circu-
lating a themostated mixture .-of meth;nol/water (1:1, v/v)
through the hollow cell mount. The temperature was,moni-
tored with a copper-constantan thermécouplel Ahd was Aheld
constaht within *6.05—°C at each temperature for 16 minutes
before measurement of each spectrum. The temperature was

increased in increments of 2 C° correspédnding to an overall
: P g

heating rate (assuming noninterrupted heating as in DSC) Qﬁ‘

] 0.125 C°/minute. The entire process, including the collec-
tion of the 1interferograms, the computing of the spéctra,
the incrementing and recording of the temperature, the temp-
erature stabilisation period and the cyéling process was

1
completely under the control of the spectrometer's computer

LY

{101).

The subtrénsition experiment on DPPSC was measured with a
Digilab FTS—lé Fourier transform instrument equipped with a
wide range MCT detector, in a 50 pm thick cell fitted with
barium fluoride windows. One thousand scans were accumulat-

ed for each spectrum.

2.4.6.3 Analysis of Spectra

.\‘. R

The spectra were also analysed with the aid of the compu-
ter as described elsewhere (103). Thus, the frequency,
width and intensity of the bands were calculated as dis-

cussed elsewhere (103). The maximum resolution capacity for
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the detection of chanées in frequency and bandwidth was 0.1

Cm-l' v

Finally, the difference spectra (Adiff) were also calcu-
lated by substracting the lower temperature spectra (AT ?)
from the next higher temperature spectra (AT) and normalized

with respect to the temperature interval (/A T):

-

. AT-' - AT

Adiff -
VANES

2.4.7 Monolayer Studies

The monolayer studies wefeLcarried cut on a Cahn surface
tension (Wilhelmy plate method) device model 2000RT, equip-
ped with a Cahn electrobalance model GS5C, and a Easterling—’
Angus 2-dimensional recorder model 2400 A3 whose X .axis was
connected to the film area output and the Y axis was con-
ngctgd ti the electrobalance. The measuremgnts wgre'cagried
opé as described in the devices' instruction manual, using
double distilled water in the trough which was the:ﬁ;stated
at 25 °cC. The minimal cross sectioﬁal area measurément of

stearic ‘acid was used as, an independent check of the cali-

bration of the device.

A
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2.5 RESULTS OF PHYSICAL STUDIES

2.5.1- Electron Microscopy

Freeze-fracture EM of liposomes of egg-PSC (Fig. - 28)

showed typical multibilayer structires which were very simi-

lar to those observed witﬁ egg-PC (Fig. 28). Freeze-frac-

ture EM of 16:0-PSC and 14:0 PSC agqueous dispersions showed'

replicas that were essentially the same as those of the cor-
responding PC aﬁélogues. Some differences, however, were
evident in the surface features of the liposomes, depending
on the quehching temperature employed. ' Thus, the saturated
PSCs’ showed little or no surface features while the PCs of-

\ ten displayed a periodic rippled surface structure (167).

1 2.5.2 Differential Scanning Calorimetry

2(5.2.1-' Saturated PSCs

%he bSC scans of ‘aqueous dispersions of the saturated
synthetic PSCs (di-14:0, di-16:0, di?IB:O) showed sharp main
tfansitions (Tm) (Fig.” 29), 2-4 °cC higher than the transi-
tions of-the corfesponding PCs (Table 5), Di-16:0 and
di~18:0 PSC's did not. show the characteristic pretransition
found with the corresponding. PC analogues. On the other
hand di-14:0 PSC had a small and sharp pretransition 2.5 °C

below its main transition; while the analogous di-14:0-pPC

has a small and broader pretransition, 7 °C below its main -

transition (Table 5). The change in Tm was also proportion-

[
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al to the fatty acid chain length in these saturated deriva-

tives (Fig. 30).

2.5.2.2 Unsaturated PSCs

The unsaturated di-18:1-PSC however had a lower Tm (2.5 °

°C) than that of corresponding di-18:1-PC and had a pretran-
. )

sition 5 °C lower than its Tm; in contrast the ammonium ana-

log di-18:1-PC had no pretransition (Table 5). Egg PSC had
one broad main transition {(-20 to -10 °C) which does not
differ from that of egg PC. The fact that egg PSC is a mix-
ture of molecular species may mask the effect of the head

group.

2.5.2.3 Enthalpy and Entropy

The change in enthalpy, calculated.from the area under
the main transitions showed that the saturated PSCs as well
as 18:1 PSC had:almost identical ZS H's,lwithin experimental
error, to thosg ‘reported for tﬁe corresponding PCs (Table
6). The changeé in entropy for the gel to liguid-crystal-
line Eransition calculated for the PSCs were also idgntical
to those reported for the corresponding PCs (Table 6), with-

in experimental ekror.
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v 2.5.2.4 Ef fect of‘Cholesterol

| Additipn of /}ncreasing-proportions\ of cﬁolesterol, to
DPPSC resulted in the gradual abolition of the transition
seen ‘at 45°C with the appearance of a'vgry,broaa transtion
centered at approximately 60 °C (Fig. 31).a The transition
from the gel to liquid-crystalline state at 45 °C completely
disappeared on addition of cholesterol at a mole ratib of
1:1. The behaviour parallels that found ih DPPC (2)z€;EEEEqm]
that disappearance of the prepransitioﬁ at a cholesterol to
DPPC mbie ratio of 1:9 was not observed, since no pretransi-,’

tion occurs in DPPSC.

N ' | .
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Figure 28:

Freeze fracture EM of
and B) egg-PSC.

175

lipoSomeé of: A) egg-PC,
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Figure 29:

177 .
1
“n /
Differential scanning calorimetry of PSC
liposcmes. »
' . -
/
J



178

X ‘FUNLYH3AW3L

0S¢ OveE Off 02 Of 02e  Oif™ O0f 062 082 092 0S2 OvZ 02 022
T T I T T A T T | | | L
\f an
8'62-M-3u4
v
Ov2 MNi-34d
|
~ :
LO'St :._. . "
Sve-Ny
. ]
509 L soz " -
JSd - 0:8l 3Sd-0: bl JSd - 1:8)

- 0Sd-0:9l

"

/
S

spd MO LV3H 40 31wy



179

‘—s..__\-‘
{

)

»

. 13
Figure 30: Relatiénship between Tm and fatty acid chain
length of PC and PSC
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Figure 31: Effect of cholesterol on the gef?&iquid
crystalline transition of 16:0-PscC.
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TABLE 5

Transition Temperature Data of PSCs and PCs as determined by
various technigues
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TABLE 6

Enthalpy and Entropy Data for Main. Transition of PSCs and
PCs -
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2.5.3 Steady State Fluorescence

Fluorescent measurements on dispersions of PSC and PC,
with ;he probes diphenylhexatriene, cis and trans parinaric
acids or p-quaterphenyl showed that the probe was imbedde@
in the lipid as evidenced by the high fluorescence intensity
and the polarised fluorescence obtained. The intensity of
fluorescence progressively diminished as the temperature was
raised (change in quantum yield with temperature) and dimin-

ished suddenly at the transition temperature.

The temperature dependent behaviour of fluorescence po-

was

larization of asured with the three saturated syn-

thetic PSCs”-and equimolayY PC and PSE mixtures (Figqg. 32).
The fludorescence polarization in the gel state of all the
saturated PSCs was nearly constant with a value bgtween 0.39
t6 0.40, close to but less than the theoretical wvalue of
0.5. A similar behaviour was found for the corresponding
PCs except in DPPC where there was a steady decline in the
polarization in the gel state. The fluorescence polariza-
tion at temperatures below the pretransition was slightly
higher for the éCs than for the PSCs and with a value.Pf
0.42 (Fig. 32}. The main transition was characterized, in
both derivatives, by a sudden 1lowering of the fluorescence
polarization from a value of 0.4 to 0.15. The transition

temperatures, taken at the midpoint between the gel ahd

fluid phases correspond very well with the values found in



188
the calorimetry étudies (Table 5). No definitive evidence
.of a pretransition for the PSCs was seen in fluorescence po-
larization or in the fluorescence intensity studies except
that a slight drop in the fluorescence polarization of
di-14:0 PSC (Fig. 32 A) was observed at a temperature which
corresponds to the pretransition found by DSC for this deri-
vative (Table 5). The change was only about 0.04 polariza-
tion units and thus may be 1indicative of a slight change in
the membrane structure, but not of a major fluidiza&ion of
the membrane. On the other hand a pretransition was ob-
served by fluorescence polariiation for the PCs. Thus, for
di-14:0, di-16:0, and di-18:0 PCs the pretransition tempera-
tures (Tp) were 6.5, 4.0, and 6.0 °C réspectively below the
main transition temperaEures {Tm) (Tablé 5). In contrast,
the fluorescence polarization of the fluid state for the

various PCs and PSCs were approximately identical.

Aqueous dispersions of equimolar mixtures of PSC and PC
with the same fatty acid chains were studied using DPH as
the fluorescent probe, in order to determine whether the two
lipids were miscible. All mixtures showed a high flLores—
cénce polarization in the gel state (0.40) except for the
di-14:0 mixture where a somewhat higher value (0.42) was
seen at 10 °C. All mixtures showed no evidence of a pre-
transition except the di-14:0 mixture which gave a small
change in the fluorescence polarization starting 5 degrees

below the onset of the main transition (Fig. 32 D). The on-

h 4

[
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set temperature of the Tm of the mixture corresponded well
with the onset temperature of melting of pure PC derivative
while the temperature of the termination of melting corres-
ponded with the temperature of the end of melting of the
pure PSC derivative (Fig. 32 D). The curves of the mixtures
actually fall between the curves for the individual PC and

PSC.

The results cbtained with the parinaric acids showed ad-
ditional differences between the two lipid analogues. The
main transition temperature for DPPSC and DPPC as noted by
polarization measurement were the same as found with the DPH
probe or by calorimetry: i.e. 45 °C for DPPSC and 41 °C for
DPPC {Fig. 33). The drop in fluorescence polarization ac-
cross the phase transition was nat as great with the pari-
naric acids as with DPH (/\ P=0.1 with the parinaric acias
and /\ P=0.35 wigh DPH) . The difference between the
fluorescence polarization in the gél phase of DPPC and DPPSC
was always greater with parinaric acid than with DPH (Figs
33 and 32). Furthermore the fluorescence polarization of
DPPC with the trans- parinaric acid probe was higher than
that of DPPSC by 0.08 units in both the gel and fluid
states. In contrast, with gig—parinaric acid probe, the:po-
larization of the gel state for DPPSC was the same as the
golafization of the fluid state of DPPC (Fig. 33). Also the
onset of the transition observed with the cis-parinaric acid

' was about one degree lower than the onset with the trans

o
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parinaric acid. The mid point of the transition is however

at the same temperature for the two derivatives.

Quaterphenyl gave similar results to those observed with
DPH (Fig. 34),

L



Figure 32:
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Fluorescence polarization ¥s temperature with

DPH as probe for

(O0==———= o) and 14:
(o————- o) and 16:
(O====m 0) and 18:

mixtures of 14:0-
16:0-PC and 16:0-
and 18:0-PSC (m--

liposomes of: A) 14:0-PC
0+PSC (e-----@), Bl 16:0-PC
0-PSC (e===-=-¢), C} 18:0-PC
0-PSC (e--—-—-e), D) equimolar
PC and 14:0-PSC (e=-=-=-- e) of

PSC (o-----0) and of 18:0-PC
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Figure 33: Flucrescence polarization as a function of
temperature with cis and trans-parinaric acid
probes, for liposomes of 16:0-PC (o----- o) and
16:0-PSC (o--—-- o) '
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Figure 34;

Fluorescence polar1zat10n as a function of’
temperature with para-gquaterphenyl as probe for
_ / %1posome? of 16:0-PC (e----e) and 16:0~PSC
o-——-- o).

-
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2.5.4 Nuclear Magnetic Resonance

2.5.4.1 Deuterium

The deuterium NMR spectra of d—B-DPPSC, 'in the tempera-
ture: range of 0-40 °C, appeared essentially as a single
broad resonance whose magnetic field width diminished with
increasing femperatUre (Fig. 35). . This behaviour is similar
to that ﬁéund in other model membranes (e.gq. é—Q-DPPC) and
biomembranes measured at temperatures bélow Tm, i.e. 1in the
gel state (171, 163, 100). The rate of molecular motion and
‘the degree of molecular order affects the spectral lineshape
-significantly. Unfdrtunately, it is difficult to separate
the individual contributions of order and motion, even with

detailed spectral lineshape simulation (172).

The half width of the signal increased from 3.62 KHz at 0
°C to 2.28 KHz at 40 °C and there was a concommitent change
in the lineshape. The 1lineshape of the .spectra between
40-50 °C showed a progessive change to a'liquid-crystglline
like appearance similar to that observed for other phospha-
tidyl chélines in the fluid state (173, 174, 175, 176). The
quadrupole splitting, in the fluid state at 50 °C (5° above
the Tm of d-3-DPPSC) was 1.03 KHz, a.little lower than the
value of 1.2 KHz reported for DPPC .at 46 °C (176). A more
accufate value of the quadrupole splitting of d-3-DPPSC at
50°C, calculated from the first momen{,'“was 1.11 KHz, very

similar to the value reported for DPPC.
) )
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Figure 36 shows the variation in the first and second mo-
ments of the deuterium NMR spectra {(related to the change in
lineshape) of d-3-DPPSC. From 0-25 °C there was a progres-
sive decrease 1in the moments, while between 30 and 40 °C
there was a leveling off of the moments and finally between
40 and 50 °C there was a further decrease in the moments.
The midpeint in the decrease in both the first and second
moments between 42.5 and 47.5 °C was 45 °C. This value cor-
responds very well with the value obtaiﬁedl by calorimetry

for this deuterated derivative.

The fraction of the lipid in the gel state or the liquid-
crystalline state at the temperatures just below and above
the transition temperature, calculated from the first, sec-
ond and third moments, by the method of Jarréll et al (164),
was as follows: DPPSC up to 40 °C was all in the gel state,
while it was completely fluidized by 48 °c. The midpoint in
the melt (44 °c), wheré 50 % pf the lipids are in.the gel
state and 50 % are in the iiquid crystalline state is again

in good agreement with the values obtained by the other

methods.

2,5.4.2 Phosphorus NMR ¢

The *'P NMR spectra of DPPSC (Fig. 37) had the expected
lineshape for a bilayer structure with rapid averaging (on

the scale of ?'P chemical shift anisotropy) of the axial

i
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chemical shift tensor elements (177, 173). An increase in
the rate of motion of the phosphate containing head groups,
with increasing temperature is shown by the improved defini-
tion of the lineshapes at the higher temperature. The va-
lues of the chemical shift anisotropy (CSA) in the gel state
and liquid-crystalline states were 55 and 44.6 ppm respec-
tively slightly lower but comparable to similar data for
DPPC at 58 and 49 ppm (176). The slightly lower valués for
DPPSC are indicatjve of a largef rate of motion and/or am-
plitude for the phosphate head group moiety. Figure 38
.shows the variation of the residual chemical shift anisotro-
py with temperature. The transition temperature at 45 °C is
in good agreement with the value obtained by all the other

methods (Table 5).



Figure 35:
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*H NMR spectra (46.1 MHz) of dipalmitoyl

phosphatidyl-S- methyl-*H -S-methyl-'H
-mercaptoethanol dispersed in excess deuterium-
depleted water at the indicated temperatures.

The plots are 15 kHz in width.
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Variation with temperature of the first and the
second moments of the *H NMR spectra of
16:0-PSC, and the fraction of the 1liquid
crystallzne lipid (164).
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Figure 37: ?'P NMR spectra (121.46 MHz) of 16:0-PSC
dispersed in excess water at the indicated
temperatures. The plots are 45 KHz wide.
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Figure 38:
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~

Variation with tenmperature of the residual CSa
of the *!P NMR spectra of 16:0-PSC measured’
from the inflection point on the low field
shouldér to the maximum at the high field.

\3’_
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2.5.5 Fourier Transform Infrared Spectroscopy

208

. In the spectra of dispersions of DMPSC the large excess
of water was evident from the strong IR absofption in the
O-D stretching region (2700-2300 cm-?), The major infrared
absorption bands were identical for all th;ee derivatives,
except for the increase in the intensity of the C-H stretch-
ing bands relative to the C=0 stretching band in the PSCs
w%th lopger fatty acids. The spectra of the PSCs were simi-

’Lgizto thé spectra of the PCs except that the sulfocholine
</ ﬁeth;i bands were at 3023 (C H, stretch) and 1435 cm™® (C H,
deformation) whereas the corresponding choline methyl bands

were at 3040 and 1490 cm-!' (103).

Three IR absorption bands were of high diagnostic value:
the _Gfactor group” .splitting of the methylene scissoring
mode at 1470 cm-', the CH, stretching vibrations at
3100-2800 cm-* and the ester C=0 stretching vibration at

1735 ecm-t.

For example, in the spectra of the C-H stretching region
of DMPSC changes 1in freqguency, peak height and band shape
were evident as a funétion.of temperature and phase changes,
The symmetric (CH, )n stretching band for DMPSE, DPPSC and
DSPSC showed a frequency and bandwidth dependence on temper-
aturg and phase change {Fig. . 39 A, B) with thgrmotropic be-
haviéur similar to that of other.phosphatidyl cholines,

which showed large and abrupt changes in the frequency and
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bandwidth at the gel to liquid-crystalline transition. The
sharp increase in frequency and bandwidth at the Tm reflect-
ed the increased conformational disorder of the acyl chains
in the phase«transition. Identical plots were obtained for
the antisymmetric (CHy )n stretching bands at 2920 cm~!

vﬂFig. 41). As with other phospholipids, the frequency and
bandwidth of the C Hystretching modes were usefull for char-
acterisation of the Tm, but were rather insensitive to sol-

id:solid phase transitions such as the pretransition (Tp).

fhe (CHp )n scissoring mode on the other hand Has been
used to monitor the nature of the packing of the fatty acyl
chains in the gel phase. This methylene bending mode at
1470 cm~* results from the out of phase scissoring vibration
of the methylene groups .in the all trans ségments of the
acyl chains. The fCHg)n scissoring modes of DMPSC at low
temperature (e.g. 1470 cm~*, 5 °C} showed group splitting
or crystal field splitting which indicated the presence of a
rigid{orthorhoﬁbic subcell (102). The splitting decreased
with increasing temperature until Tp where only one peak re-
mained (1468 cm~*) (Fig. 40). In DPPSC and DSPSC the CHp
scissoring mode was split in two bands at all temperatures
in the gel phase below the Tm but the peaks seemed to coa-
léss into a simgle peak just below the Tm, indicating the
possibility of a pretransition in these derivatives.

~



_ - .210

The bandwidth of the CH, scissoring band (1470 cm-*) has
also been used to demonstrate the pretransition behaviour
(102). Thus the bandwidth fof DMPSC decreased with increas—
ing temperature up to Tp, and thereafter the bandwidth re-
mained relatively constant up to the Tm. At the Tm £here
was a step increase in the bandwidth, .typical of the gel to
liquid-crystalling phase change, Similar changes in band-
width were apparent in DPPSC and DSPSC spectra. However the

occurence of a Tp cannot be clearly defined.

Further evidence for a Tp in DMPSC was obtained from the
changes in freguency of the snl and sn2 ester bands, (Fig.

)

42).

" The absorption bands of the hydrophilic groups were rath-
er insensitive to temperature and phase changes, probably

due to the large degree of hydration of these groups (80).

All three derivatives also showed evidence of a subtran-
sition at a temperature far below the Tm. - The nature of
this transition is being investigated further as its behav-

iour seems guite different from that of PC.
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Figure 39: The temperature dependence of the frequency (A)
and the bandwidth (B) of the methylene
stretching band of 18:0-PSC.
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Figure 41:
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Temperature dependence of the CH stretching
bands (symmetrlc and antisymmetric) of 14:0- PSC
in 2 °C steps between 10 and 30 °C.
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Figure 40: Difference spectra of 16:0-PSC between 1500~1440
cm-*as a function of temperature.
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Figure 42:

- 18- 28°C,
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Temperature dependence of 14:0-PSC carbonyl
stretching band A) as measured, B)after Fourier
self-deconvolution (183) in 2° steps between
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2.5.6 Electron Paramagnetic Resonance Studies

With the 5-doxyl stearic acié as probe, somewhat lower
Tm's were measured for all PCs and PSCs (Table 5 & Fig. 43
most likely due to perturbation of the bilayer structure by
the bulky doxyl bfobe. " 'In addition, the 5-ddxyl Stearic
-acid probe gave greater differences in transition tempera-
ture between PSCs and the corresponding PCs thah was found
by DSC or-by fluorescence polarization. At low tempera-
tures, in'the gel state, the order parameter was close to
the value of 1.0 for all PCs and PSCs, indicating a high de-
gree of order and a highly rigid system. However in con-
trast to the fluorescence studies the value of S of the PSCs
was consistently somewhat higher in both the gel and fluid
states than the S values of corresponding PCs and a steady
decline in § was dbserved with increasing temperéture.. All
the PC sampies, partichlarly DPPC, showed a pretraﬁsition
which resulted 1in a surprisingly large drop in the order
parameter (Fig. 43 B). In contrast to the resSults with the
PC samples, only di-14:0 PSC‘showed any pretransitioh (Fig.
43 A) and the magnitude of the drop in S was much less than
for the PCs. _ Curiously, di-18:0 PC in the liquid-crystal-
line state shoﬁed a much greater degree of disorder (§=
0.25) than the corresponding PSC (Fig. 43 C). The differ-
encé in the fransition temperature between di-18:0 PC and
di-18:0 PSC was accordingly very large (10 °C), 1in contrast
tq the much smaller differences measured by DSC or fluores-

cence. -
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The Tm measured with the probe N-tempo stearamide with.
aqueous dispersions of DPPSC gave a Tm at 45 - °C similar to

that found in calorimetry (Fig. 44).



Figure 43:
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EPR spectra as function of temperature, with
5~-doxylstearic acid for liposomes of: A) 14:0-PC
(0o~-~0) and 14:0-PSC (s---a), B) 16:0-PC {(o---0)
and 16:0-BPSC(a---a) C) 18:0-PC (0o---0) and
18:0-PSC (a--za).
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Figure 44:

225

Electron spin resonance as a function of
temperature, with N-tempostearamide probe for

liposomes of: A) 16:0-PC (e----- e) and 16:0-PSC
(W--~—~ w),
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2.5.7 Monclayer Studies

The expanded region of the film, where the surface ten-
sion 1is independent of surface area, occurred above 78
A ?*/molecule and 58 A ?* /molecule for PC and PSC, respec-
tively. 1In this region, the surface tension of the PSC mon-
clayer wés slightly lower than that of the PC monolayer in-
dicating that the head groups of PSC in the Phase transition
interact mére strongly with water than with the head groups
of PC. The fact that the onset of the compressible liquid
region in \the PSC monolayer occurred at a more condensed
state compared to the PC monolayer indicated that PSC does
not aggregate as readily as PC. Hg;ever, the higher surface
tension of PSC, compared to PC at‘any peint in the liguid
state indicates that PSC head groups interact less strongly
with water and more strondly with each other than the PC
head groups. However, the minimum cross-sectional areas of
PSC and PC, at the collapse point, were identical within ex-

perimental error (39 A? and 40 A%, respectively).



Figure 45:
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Surface tension as a function of monolayer film
area of 18:0-PSC (a----- ) and 18:0-PC
{@——--- o).
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2.6  DISCUSSION

2.6.1 Calorimetry

The similarity in the thermal behaviour of PSCs and cor-
responding -PCs may be explained by the imilar size and
shaée of their analogous structures. ° ngégharp gel to li-
quid crystalline phase transition of PSCs was an indication
'of the high degree of cooperativity in the melting of the
fatty acyl chains as in the PCs. However the higher traﬁsi~
tion temperatures (Tm) observed for the saturated PSCs com~
pared to those of the corresponding PCs may be explained by
considering the relative size, state of hydration and in-
termolecular interactions of their respective head groups.
As is evident from examination of space filling molecular
models (Fig. 46) angd fromy van der Waals radii calculations
(182), replacement of the -N*(CHg)3 group in PC by =5 (CH,),
to form PSC, results in an increased swept out volume of. the
polar head (Table 7). This increase may be estimated to be
20 % because the higher van der Waals radius of the sulfur
compared te nitrogen more than compensates for the addition-
al methyl group in choline. Since PC emulsifies a greater
quantity of water t%gg PSC does, it may be said that the po-
lar head of PC is hydrated £o a greater degrée than that of
PSC; thus less interaction would be expected between neighz
boring phosphoéholine groups in PC than between phosphosul -
focholines groupé-of PSC. This difference in behaviour par-

allels that® of PC and PE as discussed by Boggs (87) (see
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'subsection 2.2.5).‘ Thus, in the gel phase, intermolecular
forces between the PSC head groups are greater than between
"the PC head groups resulting in a more stable gel phase re-
quiring a slightly higher temperature to melt the acyl
chains. The identical change in enthalpy or entropy of
meltihg for PCs and PSCs is éxpected considering that they
are a measure of the same process namely melting of the acyl

chains.

The difference in the pretransition temperature of the
saturated PSCs compared to the corresponding PCs is consis-
tent with the above theory. A smaller temperature differ-
ence between Tp and Tm is expected for a more "interactive"”
head group like PSC which should lead to a greater stability
in the packing of the acyi chains and to a higher Tp (Fig.
47) . |

The. lower transition temperatu}e of di-18:1 PSC as com-
pared to di-18:1 PC seems to contradict the above argument.
However, the poorer pécking of the unsaturated oleyl chains
compared to saturated chains, may lead to less favorable
packing of the head group of PSC than of PC and to corres-
ponding lower Tm for di-18:1 PSC. In other words, because
of the geometry difference begween the two polar heads, the
positive or negative chargeéxof the larger sulfonium head

groups may come into proximity with similar charges on the

neighboring head groups and lead to a greater general desta-
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bilization of the bilayer structure and to a lower transi-
tion tempefature for the unsaturated di-18:1 PSC than for

di-18:1 PC,

Cholesterol was observed to interact with di-16:0 PSC in
the same way as with the analogous PC, the gel to ligquid
crystalline transition being abolished at a mole ratio of
1:1 (Fig. 31) (2). Such interaction appears not to involve
any strict structural requirement in the polar head group
(llZ).P Thus any 'onium' polar head group {e.g. sulfonium,
ammoniﬁm, arsomium, phosphonium, . etc.) should be able to
substitute for the quaternary ammonium group in PC, This
conclusion is in accord with the results presented elsewhere
that show that di-14:0 PSC and .di-14:0 PC have similar
permeability properties in the presence of cholesterol

(112).

It appears then that the hydrocargon chain interactions
are not greatly influenced by PSCs somewhat larger polar
head group than PCs'. These results suggests that the PSC
head group may be less tilted with respect to the pléne of

the hydrocarbon chains eran the PC head group.
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Figure 46: Space filling molecular models of PC (top) and
"PSC. (bottom).
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Figure 47: Postulated packing of two 18:0-PSC molecules in
a bilayer :

_J
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TABLE 7 )
Calculation of the ratio of the swept-out volumes of the of
the sulfonium group and the ammonium groups of PSC and of
PC, respectively, using van der Waals radii (182)
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2.6.2 Steady State Fluorescence Polarization

The transition temperatures (Tm) obtained from the steady
state fluorescence polarization using DPH were in agreement
with the calorimetric results (Table 5).

b

The slightly higher fluorescence polarization intensities
in the gel phase of the PCs relative to the PSCs observed
with DPH as probe (Fig. 32) would indicate a slightly less
ordered gel state in the central hydrocarbon core region of
the PSC bilayer. With the cis and trans parinaric acid
probes, which report from the hydrocarbon region close to
the polar head group (152), the differences between the po-
larization intensities of PC and PSC were more pronounced,
both in the gel aﬁd the ligquid crystalline states (Fig. 33).
These results suggest that the larger sulfocholine group in-
troduces slightly more space between the hydrocarbon chains
in the region of the polar head, thus increasing the dis-
tances between the methylene groups in this area. A smaller
effect would exist further down in the central hydrocarbon
core and would account for the fact that the d}fferences in
polarization intensities between PCs and PSCs are not as
high with the DPH probe as with the parinaric acid probes

(Figs 32 and 33),
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2.6.3 Electron Paramagnetic -Resonance

The lower transition temperatureé 'observed by EPR with
the 5-doxyl stearic acid probe compared to DSC and fluériﬁe—
try (Table 5) are more likely due to the perﬁurbing effect
of the large nitroxide group in the spin probe. Neverthe-
less, the PSC analogues consiétently showed 2-4°C higher
transition temperatures than the corresponding PCs, as was
found with DSC and fluorimetry. However, it should be ﬁoted
that the order parameters for PSCs in both the gel and li-
quid crystalline states are higher than for the correspond-
ing PCs (Fig. 43), which is the reverse of that observed
with the fluorescent probes (Figs 32 and 33). A possible

/;xplanation might be that the larger spaces between the hy-
droc;rbon chains in the regiop of the polar head in the
PSCs, discussed above, would allow the large 5-doxyl spin
probe to intercalate with the chains in a ‘less perturbing
manner than in the corresponding PCs,. The greater disrup-
tion of PC structure with the longer fatty acyl chains indi-
cates that the packing of the longer chains is correspond-

ingly tighter.

2.6.4 Fourier Transform Infrared

The gel to liquid-crystalline transitign of the saturated
PSCs was confirmed by large concomitant variations 1in peak

height, frequency and bandwidth similar to changes observed
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in the melting of DPPC and gi%lkanes (178). Similar but’
smaller changes in the spectra of the PSCs in the ligquid-
crystalline state were an indication of a progressive temp-
erature dependent increase in the average number of gauche

conformers in the acyl chains with higher te&BE?Eture.

The nature of the gel state could be studied by examining
several bands arising from thé acyl side chains, The most
diagnostic band concerning the subcell wunit of the acyl
chain packing was the methylene scissoring band. Thus, the
large group factor splitting of this band at very low temp-
eratures (-80 °C) was indicative of a tight orthorhombic or
monoclinic subcell (Fig. 24). Since the acyl chains of sa-
turated lecithins pack in orthorhombic arrangement at these
low temperatures in the gel state, it is probable that the
same crystal lattice structure-occurs in in the PSCs. As
the temperature of the PSCs were gradually raised there was
evidence of a pfogressive distortion of the "packing of the
chains from orthorhombic or monoclinic to near-hexagonal up
to the Tp (in 14:0-PSC) or the Tm. (in 16:0-PSC and
18:0-PSC). Only 14:0-PSC gave clear evidence of a pretran-
sition in the gel state in full agreement with the calorime-
tric studies. However, it was unclear whépher a pretransi-
tion occurred in 16:0-PSC or 18:0 PSC because of the larée
influence of the Tm on the spectra. The crystal packing of
the chains of 14:0-PSC between Tp and Tm are thought to be

hexagonal or triclinic. Further studies by X-ray diffrac-
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tion are required to assign- uneguivocably the proper crystal
packing of the acyl chains in the gel state. Another point
that would be worthwhile investigating is whether the PSC
homologues with lauroyl chains or shorter‘would exhibit a Tp

at temperatures further removed from Tm..

As was .observed for ﬁc, the bands for the head group of
PSC proved to be inseﬁéitisé to temperature and phase chang-
es. In lecithin this insensitivity is thought to be due to
"the large hydration sphere boﬁnd to the charged polar head
mpiéty (80)." This explanétion may apply to the less hydrat-

ed polar head gfoup in PSC.

DPPSC exhibits’ a spbﬁransition'in the same way as DPPC
except that it is slower to occur and the onset of Ts occurs
2 °C higher‘in DPPSC than in DPPC. -This Ts is thought to be
due to repacking of the acyl chains at these low tempera-

tures.

2.6.5 Nuclear Magnetic Resonance

The NMR study has confirmed that D,;-DPPSC (labelied in
the head methyl) behaves very much like the analogous DPPC
in agueous dispersions. Both the."P and the *H NMR spectra -
(Figs 35 & 37) of D3-DPPSC are consistent with the multila-
mellar struct®es as those for the PC species as expected
from the freeze fracture E.M micrographs (Fig. 28). The

identical values for the quadrupole splitting for Dy-DPPSC
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and for DQ—DPpc; at the same temperatures, do not support
the hypothesis presented above (section 2.6.1) that the
higher transition temperature of PSC is due to an increase
in the electrostatic interaction between the positively
charged region of one molecule and the negatively charge
phosphate residue of a neighboring molecule. The quadrupole
splitting may not be sufficiently sensitive to detect the
relati&ely small changes in/,polar head interaction expected
for the small difference,aﬁéerved in Tm's., Since QS is de-
pendent on both the rate and the amplitude of motion‘of the
head group, thefvariation of- one parameter may be cancelled
out by the other. 1In any case, it was not possibie to sepa-
rate the individual motional contributions because of the
lack of information on the geometry and motional freedom of
the head group. These questions may be answered by X-ray
diffraction studies where it was found that the orientation
of the head group of PC is almoét parallel to the plane of
the bilayer in both the gel and fluid states (132). The si-
milarity in the QS values between D4-DPPSC and _Qg—bPPC may
be indicative of a similar orientation of the two head

groups.

. The vzliation of the first andlsecond moments of the
*H-NMR spectra of D-3 DPPSC, over the temperature range 0-20
°C, 1is suggestive of increasing rates of molecular motion
and decreasing molecular ordering with increasing tempera-

ture. - The plateaus in the temperature dependence curves
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(Fig. 36) of these parameters between 20-40 °C 1is guite
different from the reported monotonic decrease seen for per-
deuterated DPPC (100). The side chain and the head group
- then appear to behave somewhat ‘independently at these temp-
eratures. Finally, the "Jarrell calculation " (164) wusing
the first three momehts indicates that the head group of %SC
experiences phase transition effects 2°C below the beginning
of -the phase transition as measured by calorimetry. This
effect may be G}elated to the reorganisation of the acyl
chains, from an orthorhombic to a hexagonal packing as sug-

.9ested by FTIR (section 2.6.4),

Finally, the transition tempefature (45 °C) of the deu-
terated derivative as measured from the firsé and second mo-
ments of the *H-NMR peaks (Figq. Bé) and from the residual
chemical shift of the ?!p-NMR (Fig. 38) is in agreement with

the value obtained by calorimetry.

2.6.6 Monolaver Studies

The fact thaE, the minimum cross-sectional areas (Figq.
45) of the 18:0 PSC and 18:0-pC were identical, indicates
that the larger head group of PSC does not cause steric
hindrance in the tight packing of the stearic acid chains at
the point just prior to the collapse of the monolayer. How-
ever, the higher surface tension of the PSC monolayer com-

pared to the PC monolayer, in the .intermediate area where
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the polar heads are said to interact, 1is an indication fhat
the PC'head group is more highly hydrated than the PSC head
group. This is consistent with the qualitative observation
that the quantity of water hydrated by PC biiayers is great-
er than that hydrated by PSC bilayers. In contrast, the po-
lar head of PSC 'in non aggregated form, in the expanded
film, appears to be slightly more hydrated than the eorres-
ponding PC.  The phase transition from the gaseous to the
liguid state demonétrated by the break in the éompression
curve of PSC monolayer and the lack of a transitipn in PC
monolayer supports the thesis that the head groups of PSC

are more interactive than the head groups of PC,

-,
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CONCLUSIONS

One might have predicted that the physical behaviour of

PSCs compared to PC would have been affected by the presence

of the sulfonium group to a greater extent than was actually

observed. 1In fact, the properties common to both analogues,

PC and PSC are numerous:

1,

%

Similar polymorphic behaviour, e.g. formation of bi-
layer phase, multilamellar vesicles (MLVs), single;a-
mellar vesicles afteg sonication of MLVs and monolay?
ers at airwwater interface, but not hexagonal phase;

similar thermotropic behaviour, e.g. main transition

temperatures, enthalpies ‘and entropies of the gel to

liquid crystalline transition, presence of a pretran-

sition in one PSC (dil4:0—PSC), presence of a sub-

transition under special conditions;

similar bilayer properties, e.g. similar dyhamic ord-

er at the center of the bilayer, similar crystal lat-
tice structure in the gel state in the saturated der-
ivatives, similar mobility of the head group of the

16:0- analogues, similar minimum cross—-sectional area

o

"of 40°A for the saturated analogues (measured in the

monolayer); -

~similar interaction with cholesterol, e.g. the abo-

lishment of the gel to iiquid crystalf&ne transition
of di-16:0 analogues at a mole ratio of 1:1, similar
permeability properties of 14:0 analogues in the

presence of cholesterol (published separately) (112).
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It would appear.fhéQ that the hydrocarbon chain interac-

tion of PSC is not apé;gbigbly influenced by its having a

larger polar head group than\i PC. This suggests that the .
éSC group may be tilted differently with respect to the
plane of the hydroéarbon chains thanthe PC group. There
are differences between these two anal ués that may be at-
tributed to the sulfonium head group: |

1. The slightly highér T™m's (2-4 °C) in the saturated
PSCs than inpthe corresponding PCs;

2. the ‘lack of a Tp in di-16:0-PSC and di-18:0-PSC; the
presence oE a Tp in di-18:1-PSC; the higher and shar-
per Tp in di-14:0 PSC; ’

3. the greater hydration of the polar head of Pés than
of PSCs; ‘

4. the greater associative interaction of the polar

- heads‘bf‘PSC; T
5. the greatef distance between the aéyl chains of PS¢
in the region‘ just below the ester bonds of the mo-
lecule in the‘bilayer; ©
6. the slightly greater permeability (10 %) of PSC bi-
layers to .non-polar molecules 1like urea and carboxg*

fluorescein (published separately) (112).

2 Moo, . ' Q :
r¥=not
L)

These properties of PSCs a very dissimilér' from
those of\the PCs but tend toward the behaviour of Pl. The

: phosphosu}fochofine groﬁp of PSCs appear to be more interac-’
tive than the head group of ECJwﬁich may be attributed to

-
h

N
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the tilt of the resbective head groups of PSC and PC.
Further studies by X-ray d}ffraction are required to estab-
lish the tilt of the poiar head group of PSC relative to
that of PC and to determine the packing of the acyl chaing

in the gel state,

. The present fi&dings of a general similarity in the phy-
sical proﬁbrties of PC and PSC indicate that the sulfonium
analoéue should be able to substitute fﬁnctionally for PC in
natural membranes.  Clearly such a functional substitution

occurs in membranes of the marine diatom Nitzschia alba (1),

in which PC is completely replaced by PSC. Recently, it has
been shown that virtually complete replacement of choline by
sulfocholine in phospholipids of LM cells (13) and of the

yeast Saccharomyces cerevisiae (63) can be achieved with

little change in cell growth. In general, analogues of PC
in which the nitrogen is replaced by other elements of group
Vb or VIb of the periodic table (e.g. P, As, S. etc) can
shbstitute adequately for choline in the biosynthesis of PC
"in animal tissue (179). Finally, it would appear that any
"onium' polar head group (sulfonium, phosphonium, arsonium,
etc., ). should be able to substitute for the guaternary am-

monium group in PC (180}.
//"
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