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— " Abstract

The structures of the diphytanjlglycerol phoapholipids and

characterlzed by asynthetic and degradative methods; however,
'little information exlsts on the molecular order and dynamics of
this class of 1lipids within .model membrane systems.

Physical techniques such.as <H and -'P NMR, FTIR,
potentiometric titration and osmometry have been applied to the
study of synthetlecally and biosynthetically deuterated
diphyfﬁnylglycerol lipidshas ﬁell as chgiﬁ and headgroup
analogues, including dlhexadecylglycerol phospholipids and
diphytanylglycerol derivatives of PA, deoxy PG, phosphatidyl-
propanol and deoxy and methylated PGP

2H. NMR segmental quadrupolar spittings and apihﬁlattice
relaxation measurements prov;ded quantltative information on the
phytanyl chaln order and dynamics. Comparigon of the data from
phytanyl liﬁidé with those derived from E—Jﬁkyl lipids and date
previously reported for n-acyl lipids indicated thet the presence
of the branched methyl groups has a marked effect on the physical
pfoperties of the hydrocarbon chains: +the 1lipid chains are much
more disordered than the conventional n-acyl lipids (as evidenced
by narrower, quadrupeclar splittinga, < 25 kHz)} although the rates
of motiongﬁ;re much slower (Tq values of 5.2 to 11.1 ms at 17°C).
In effect, the presence of the methyl groups produces a bilayer

r 4

which 1s remarkably similar to t?at-of n-acyl phospholipid/
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choleaterol mixtures'with respect to segmental dynamics; however,
the methyl groups have a diaor&ering effect, in contrast to the
well known ordering effect of cholesterol.,

2H and 3P NMR studies with orlented bllayers prepared from
both total polar lipidé and purified PQP indicated that the axls
of motional averaging for the PGP headgroups and phytanyl chains
ere both parallel to the bilayef normel. In addition, the
bi;ayer ﬁormala of both PGP and GLS appear to be ldentical as
determined by this technique desplte the large difference in the
gize of +the héadgroups. These results are conaistent with
previous studies of n-acyl phospholipids and glycaayl dialkyl-
glycerol 1lipids, implying that the molecular moticnal axes for
all 1ipid types are fhe‘aame. Thi; may arise as a consequence of
rapid overall motion whlch masks subtle differen;es in the
chafacter of the local motions.

Osmometric studies of aqueoug disperslons of the total polar
and DPPC/cholesterol mixtures, indicated that the diphjﬁanyl-
glyecerol lipid bilayers =are considerabl& less permeagle to non-
electrolytes such as urea than bilayers comprised of n-acyl
phospholipids. For example, the permeability value derived for
bilayers of PGP, the predominant membraﬂa phospholipid [(61.0 %
2.4) x 10-3 aec"1$], is much lower than that of DPPC bilayers
[(94.8 + 6.2) x 10~2 sec™1)] but is comparable to that derived
from DPPC bilayers containing relatively high congggiratioia of
cholesterol. Thus, diphytanylglycerol lipid bileyers are less

nfluid" in the conventional sense than straight-chein lipids.
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Comparison of the pK values for PGP and the deoxy analogue in
aoniceted, aqﬁeoub dispersions indicated a significant difference
in the highest pK (pK,). In both compounds, the value of pKq
(which corresponds to two equivalents,) is é.A - 3.6, The
presence of the free_hgadgroup hydroxyl leads to a marked in-
crease in tg; value of pK, (>11) in comparison with the deoxy
analogue (8.5 - 8.8) or with Previously reported values for FA
(8.6) or headgroup analoguéa aucﬁ as ﬁg—phoaphoglycerol (6.6).
The abnormally hiéh pK value could be due to the presence of
intra- and/or intermolecular hydrogen bonding involving the P-OH
group which would stabilize it in the protonated form. Th¥s is
consiaﬁent with FTIR data indicating the presence of hydrecgen-
honding:in PGP invelving the headgroup P-OH and C-OH groups.

31p NMR studies of the effect of such factors as temperature
pH, salt forms and the presence of other polar lipids on the
chemical shift and CSA values of PGP have shown that the head-
group structure is remarkably stable to environmental changes.
This, too, is consistent with the formation of intra- and/or
intermolecular hydrogen bonding involving the PGP headéroup aﬁl

suggested by potentiometric titration and FTIR studies.
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1. General Introduction
1.1» Background on Membrane Structure and Function

The bllayer structure is an integral part of biological
ﬁembranee;.therefore, a detailed knowledge of the.atructural'and
dynamlc properties of the lipids which compr&ee theee-membranes_
is essential for an understanding of the properties of membranes
as a whole. The éhemical structures of the major membrane
liplds of most orgenieme, Including beth prokaryotes (eubacteria
and archaebhcterie) and eukaryotes, ﬂave been determined
previously (Ansell et al., 1973). The basic structure is
constant:.a hydrophobic region comprised prima;ily of alkyl or-
acyl chains of varying chain lengths, liaked via' ether -or ester
bonds to a. glycerol backbone, and a hydrophilic region which is
usually phosphorylated or glycosylated. Siructural factors,
—includiné chain length, degree of unsaturation, and class of
headgroup have been shown to affect bileyer characteristics such
as the shase transition temperature and extent of lateral-
. diffusion, and therefore euch‘facters as the activity of
membrane-bound proteins, permeability and elasticity (Boggs,
1984 ).

The:lipids studled here are the major polar lipids of the

‘archaebacterium Halobacterium cutirubrum (H. cutirubrum). The

archaebacteria are so named becasuse they grow.under conditions
that were thought to be prevalent on the primitive searth:
extiremes of pH, high salinity, high’temperatures and anaerobic
conditions (Fox et al., 1980). Thus, the extreme halophiles

ire saturated salt for growth, methanogens require anaerobic



conditions and thefméﬁcidophiles grow at high temperatures and
low pH™ (Woesa and Wolfe, 1985). The membranes of the organismaf
in this kingdom- are markedly different from those of euknryotaa
or eubacteria with respect to hydrocarbon-glycerol 1inkagee, the
presence .of branched mathyl or cyclopentyl groups in the
hydrocarbon chains and the nature of the headgroups. The
structures and relative concentrationé of the major polar
membrane lipids of H. cutirubrum (TPL) have been determined and
are shown in Figure 1 and Table 1 (Kates et al., 1978; Kushwaha
et al., 1975). The predominant polar 1lipild species are
‘diphytanyl analogues of phosphatidylgiycerol phosphate (PGP; 58
mol%) and sulphated triglycosyl diphytanylglycerol (glycolipid
sulphate, GLS; 17 molZ), together with smaller amounts of the
diphytanyl analogues of phosphatidylglycerol (PG; 4 mol%), phos-
phatidylglycerol sulphate (PGS; 4 molZ) and trace amounte of
other glycolipilds. It is interesting to note that the sﬁlphated
éiycolipid and PGS are found only in the purple membrane, whereas
the red membrane contains a mixture of as yet unidentified non-
sulphated glycolipids.

consist of two functionally and morphologically differept
fractlons: £he red and purple membranes. The red membrane,
which is red in colour due to the prese;ce-df high concentrations
of 050 bacteriaruberins,'carries out most of the normal cell

menhrane functions including oxidative phosphorylation,

transmembrane transport, etc. The purple membrane, which 1s

%
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Figure 1

Strucfufes of the major polar lipids in Halobacterium ‘cutirubrum:

I, phosphatidylglyderophoaphate (PGP); II, phosphatidylglycerol
(PG); III, phosphatidylglycerosulphate (PGS); and, IV,
glycolipid sulphate (GLS). In all éompounda, the alkyl group is
-35, 7R, 11R, 15-tetramethylhexadecyl (phytanyl).

(From Ketes et al., 1982) '



Lipid

composition of H.

I

Table 1

cutirubrum membrane fractlons

. Mol %

Lipid component Whole cells®* pyP- ' RM®* :
total polar total polar total polar
lipids lipids lipids 1lipids lipids 1ipids

1
Neutral lipids
squalenes 9 10 R P
Vit MK-8 1 2 2
retinal 0.3 8 0
Csy bacterio-
ruberins 2 0 0.5
Polar lipids
PG 4 5 5 6 3 3
PGP " 58 70 49 61 56 62
PGS / 4 4 5 \ 5 - -
GLS v 17 21. 7} 20 J 28 trace -
TGDd ‘tr < tr 15 trace -
GL{Xq + Xz)e - - - - 3 34

B.

bl

Ce

d.

e.

From Kates, 1978, Kates et al., 1982.

From Kushwaha et al., 1975.

Discrepancies between whole cell, PM and RM probably arise
from different growth conditions for célls grown under normal

conditions and those grown specifically for the production of PM.
triglycosyldiether '

unidentified glycolipids



found in patches within phe red membrane, is purple in colour due
to the presence of an integral membrane protein-retinal
chromophore complex called bacteriorhodopsin (BR). BR, present
as a single protein in a high concentration within the purple
membrane (80% w/w), functions in light-induced trans;membrane
proton translocation_(Stoeckenius, 1976; Stoeckenius et al.,
1979). ‘ |

The gquestion then arises as to whether these liplds possess
unique characteristics arising from their unlque struetures, and
to what characteristics the lipids lmpart to the cell membranes.
The adaptive significance of some of the structural features are
obvious. The presence of ether rather that ester bonds leads to
greater chemical stability at extreme pH's. ihe highly charged
headgroups may aid in selectivity of cation permeability and/or
charge shielding, both of whichlare of particular 1mportance for
the halophilic bacteria. The function of the branﬁhed—chain
phytanyl groups is presumably to ensure membrane structural
integrity ovér e wide range of environmental conditions. Studies
of membrane lipids of halotolerant and hoﬂerately halophilic
bacteria have shown that gfowth in mediﬁ 6f increasing salt
concentration leads to increases in the percentage of bfanched
chain (and cyclopropanoid) containing fatty acids (Kates, 1986a;
Kenemasa et al., 1972). The mechanism by which the branched
chaln lipids stebilize the bilayer at high salt concentrations is-
unknown as there have been only a limited number of studies
directed towards the characterization of the conformation and

dynamics of these liplds.

- ' | o



A wide variety of techniques, including EM, neutron scattering,
f-ray diffraction, ESR and NMR, have been used to study the
properties of diphytanylglycerél 1ipids. These techniques have
provided complementary and, 1n some cases, contradictory
information as they differ with respect to the degree of
resolution, the degree ‘of perturbation of the system under study
and the senslitlvity of the technlque wi£h respect %to the
different frequencies of molecular motion. |

Nuclear magnetic resonance spectroscopy (NMR) avoids many of
the problems inherent in other physical:. techniques since
“information on both the order and dynamics can be obtainéd using
compounds containing naturally abundant atomlc specles or by
isotopic enrichment of otherwise chemically identical molecules.
In the present study, deuterium, phosphorus and proton NMR have
been used in conjuction with FTIR, osmometry and potentiometrilc
titrations, to provide information on the.characteriatica of

diphytanylglycerol 1lipids in aqueous dispersion and sonicated

vesicles.

»
N

1.2 Physical Properties of Phytgnyl, Phytanoyl and Phytyl Liplds
1.2.1 EM, Neutron Scattering and X-ray Diffraction

Electron microscopy of PM preparations have provided three
dimensional structural information on the molecﬁlar‘organization
of PM st & resolution of 7 3 (Henderaén and Unwin,, 1975). A high
degree of resolution ﬁ&s pade possible by the unusual molecular
organization of the PM. The regular, periodic arrays ormed by

the BR proteins within.the PM and the high protein density (see
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Figure 2) allowed for the accumulation of electron diffraction
Egtterna éith minimum sample daEage.

.Analyses of PM preparations have shown a lipid to protein mole
ratio within the range of 4-13 (Blaurock and Stoeckenius, 1971;
Kushwaha et al., 1975; Blaurock, 1975, Stoeckenius et sl.,
1975} and the lipid molecules are thought to be 1ocateé both
within the center of the ring of 3 proteins and surrounding themn.

The protein conformation and arrangement of the proteins in
" the.-PM as been confirmed By neutron scattering studies (King and
Scheenborn, 1982). In addition, the location ;f the retinal
chromophzre (23° to the membrane plane and 19 K from the
cytoplasmic side) has been determined.

A limited number of high resolution X-ray crystalloé;aphic
studies have been done on saturated n-acyl lipids such as PC
(Hauser et al., 1981; Hi%ghcock et al., 1974; Pearson and
Pascher, 1977). However, higﬁ?reéolution X-ray information on
dipﬁ}tanylglycerol lipids ié unqbtainable since branched chailn
lipide do not form crystals of sufficlent quality for X-ray
studies. In additiom, no information'on the molecular dynamlcs
can be determined through this technique and the question remains
as to the relevance of erystallographic results to the actual
lipid conformation in aqueous dispersions.

In gontrast, low resolution X-rey diffraction tecﬁniques have
been used.successfully in the study of both the PM and aqueous

dispersion of total polar lipids. ZX-ray diffraction studies on

the PM (Blaurock and Stoeckenius, 1971; Henderson and Unwin,

1975; Hepdersomn, 1975) not only confirmed the protein



Figure 2

Contour map of the purple membrane lattice derived from X-ray

diffraction studies showing three bacteriorhcdopsin molecules per
' : [

unit cell, each containing 7 ({-helices.



conformation (7 txfhelicgl segments) but provided some
informatign on the lipid organization withfn the PM, Deaspite
the low 1ipid to protein ratlo (25% w/w), the diffraction
patterns obtained are characteristic of lipids in & bilayer
configuration. Treaiment with uranyl acetate, whiéh binds acidilc
groups, leads to marked intensity changes in the diffraction
pattern suggesting that up to 30 uranyl acetate ions bind to ®mach
unit cell. These ions cannot be posltioned accurately, implying
that the membrane lipids are rather disordered and can move from
one unit cell to the next. \
Although the PGP to glycolipid mole ratic in both the PM and
red membrane fractions ls approximately 2:1, recent EM work by
Henderson (Henderson et al., 1978) with a ferritin/avidin/biétin
labelling procedure has shown that in the PM, and presumably in
the'rad mewbrane as well, all of the glycolipid is found in the
outer bilayer of the PM (21 mol® or 42%Z of the outer leaflet).
Although EM and X-ray or neutron scattering studies provide
information on the organization of the components (protein, lipid
and chromophore) within the PM, they provide more information on
the structure of the proteins than of the lipid molecules. This
is due, in part, to the presence of lateral diffusion and
intramolecular motion of 1lipid molecules in a bilayer
arrangement. However, some high regsolution information has been

provided by ESR and NMR as will be discussed below.

1.2.2 ESR

Preliminary ESR work (Butler and Smith, unpublished) on the
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PM and aqugous'disperaiona of ‘PGP using 5-SASL (N-oxyl—ZUA'—'
dimethquxaiolidine derivative of 5-ketoatearic~acid) showed the
phytanyl lipids to be highly ordered (S=0.5 for PGP, 1.0 for PM).
" These results support previous work by Chignell and Chignell
(1975) in which 12-éASL exhibited large hyperfinalsplittinés in
purple membrane preparations which were inte;preted by the
authors as being indicative of highly ordered asystems with a
\large proportion of the lipids tigﬁtly bound to the proteiﬁ;‘
Cell envelope vesicles, prepared by freeze-~thawing H.
?Eiigggggg cells, as well as total libid dispersed in 3.4 M NaCl
;ere studied by ESR uging fatty acid sﬁin labelg (Esser and
Lanyi, 1973). For the cell envelope vesicles at 22°C, the order
'p&rameter, S, was found to b; unusually high and rela%ively
constant for the firat 10 ca?bon atoms (0.72 - 0.79), decreasing
markedlf for the last carbon atom (0.24) (See Figure 3). The
values were lower at ﬂigha; temperathrg {0.62 - 0.70 for
positions 1-10 and <0.24 for position 14; 37°C). For total
lipid dispersions; the value of S égain/_varied linearly with
carbon number for the first 10 positions (0.59 to 0.76) then
décfeased markedly for the last position (<<0.24). These values
are lowef at higher teﬁperaturea (0.46 - 0.62 for positions 1-10
and <<0.24 for position 14 at 37°C). The higher order
parameters for membrane vesicles as compared with liposonmes
prepared from total polar lipids 1s due go thé presence of a
protelin matrix in the membrane. The same effect is peen for

purple membrane preparations (Butler and Smith, unpublished).

More detailed ESR studies of total polar lipids, individual
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polar lipids and polar lipid-squalene mixtures were reported by
Plachy et al. (1974) and Lanyi et al. (1974). Within a
physiological temperature range (20 - 40°C) and in 3 M NaCl, the
value of S for 5-SASL in GLS (0.70 - 0.83) was higher than for
TPL (0.59 - 0.74). Probe motional correlation times were also
calculated by Plachy and coworkefa. The'value for U increases
with temperature and and decreases to;ards the terminal carbon.
However, these calculations assume that the paramagnetic N-
oxyloxazoliaine ring of the SASL experiences rapid hofion (T <3
x 10~ gec) and essentially isotropic reorientational qot;on
(Schreier et al., 1978); neither oflwhich is necessarily true for

%

the diphytanylglycerol lipids (vide infra).

The calculated T values for all samples ¥ary from 8 x 10~10
to 3 x 10“9 sec with activation energies of 4.9 - 6 kecal/mol. 1In
comparison, the activation energy for n-acyl lipids has been
estimated by 2H NMR to be 3.5 kcal/mol (Brown et al., 1979).
The activation energy refers to the rotation about C-C bonds and
i1s a combination of two factors: intrachaln activation energy
for bond rotation (~3 kecal/mol) and & structural factor due to
interchain interaction (Esser and Lanyi, 19733 Brown et al.,
1979). This second term 1s expected to be greater for branched-
chain lipids. Plachy and coworkers f1974) have postulated that
the predominant type of motion in diphytanylglycefol lipida would
involve "cooperative kinking®", resulting in elusters of lipid
chains with single kinks at the same position.

Similar findings were obtalned in a detailed study of spin-

label ESR and saturetion transfer ESR of dibiphytanyldiglycerol
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tetraethers derived from the archaebacterium Sulfolobus

sulfataricus (Brunoc et al., 1985). As was sesn fPr
diphy£any1glycerol lipids, the tetraesther 1ipida.have highkly
ordered structures (8= 0.97, 0.95 and 0.52 for 5-, 12- and 16-
SASL), a; indicated by high values of the hypa;:ine gplitting
for S-SESL in disperﬁons of the diglycerol di-biphytanyl
" tetraether (60.5 gauss at 31°C) as compared with egg PC (49.5

gauss’ in 3100). In addition, rotatlonal correlation times at

8ifferent portions of the hydrocafﬁon chains range from 10-8 to
16'5 8. Saturation transfer at 30°C showed & motional
correlation time of aﬁprﬁximately 10-8s for 5-SASL and even lower
fér 16-SASL.

The order parameter for 5-, 12- and 16-SASL shows a non-linear
temperature dependence over the range studied (10»9600) (Bruno éﬁ
al., 1985). In addition, the values of the order parameter
" calculated at 30°C for positions 5 and 12 (S=0.7) and the shapes
of the curve of S versus temperature are virtually identical for
the two' positions {see Bruno ;t al., 1985). The value of S
(0.45L‘ as well as the shape of the curve for 16-SASL are
aignificantiy different. The variation of S with carbon number
of bra;nched chain lipids is different from the order parameter
profile determined by ESR for n-acyl lipids which shows & roughly
linear decresse in S with cafbon number, or from the “H NMR
profile in which there is a plateau for the.first eight
poaltions only, followed by a shérp-decreaae for the remaining

positlions. Whether the extenaien of the plateau region to at

leagt carbon 12 is a feature characteristi; of phytanyl chains or

“i
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jﬁét of glycerol dialkylglycerol tetraether-derived lipids is yet
to be determined. . -

The values of the ESR order parametgri which have been
interpreted as belng indicative "of very high dagrees of order in
both PM and agueous dispersion of‘diphytanylglycarol liplds may
be misleading. <H NMR (vide infrs) has shown that the molecular
correlation time for diphytanylglycerol lipids 1s approximately

10-7 sec. In the calculations of the ESR order parameter from

the hyperfine splittings, the assumption is made that the motion
of the probe is fast on the ESR timescale (i.e., ¥V < 10-? sec).
Slower ;ates'Of motion affect the poslitlon of tﬂe inner and outer
extrema of the apectra and lead to overestimatlon of the value of
S unless complex spectral slimulation technlques are used
(Schreier et al., 1978).

In addition, if the degree of order is low.as has been shown
for diphytanylglycerol lipids (2H NMR, vide infra) the outer
extrema of the spectra %Ee noet well resolved, leading ﬁo
erroneous calculations oftP? and- T, and therefore of &S.

Thus, in retfospecp, ESR may not be the technique of choice

N

for the analyslis of the liplds of H. cutirubrum because the
combination of the low degree of order and low rates of motions
of these lipids could léad to erroneously high velues of the
order parameters.

“¥n eddition, as previously discussed, studies based on the use
of fluorescence or spip—labelled probe molecules suffer from the

inherent uncertainty of locatlon, distribution, conforqation_and

perturbation effects of these probe molecules relative to the
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unlabelled molecules in'thé membfhnpjfsbhrgigf et al,, 1978).

1.2.4 NMR

/

1H, 13¢ and ?H NMR have also been used to proéide both

conformational snd dynamic informetion on the phytanyl, phytanoyl

‘and phytyl lipids. —~

A motional model developed by Peterson and Chan (1977) was
used in the study of dispersions of diphytanoyl glycerol analogue
of phosphﬁtidylcholine (Lindsey et al., 1979). In this model,

1

the measured 'H NMR order “parameter, S

mnay be expressed a
meas? Y , 8P 8

the product of two components,

. Sneas = S S?

where Sy i8 a measure of the intrachain Brger end 1s related to
< [ '

the fraction of gauche rotamers present in the chain, and Sg

o

reflects the amplitude of chain reorientation reletive to the
directo; axié. The value of S5 would be expected to be émailer
in the dip%ytahoyl glycerol analogue of PC in comparison with n-
acyl PC due to a decrease in the energy difference between gauche
and trans conformers. The looser packing in diphytanoyl chains'
should decrease the cooperativity of the chain fluctuations.
This ﬁﬁuld résult in a decfease in the low frequency, high

anplitude motions and subsequently an increase in the value of

S4+ Thus, &dlthough the amplitude and type of motion of the

‘branched-chain lipids is .different than that of the streight

nmeag? 18
-

approximately the same. Studies of the temperature dependence

- .

'
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of the order parameter from ~120 to +120°C indicated the absence
of a gel to liquid-erystalline phase transition in diphytahoyl
PC, confirming previous DSC and X-ray diffraction studies (Eki?i
et al., 1981; Jackson and Sturtevant, 1978; Hirakl et al,, 1981}
as ‘well as X-ray diffraction studies of the PM (Blaurock, 1975),
indicating that the lipids are in the liquid-crystallihe phase at
physiological temperatures.

Goodman and coworkers (1973) measured the 13¢ NMR spin-lattice

relaxation times (T1) of neat phytol-as a funétion of carbon
number along the chaln. Althoﬁgh the absolute rates and
amplitudes of molecular mo?iona may differ between phytol and the
phytanyl chains of phoapholip%ds,hit is reasonable to assume that
the motional constraints imposed by the branch methyl groups
would be qualitatively similar. “

To facilitate comparison betweeﬁ\poaitiona, the T4 value; woere
corrected for the numbef‘of attachedtgrotona ag the predominant
relaxation, mechanism for 3¢ 1g dipolg-dipole; Thus, NT4 (where
N is the number of attached protons) wascuaed as a measure of thé
rate of rotational reorian£ation (NT1°¢;1/.% off)e

A plot of NT4 versus carbon number is.shovn in Figure 4. It

is obvious that-ﬁhQKiflaxation behavior of the branch methyl
(bgroup carbons (C-7 gnd'C—11) differs from that of the adjacent
methyléne carbons (C-6}and €-10), probably due to incredsed
restrictions to;internaljrotation resulting from the presence of
the branch methyl grgups. This effect is similar to that geen
‘for 2 NMR T4 values of unsaturated lipids at the position of

1= the double bond as shown in Figure 4. It should be noted,

3




Flgure 4

Comparison of the dependence of T. values on chain position

1
for unsaturated and branch chain lipids.
A 2H NMR spin-lattice relaxation time profile for A.
laidlawii enriched in C18:1 (From éance et al., 1980).
B. 1?0 NMR spin-lattice relaxation time profile for neat

phytol. (From Goodman et al., 1973)
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however, that 13¢ spin-lattice relaxation, which depends on both
13¢ and 'H resonance frequencies, is sensitive to higher
frequency motlons than 2H NMR (Brown et al., i982).

In naturel and model membrane systems, interpretation of the
13¢ NMR sptn-lattice relaxation times is hampered by the facp
that both the rates of molecular motions and the extent of
molecular order contribute to relaxation. Therefore, a decrease
in the T, Vaiues can be atiributed to a combin;tion of decreased
rates of segmental motlons ahdyor increased order (fluctuations
of fhé C-H dipole with respect to the director).

The presence of branch methyl groups mey also impose
restrictiohs on the extent of molecular motlons although the
magnitude or sign of the contribution from the molecular order
parameter at each position along the branched phytanyl chains is

not known.
1.3 Research Qutline

This thesis presents the results of a study of deuterium
quadrupole splittings and relaxation times and phosphorus
chemical shift and chemical shift anisotropy values of natural
and synthetically 6r'biosynthetically deuterated
diphytanylglycerol lipids. These parameters have been correlated
with similer results obtained for n-elkyl lipids and previously
published gata op n-scyl lipids. In addition, natural membrans
diphytanylglycerol phqspholipids and headgroup analogues have
peen gtudied by FTIR spectroscoﬁy, osmometry and potentiometric
titration techniques.

/'-
The research 1s divided into three sections: sanple



~19-

preparation of natural and ﬁembran; lipids (PartlI), synthesis
of deuterated and non-deuterated lipids and 1lipld analogues
(Part II), and physico-biochemical studies (Part III)

For 4. NMR studies, 2H—1abelled compounda were prepared elther
"by chemical synthesis, b}oaynthesis or a combingtion of both.
For comparison, straight chain (dihexadecylglycerol) analogues
were synthesized as model compounds.

For 31p NMR, FTIR and titration studies, both naturally
occurfing diphtanylglycérol phospholipids, as well a serles of
diphytanyléiyderol phoapholipid analogues, including PA, deoxy

PG, deoxy PGP, phosphatidylpropanol and methylated PGP were uaed,
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2.. Materials and Methods
2.1 terials -

Al sblvepts were glass distilled prior to use., Anhydrous
ben e and pyridine were prepared by keeping freshly distlilled
solvents over fresh potassium hydroxide pellets for at least 24
hours and were used without distillation. Anhydrous carbon
tetrachloride and chloroform were prepared by keeping_aolvents
over phosphorus pentoxide for uplto'24 hours followed by
decanting and distilling prior to use. Anhydrous ethyl ether for
LiAlHA and LiAlZHA reductions was prepared by keeping distilled
ether over phésphorua pentoxide, then decanting aﬂd distilling it
over LiAlHAa 1
' The term "petroleum ether" refers to light petroleum, with a
boiling point between 60 and 80°C.,

A1l other materials were of at least reagent grade and were
used without further purification.

Platinum oxide catalyst from Anachemia, Montreal, Canada was
found ‘to cleave phenyl blocking groups more efficlently than the
catalya£ obtained from Aldrich Chemicalaco., although both were'
equally effliclent at reduction of double bonds.

Palladium on charcoal was purchased from Aldrich (10% Pd on
activated carbon) or prepared as previously described (Hessel et
el., 1954). A mixture of palladium chloride (1.21 g) and active
charcoal (Norit A, 4 g) in 0.25 M aqueous HCl were stirred

I

' vigorously under an_atmosphere of hydrogen for approximately 1

hour (290 m1 of hydrogen taken up). The catalyst was then

by
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filtered through 2 sheets of Whatman #1 filter paper, waqhed
repeatedly with water and alr dried for 10 minutes tolactivata
" the catalyst.
The catalyst was then washed well with freshly distilled ethanol
(35 ml) and was used as soon as.possible after preparation.
2.2 Chropatography
2.2.1 Analytical TLC
For purify determination and for monitoring of reactions,
analytical TLC was carried out on 20 cm x 20 cm commerclal silica
gel G plates {(0.25 ﬁm, Baker) or ;n microplates cut from the
commercial plates. Following dévelopment and drying of the TLG
plates, -the spots were usually visualized by spraying with 50%
sulfuric acid and charring or with phoéphate reagept pregared'a&‘
described in the following sectlon.
2.2.2 Preparative TLC
Preparative TLC was carrled out on-20 cm x 20 cn plates coated
with silica gel G or H (0.25 - 0.75 mm, Whatman). The plates
\ were pr;%ashed by ascending chrometography in chloroform/methanol
(1:1) , air dried and activatéd at 120°F for 30 - 60 ninutes.
Plates were generally streaked with a solution of the compound
in e¢hloroform (25 - 50}mg/m1; 30 - 60 mg/plate) using a Pelick
Vstresker (Applied Science Labs, State College,.PA). The plates
were developed in rectangular tanks lined with Whatman 3 MM
filter paper.
2.2.2 Elution of Compounds from TLC Plates
\\\mFollowing development, the TLC plates were left to dry at room

k\ - temperature until there was no detectable odour of solvent. The



-2~
bands were visuallzed with l1odine and scraped into Erlenmeyser
flasks; chloroform/methancl (1:1) was added and the mixture
filtered throﬁgh slntered gless fllters aﬁd the residual silica.
washed well with solvent. The extract was concentrated under
reduced pressure and the lipids converted to the ammonium éalt
form as follows through & modification of the technique of Bligh
and Dyer (1959) (Kates,1986b). The liplds were dissolved in

'chloroform/methanoi (1:1; 10 nl) and 0.2 N aqueous HC1l (45ml) wes
added. The sample was vortexed and centrifuged if necessary to
ensure complete phase separation. The methanol/water phase was
removed and washed twice with chloroform (4-5 ml total). The
pooled chloroform phases were washqd'with methanol/water.(10:9)
and neutralized'with 0.2 N methanolic NHAOH' The sample was
diluted. with benzene and dried under a stream of nitrogsen.
Providing the ratios of chloroform/methanol/water are maintained
at 1£1:0.9, this procedure can be scaled ﬁo accomodate any sample
size.

2.2.4 Detectioq_and Identification of Lipids
All TLC plaEes were alr drieg prior to staining (at least 2
hours if the solvent system‘contaiﬁéd acetic acid). The
following stains were used to locate and identify lipids.
Ethanol-Sulfuric aclid spray was prepared by slowly adding
concentrated sulfuric acid (50 ml) to cold 95% ethanol (50 ml).

TLC plates were lightly sprayed and slowly heated on a hot plate.

Phospholipids give brown spots and glycelipide give pink spots.
Phosphate spray was prepared as previously described (Kétes,

1986b). Ammonium mqubdate(16 g) was dissolved in water (120
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ml) and an aliquot of this solution (80 md), together with
merﬁurx)(10 ml), was added to concentrated hydrochlorlic acid (40
ml). The solution was shaken well for 30 minutes and then
filtered. The filtered solution and concentratea sulfuric acild
(200 ml) were added to the remainder of the ammonlum molybdate
solution., This stock solution could be étored for monthé and was
diluted with water to an amber colour {1:3) inmedistely before
use. Plates were sprayed lightly with the reagent ahd phoaphqte
containing compounds appeared as blue spots on a white background
after 2-5 minutes at room temperature.

For non-destructive staining, TLC plates werse placed in a
closed container which had been pre-saturated with lodine vapour
until yellow or brown spo%s appeared. This stain is non-specific
dlthough‘aromatic and unsaturated compounds stain more readily
than saturated.

2.2.5 Column Chromatography

Neutral synthetic intermediates or natural compounds ' were
purified on columns of BioRad Biosil A {100-200 mesh) silicic
acid., The silica was activat@d for an hour prior to use. The
gilicic acid to aample'ﬁeight ihtiq was 50 to 100:1.

2;3 Analytical FProcedures ‘

Thé'aample for analysis was diluted, usuall} with chlorbform,
to & known volume in a volumetric flask (approximately 1%
solution). This solution served as a'stock'aolution from which
aliquots were removed for one or more of the following analyses.

Dry weights and phosphorus &nalyqis‘were done accdrding to the

nethods described by Kates {1986b). For catlon (Ha+, K+, Mg2+)
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anelysis, samplea'were either digested with perchloric acid prior
to analyai;'or an aqueous solution containing the ¥ations from a
known amount of sample was prepared. In the latter method, the
samples were diluted with chloroform/methanol (1:1; 10 ml) and
made biphasic by the addition of 0.5§ HCGL.(4.5 ml). The
chloroform ?haae was washed well with methanol/water (1:0.9) and
the pooled wﬁahinga were diluted with benzene and concentrated
under- reduced pressure. The residue was diluted to a known
volume for analysis via flame photometry (minimum concentration
of 2 mM, minimum volume of 5 ml).

2.4 Physical Methods

2.4.1 Infrared spectroscopy (IR)

IR spectra were obtained on thin films: between NaCl plates or
KBr pellets containing 2% w/w:pample using a Beckman IR-20
double-beam spectrophotometer. FTIR spectra were obtalned in
collaboration with Dr. P. Yang and Dr. H.H. Mantsch as described
in PART III, section 4. o {
2.4.2  NMR .

High resolution spectra-for compound identification and\
charactérization were obtained on a Bruker CXP-300 or MSL-300
spectrometer.

13 NMR spectra were obtained in C2HC1l;, G2HGL,/
C2Hg/C?H50%H (1.1:0.2) or CPHC13/C2H;0%H/?H0 (5:5:1.5) using
TMS as &n internal standard.

2H NMR spectra were obtained in CHClj. Chemical shift valﬁeg
were calculated from the chloroform peak (7.25 ppm)..

31p spectra were obtained in CHCl; or 062H6/02H302H

! '
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(1.1:0.2). A caplllary containing a 85% H3P04 or a solution of
aminoethy% phosphate (AEP; 100 mM; CS 18.688 ppm relative to
H3P04) was used as an internal standard.

R.4.3 Mass Spectrometry

A11 MS data (CI and FAB) were obtained by Dr. Clem Kazakoff,
Department of Chemistry, Univer sity of Ottawa,. _

A FAB source fitted to a ?G TOT0R nass spectrometer (VG
Analytical, Manchester, England) was operated at an accelérating
potential of 6 kV. A potential of 9 kV at 1.5 mA was applied
to the xeﬁon gun used to form the fast atom beam. The samples
were diséolved.in approximatelyﬁ Pl of glycerol and the probe
‘tip‘wgs ingerted into the source. The spectra were acquired with
a DEC ﬁPPB data system (Digital Equipm;nt Co.}. Negative FAB
vwas used for the analysis of most of the anioniec phosphﬂipids.
Samples were prepared as ammonium salts and the major peak *
‘usually corresponded to(M —}#'orOI— H20-Hf

The same specfrometer and data system were used as for
CI and both positive gnd negative FAB/MS. Diethyl ether was used
as the ion source. The major peak usually corresponded to MH*.
in positive FAB and M - 1 in negative FAB.

2.4.4 Elemental Analysis
c, H, N and,‘in gsome cases P, analysis were carriea out by

Hector Seguin, Analx&}cal Chemistry, National‘Research Council of ~

Canada.

-+
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2.4.5 Gas-Liqud Chromatography

GLC was carried out using a Pye Unicam GCD gas chromatograph
equipéedqwith a flame lonization detecfér (detector, 210°C;
injector port, 220°C). Sepafetion of alcohols, elkyl helides
etc. was carried out at 180°C.on a 1.8 m x 0.4 cm{(I.D.) glass
column packed with 10Z SP 2330 (100/120 Chromosorb ﬁAW; Supeleo).
The carrier pressure was s®t at 0.7-1.0 kg/cmz, air at 0.4 kg/cm2 &
and the hydrogen at 1.1 kg/cm?. . .

All retention times are reported relative to methyl palmitata

(RT'16=0) -

e
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PART I _
Isolation, Purification and Characterization ‘of

_  Natural Lipld Samples

1. Lipid Extraction and Purification

1.1 Growth of Halobacterium Cutirubrum

ggldbacterium cutirubrum (NBCC strain 34001) was used as a

source of both lipids and purple membrane. The cells were

cultured in the standard growth medium which contained, per

-1iter, sodium chloride (250 g}, oxoid bacteriological peptone {10

»

g), potessium chloride (2 g), trisodium citrate (3 )y magriesium

sulfate hep%ahydrafe (20 g) and ferric sulfate (50 mg F3504u7H20

in 1 ml of 0.01M HC1l). The pH was adjusted-to 6.7 and the medium

“

was autoclaved for 15 minutes at 121°C prior to the addition of

the peptone extract.

-

For 'preparation of cells to be used'for extraction of lipids,

primary inocula were prepared by transferring cells from stock

culture slants to culture medium (50 ml)'in g 250 ml f£flask and

incubating in the dark at 3§°C at 190 rq»ﬁ. for 48 hours. Cells
were normaily grown in 1.5 - 2 liter batches in 4 liter
Erleﬁmfyer flasks (39°C at 120 r.pum\for . days), harvested by
centrifugation at 9,000 xg and washed HEEE 4L M NaCl.
1.2 Biosynthetic Labelling of Lipids

Cells were grown as described above ex;ept that the medium was
supplemented with 1 g of &euterated sodium acetate'per liter of
culture. Deutérated sodium acetate was prepared by titrating

perdeuterated acetic acid (02H30022H) with 10% aqueous NaOH to



. N
groups of the phytanyl chains (Ekiel et al., 1986).

neutrﬁlity and iyophilizing the resultant mixture. The resulting
lipids were labelled at the carbons adjacent to the methine
X .

1.3 Extraction of Polar and Neutral Lipids

Thp'éeil pellet fromw 8-12 liters b{ culture (30-70 g wef
welght) was suspended in 4 M NaCl to 200 ml. Methanol {500 ml)
and chloroform (250 ml) were added t; yield a final solvent ratio
of ch;oroform/methanol/water, 1:2:0.8). Thg mixture was atirfed
for approximately 3 hours and.filtered through a bed of pyrex
wool on Whatman #1 filter paper in a .Buchner funnel. The residue
was washed with th;roform/methanollwater (1:2:0.8, 475 ml) and
the pooled'supernatants vere £ransfared to a two liter separatory
funnel and diluted with chloroform (375 mwl) and water (375 ml).
The chloroform phase, containing the total lipids, was withdrawn,
diluted with benzene and concentrated under reduced pressure.
The residual total lipids ‘were disaolved in ch;oroform/benzene
(1:1, 20 ml), ceh%fzfuged to remove salts and pa;ticulate matter
and concentrated‘uhdqr reduced pressure to dryness and the
residue red{gsol;ed in chloroform.

1.4 Acetone Precipitation of Polar Lipide -

A solution of the total lipids from & 12 liter culture (350-

‘500 mg) in a minimum of chloroform (3-5 ml) was diluted with “20-

30 ml of acetone. fhe mixture was shaken well, cooled on ice and

centrifuged. The supernatant was decanted and the precedure

‘repeated on the pellet until the supernatant was colourless. The

tan qplghred precipitate was dried in vecuo yielding. 300-500 ng

Y -
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polar lipida per 12 liter culture. The pooled acetone
'eupernatante, containing ‘the non-polar lipida, were ooncentrated

under’ reduced pressure ylelding approximately 50 mg per 12.1liter

culture. .
1.5 Purification and Characterization of Lipids
1.5.1 Purification end Characterlzation of PGP .

Lipids were fractionated according to procedurea previously

-

described (Smallbone, 1982)}. A solution of the acetons-
precipitated polar 1lipids (600 mg) in chloroform (4 &1) was
diluted to-Bd ml with methenol, mixed well end'allowed to stand
at room temperature for 2 hours and overnight at 4°C. The
initial methanol precipitate was centrifuged and washed twice
with cold'methanol. A solution of 20% aqueoue barium chloride
was added dropwise to the pooled methenol snpernntente untll no
fuither'precipitetion octurred (1-2 ml), and the mixture was
ellowed to stand overnight at 4°C. The barium precipitate wag °
centrifuged, waeh%d with cold methanol and dissolved 1in
chlorgform (12.5 ml). The solution was made biphasic by the

addition of methanol (12.5 ml) and 0.2 N HCL (11.25 ml). The ~

oroform phase wae_waahed with

ethanol/waten_;l9:9),
S itralized with 2 N methanolic NHAOH, iluted with benzene and
concentrated under reduced pneseuré to yield PGP, contaminated
with GLS and traces of other polar lipids. The crude PGP was
purified by repeated barium chlorige precipitation and the finnl
product was chromatogrephiqally pure.

TLC of PGP ih chlorofory 90% acetic-acid/methanol (30:20:4) or

chloroform/methanol /NH, OH (65:35:5) showed one spot with Re= 0.51

-
#

ficd




Figure I.1
J
TLC of total polar lipids (TPL), PG, PGP, PGS and GLS
isolated, from H. éutirubrum. The solvent system was
chloroform/90% acetic acid/methansl (30:20:4) and
the spots were visugliied by spraying with-sulphuric
acid and charring as desc;ibed in section 2 (Materials

Ay

and Methods).
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'
or 0.14, respéctively (see Figure I.1).
Negative FAB/NS (PGP(NH,)5; Cj¢Hq02011PoNps FW=920)3 m/z, .
902 (M ~ NH,). " |
Elemental analysis (PGP{NH,)},+H30; C,gHq02011P2Np Hy0):
calculated: 6.61% P
found: 6.65% P -

NMR (See Table I.1)
1.5.2 Purification and Characterization of PGS

PGS was isolated from the PGP-depleted methanol supernatants
Ly preparative TLC in chloroform/ 90% acetic acid/ methanol
(30:20:4). The resultant product was converted to the smmonium
palt form and precipitated f}om chloroform by the addition of a
tenfold excess of acetone. The product contafned traces of
glycolipids but no PGP or PG as indicated by ﬁhosphate reagent
staining of TLC plate. |
Negative FAB/MS (PGS-Hp; C,¢Hg50495P; FW= 886): m/z, 885
(M - 1)7 -
TLC in chloroform/90% acetic acid/methanol (30:20:4) showed one
spot with Re= O.i1.
1.5.3 Purification of PG

PG was isolated from the methanol supernatant bylpreparative
TLC in chloroform/methanol/NH40H (65:35:5) and showed one spot
with Rg=0.45 in this solvent system. TLC in chloroform/90%
acetic acid/methanol (30:20:4) showed one spot with Re= 0.88.
Positive FAB/MS (PG-H; C,¢Hgs0gP, FW=806): n/z, 807 (MHT);

808 (MH,Y). ~
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Table I.1

A

136 NMR Chemical shift values for natural

diphytanylglycerol phospholipids

PG PGP

'cS (ppm) Assignments ¢S (ppm) Aasignmenta

19.6-19.8  CHy 18,19 19.6-19.8 CHs 18,19

22:6-22.7  CH, 16,17 22.6:22.7 ' Gy 16,17

24.4-24.8  CHy 5,9,13 24.4-24.8 CHy 5,9,13

27.99 CH 15 27.99 CH 15

29.9-32.9  CH 3,7,11 29.8-29.9 CH 3,7,11

36.6-36.7 CH 2,4 36.6-36.7 CH 2,4

37.1-37.7  CH 6,8,10 37.1-37.7 CH 6,8,10
12,14 12,14

39.4 CHy 20 39.4 CHy 20

63.2 G-1! 65.9 G-1

65.9 G-1 66.9 G-1', G-3'

67.5 G-3 69.3 -1 (sn-2).

69.3 C-1(sn-2) 7044 c-1'(sn-3), G-2'

70.4 c-1'(80-3) 5 -3

7.4 G-2! , 78.8 G-2

71.72 -3 ' N

78.7, G-z

Assignment of caYbons as indicated on page 42.
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Negative FAB/MS (PG-H): m/z, 805 (M7)
Elemental analysis (PG-NH4; 046H9808PN; FW=I824)
calculated: 3.76%Z P
found: 3.78Z P

NMR (See Table I.1)
1.5.4 Purification of GLS

GLS was isolated from the initial methanol precipltate by
preparative TLC in chloroform/90%Z acetic acid/methanol (30:20:4)
and showed one spot with‘Rf= 0.14.
Negative FAB/MS (GLS-NaHy; CgqHqq7021SNa, FW=1240): m/z, 1217 (M
- 23)5 1239 (M - 1) _
1.6 Preparation of Salt Forms of PGP

Mono-, di- or tri- salts of purified PGP were prepared by
titrating the free acid forms of the lipids with 1; 2 or 3
equlvalents of & 0.2 N methanollc solution of NaOH, KOH or NHAOH.

Barium and magnesium salts were prepared by titrating the free
acid form of the lipids with one equivalent of 20Z aqueous barium
acetate or magneslum acetate,

All compounds were Purified by acetone precipitation and dried
in vacuo. | |

The purity of mono-, di- and trisodium and potessium salt
forms of PGP Qas agssayed by phosphorus analysis and flame
photometry on aliquots of the same samples. K/P ratios were
calculated to be 0.48, 0.96 and 1.41, respectively.

Specifib salt forms of PG and PA were also prepared by this

method.
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2. Preparation of Purple Membrane
72.1 Growth of Halobacterium cutirubrum
For the preparation of purple membrane, primary inocula were

prepared as descriped sbove. Secondary inocula were prepared by
adding the primary inocule (100 ml) to medium (0.8 liters) in a 2
liter Erlenmeyer flask and incubating under the same conditions
for 72 hours. The main cultures were prepared by adding
secondary inocula (400 ml) £o L liter Erlenmeyer flasks
containing 1 to 1.5 liters of culture medium. - These were
incubated in the light (39°C‘at 190 r.p.m. for 72 hours) then for
an additional 72 hours in the light (39°C at 100 r.p.m.).
Cells were harvested by centrifugation‘(BOOO g; 10 minutes), the
pellet was washed 3 times with 4 M NaCl yielding 6.5 g cells (wet
weight) per liter of culture.
2.2 Ieolatiﬁn and Purification of thg Purpie Membreane

Cells from 12 liters of culture grown as described above for
pd;ple membrane were suspended in salt.solution (25%; 200 ml)
containing deoxyribonuclease (10 -mg) and stirred for
approximately 2 hours at room temperature. The suspension was
dilalysed overnigﬁt ageinst distilled water at 4°C, centrifuged
at 10,000 xg for 20 minutes and the supernatant decanted and
recentrifuged at 50,000 xg for 1 hour. Resuspension and
recentrifugation of the pellet was repeated until the final
supernatant was colourless.

The créde purple membrane pellet was resuspended in distilled

water (approkimately 50 ml) and layered onto six 40 wml

[EVICPNRNFCE PSR S 1
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nitrocelJJilose tubes containing discontinuous sucrose gradients

(10 @l 1.5 M; 20 ml 1.3 M). The tubes were centrifuged (100,000

xg for 48 hours at 10°C) uaing:a Beckman SW-28 rotor. The purple
membrane, which was found at the interface between the sucrose
layers, was collected, pooled and dialysed agalnst distilled
water (18 hours; 4°9C). The dialysate was then centrifuged
(50,000 xg; 1 hour) and the pellet resuspended in & minimum
volume of 1 mM agueocus sodium ézide and stored at 4°C.

2.3 Analysis of the Purple Membrane

“The amount of protein in & sample was determlined by a
modtfication of the procedure use by Lowry and coworkers (Lowry
et al.,, 1951) as previously déscribed (Smallbone, 1982). Average
yield:s 0.7 - 1 gram of protein per 12 liter culture.

The purity of the samples was determined using sodium dodecyl
#ulfate polyacrylamide gel electrophoresis. The gei buffer was
prepared by combining 1.0 M pH 7.1 phosphate buffer (100 ml), 10Z
sodium.dodecyl sulfate (10 ml) and water (290 ml). The gel was
prepéred by combining the. gel buffer (30 ml), aqueous 207
acrylamide with 5% bis-acrylamide (21 ml), water (6 ml), TEMED
(90 Pl) and freshly prepared 1.5% aqueous aomonium persulfate (3
o). e

Samples were applied at varying protéiﬁ concentrations
(approximately 20 - 100 ug protein per gel). Gels were run at 20
mA for 6 hours and 10 mA for 10 hours end stained with Coomassie
Blue (1.25 g dye, 454 ml methanol/uatef\1:4, 250 ml acetic acid)
for two days. All sam%les teéted showed a single protein band at

all concentrations.
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"PART II

Syntheses

1. Introduction.

The need for synthesis was threefold: firstly, to syntheslze
deuterated compounds fgr 2y NMR; secondly, to syntheslze model
compounds such as headgroup analogues of PG and "PGP; and,
thirdly to synthesis éompounda such as PG present only 1n Bmall-
amounts in the membranes of H. cutirubrum.

2H NMR has been used to determine the conformestion and
dynamics of the phytanyl chains adjacent to the glycercl
backbone, necessitating the preparation of a serles of deuterated
compounds. These compounds were prepared through modificatlons
of previously published techniquee for the synthesis of both 24
labelled (Tulléch, 1977, 1979) and unlabelled (Kates et al.,
1965; Joo et al., 1969; Aneja and Chadha; 1971; Aneja et al.,
1970).phospholipids. Deuterium-labelled and unlabelled chains
were synthesized from phytol or isolated from “total polar lipilds
of H. cutirubrum resulting in R/S,R,R and R,R,R chaina,
respectively. These were linked to the backbone glycerol to
produce elther :§3-2,3—diphytanylglycerol which wes deuterated in
botﬁ chains, or sn-2,3-diphytanylglycerol which was deuterated
in only the gg—Z'chain. The general schemes for the synthesels of
labelled phytanyl chains, hexadecyllchains and headgroup
enalogues are shown in Figures II.1-3 and the Bt}uctures are

shown in Figure IT.4.
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Figure II. 2

Synthesis of deuterated dihexadecylglycerol phospholipids

b
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II1.3

Synthesis of headgroup analﬁgues
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The following deuterium-labelled diphytanylglycerol phospho-
liplds have been synthesized:

&. gg~2—[1,1-2H2]ﬁ(R,R,g)-phytanyl-j-(glglﬂ)-phytanylglycerbl

. analogues of PA and PG;

" b, ‘gg-z—[2,2—2H2]-(g;glg)-phytanyl—3~(§L§L§)—phytanylglycerol

analogues of B4 - ‘

c. gg-2—f2,3—?ﬁ2]-(E[§¢§*§)~phytanyl-3-(5;5;5)—phytanylglycerol
analogueé-df PA and PG; _

d. 255-2,3-[1,1,1'J‘-2H4]—(§%§Jﬂlﬁ)—diphytanylglycerol

&na%ogues of PA,
&

-

e. 555—2,3—[2,233,3|_2H4]_(Elglglg)—diphytﬁﬁi}glycérol
analogues of PA;

fsn-2,3-(R,R,R)-diphytanylglycerol-1-phosphoryl-sn-3'-

([1,1—2H2]g1ycerol);'and,_'

2. rac-2,3-(R/S,R,R)-diphytanylglycerol-1-phosphoryl-gn-3'-
([1,1—2H2]glycerol-1'—phoaphate). |

. The followlng deuterated n-alkyl lipids were Byntheéized:

a. gg-1—hexadecyl—2-[1,1-2H2]heXadécylglycerol phosphatidic
acid; and, ' '

b, 55—1—hexadecyl—2-{2,2-2H2]hexadecy1glycerol phoaphat£dic
. - -

acid. -

2

A number of heéﬁgroup analogues of PG and PGP were also
Y

prepared for 3p NMR and FTIR- experiments. These include the
following compounds::
g. sn-2,3-diphytanylglycerol-1i-phosphoryl-3'-(1',3'-propane-

diol);

+
b. en-2,3-diphytanylglycercl-1-phosphoryl-3'-(1'-3'-propane-

diol)-1'-phosphate;
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C. 35-2,3—diphytanylglycerol-1—phoephoryl—B'-éropanoi} and,
d. di-, t.r.:L_— and tetramethylated PGP

Nomenclature for the hydrocarbon an& gl;carol backbone reglions
of g-;ikyl and n-acyl lipids is relatively straightforward. For
phytanyl 1lipids, the presence of additional chiral centers makes
unambiguous naming of compounds more difficult.

The ﬁaturally occu%ring diphytanylglycerol ie gﬁ-l;h;,

;

[(3'R,7'R,11'R,15)-tetramethylhexadecyl)glycesarol. The

.8tereochemistry of the hydrocarbon cheins is specified by the R/S

1o

nomenclature and the glycerol backbone by the sn/ra

ndmanclaturet This nomenclature can be shortened to gn-2,3.-

(glg;g)—phytanylg}ycerol, or, where the steraochemietry 1s not
' specified, diphytanylglycerol.

A number of different tjﬁﬁﬁfgf gompound?'iere syntheq{zed,
‘including those containing mixtures, of é%sreoiaomers: for
exanmple, §£-2,3-(R(S,R,R)-diphytanqu{;cqrol contains & mlxture

of stereoisomers at the third carbon of the phytaﬁyl chains.

The carbons of the backbone glycerocl are labelled G-1, G-2 and

G-3 and the carbons of the headgroup glycerol, G'-1, G'-2 and G'-

3. The"ca;bons of ‘the sn-3 or Trac-3 chain of
.'. - Q - .
«diphytanylglycerol are labelled 1'-20' and t%;fe/g}‘fhe 2 chain
are labelled 1-20. : N
. °

n .
- CH, -0-P-0=CH,

17 " " 20 | (')H l
(H) 1y W 9 b 0) ) (0 O-CH H—G—OH -

14 14 12 W0 L} [ - i ‘ |

-
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For comparison purposes, the carbon; ﬁf the heaégroup carbons
"of the headgféup analogues are labelled ¢ , (> and ‘D beginning
at the carbon adjacent to the phosphodiester. This nomeﬂclaturé
avoids‘confuaion between, for example, the QE—B{Garbon of PGP
and the ‘1% ecarbon of deoxy PGP, which in both cases refers to the
.carbon adjacent to Ehe phoﬁphodieater'grobp.

Egch synthetic compound has been essigned a number indicating
the section ndmber, comppund numbér and positioﬁ of the
deuterium label. The label designation a-c¢ corresponds to [1,1-
2Hy) or [1,1,1,1-24, T, [2,;-232] and [2,3-%H,) or [2,3,2',3'-
2H4], respectively. Therefore, 2.5a refers to ‘thé fifth compound
of sectdion 2 which 1s labelled in the first poéition ¥r the
phytanyl chain. |
' Deuterium labels in the glycérol backbone and headgroup are

deslgnated by a‘and e, respectively.
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2. -(RyR,R) -Diphytanylglycersl Phospholipids
2.1 Undeuterated Starting Materlals ‘ .

The detalled schemes for the synthesis of labelled phytanyl
chaine are shown in Figures II.5 and 6 and the structures in
 Figure II.4. The diagnostic 13C NMR, chemical shift data are
. summarized after each step and complete spectra are shown in .

Appendix A.
2.1.1 sn-2,3-(R,R,R)-Diphytanylglycerol (2.1) (Kates et al.,
19650) '
Total polar lipids (2.5 g) extracted from cells of H.
. cutirubrum were heated under reflux with methanolic HC1 (0.6 N,
200 ‘ml) for 5 hours. After dilution with 10% water, the
resultant diphytanylglycerol was extracted fith several portions
of petroleum ether, The pooled ether fractions were washed well -
“, wwith water and concentrated under reduced pressure. The residue
was fractionated by chromatography on a column of siliclc acid
(5.g) by elution with petroleum ether (100 ml) and petroleum
ether/ethyl ether (4:1; 100 ml). The second fraction, containing
the pure diphytanylglwerol was concentr&ted under reduced-
pressure and dried in vacuo, ylelding 1.55 g (95%)
diphytanylglycerol (2.1) (colourless oil). TLC in petroleum
ether/ethyl ether (4:1) showed one spot with Rg=0.32 (Rp of
authentic diphytanylglycerol=0.3). :
IR: 3450 cn~! (0H); 2860-2960, 1465 cn™' (CHy, CHg); 1380.ch™!
doublet (isopropyl); 1120 cm~1 (C-0-C), 1050 cm-' (C-OH

alc ohol). '11 <
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Figure 1II.5

Synthesis of deuterated (R,R,R)-phytanyl bromides

> RBr
BBr (2.2)
CH,~OH 0
RO-CH ~————— RI ——> RO-CCH; —>——> R-OH
|
RO~CH, ' : .
(2.3) - (2.4) (2.5)
(2.1) )
Cr05/Hac
cii, , CH
[ 27 HBr/HyS0, |
R'CHCH202H2—Br S——=—=  RI-GHCH,C?H,-OH
(2.2a) (2.52)
1. CH40H/HC1
C3 o
2. LiAlzﬂ4 | " —
: ' R'-CH-CH,C-0H
- : S (2.6)

1. NaO®H/?H,0

2. CHBOH/HCl

3. LiAlH,
CH CH )
R'-CHC?HyCHy-Br < R'-CHCEHchz—OH
(2.2b) |  (2.5b)
cué CHy
k= CH,-[CH H,CH,CH, ] ,CHCH,, CH - , .




Synthesis of sn-2,3~-(R,R,
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Figure II.6

R,R)-diphytanylglycerol phospholipids

deuterated in the 55-2.chain.

CH,-OH RBr CH,-OR . CHy-OR
o KOH | GHBOH/HGl |
‘H-C—0 — > H-?-o ————>  H-C-0H
I X : |
CH,-0 CHy-0 . CH,-OH v
(2.7) (2.8) (2.9) :
C1C(CgHg) 5
CHy,-OR 1. R*Br CH,-OR | '
| KOH | < ¢
H-C-OR* hE H-C-OH :
| 2. CH50H/HC1 |
(2.11a,b,¢) (2.10)
0
N a . .
1.‘01?@06H5)2- o NN
) 2. Hy/Pt0,
0 _ 0
n ' n
CH,~OP (OH) 5 1. sn-1,2-dipalmitin, TPS CHy-0-P-0-CH,
| 2. NaOH 4 [ ' |
R#*0-CH - > R*0-CH  OH CH-0H
| ’ - |
CH,-OR . CH,OR- . CH,OH
(2.12a,b,¢) (2.13a,b,¢)
. . CH
?H3 P ?H3 : i o 4
R= CH3[CHCH2CHZCH2]BCHCHZCHZ . R --CHBXQHCHZCHZCH2 3
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1H NMR: 0.8 ppm (doublet, GHB); 1.2 ppm (CHy); 3.4-3.8 ppm
(multiplet; CH,0, R,CHO, CH,OH).

Y

13¢ NMR: See Table IIJ,‘Appendix A,

GI/MS (G, 3HggOy; FW=652): m/z, 653 (MH').

2.1.2 (R,R,R)-Phytanyl bromide (g;g)SKatea et al., 1965b)
A solution of boron tribomide tS ml; 53 mmol) in anhydrous

chloroform (50 ml) was added dropwise with stirring tq a solution

of diphytanyl glycerol ~ (2.49 g; 3.8 mmol) in chloroform (200

mlj. The reaction mixture was stirred at room temperature under
anﬁydrous conditions for 24 hours éhen concentrated under reduced
péessure. Thg-oily residue was extracted with petroleum ether
ana}the solution waghed well #ith water and concentrated under
reduced pressure to yigld 2.4 g (87%) of phytanyl bromide (g;g)
(yellow oil). TLG in'petroleum ether showed one spot with Ry=0.8

and no residual diphytanyi glycerol {(Ry=0.10).

IR: 2820-3005 cm™! (GH,, CHg); 1480 cm™' doublet (CHp, CHg); 1395

cn~! doublet (isopropyl). J

CI/MS (CpgH,qBr; FW=361): u/z, 281 (M - Br)*, 359 (M - 2)7, 361

.

GC: RTqg,0=1-29 (synthetic phytanyl bromide standard,
RT16:0=1.29).
2.1.3 (R,R,R)-Phytanyl iodide (2.3) (Kates et ain 1965a)

A solution of diphytanylglyca;ol (1.iL g; 1.74 mmol) in 47%
HI (40 ml) was heated under reflux for 24 houra. Care was taken
to protect the reaction mixture from light. The reaction mixture

was diluted with ethyl ether and the ether phase washed with
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water, 10Z KH,CO4 andt;ater to neutrality and drigd in vacuo. The
phytenyl iodide was fractionated by column chromatography (50 g
silicic acid).by elution with petroleum ether (200 ml). The
petroleum ether eluates conteining the desired product were
concentrated under reduced préssure yielding 1.22 g (86 %1
phytanyl iodide (2.3) (colourless oil).. TLC in petroleum
ether/ethyl ether (9:1) -showed one spot with Ry=0.8 {phytanyl
bromide standard, Rg=0.85). |

IR: 2866-3000 em~", 1480 Fm‘1 (CHy, CHy); 1390 en~' (doublet,
isopropyl); 1190 cm™' (isopropyl skeletal).

CI/MS (OwgH,41; FW=408): m/z, 409 (MH').

2.1.4 (R,R;R)-Phytanyl acetate (2.4) (Ka-tes et al., 1965a)

| A nmixture of phyﬁanyl lodide (2.0 g; 5.5 mmol) and silver
acotate (10 g; 5.9 mmol) in glacial acetic acid {150 ml) waé
heated under réfluxlfor 72 hours. The reaction mixture was
diluted with ethyl ether {100 ml), filtered, and the ether phase
‘washed with water, saturated K,HCO, and water to neutraiity; The
ether phase was concentrated under reduced pressure.yielding

1.7, g (93%) phytanj‘l acetate (2.4) (colourless oil),

TLC in petreoleunm ethér/ethyl ether (9:1) showed coﬁplete.
conversion to phytanyl acetate (Rp=0.38).

IR: 2830-2870 cm™', 1470 ew™ (CH,, CH3); 1750 cm~! (C=0 ester);
1380 cn=! (doublet, isopropyl); 1055 cm™' (CH,-0); 1245 cm™
(c-0, acetatej.

2.1.5 (R,R,R)-Phytanol (2.5)

A solution of phytanyl acetate (1.74 g; 5.3 mmol) in
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methanolic HCl (0.6 N; 25 ml) x.v:a‘.s heated under reflux for 2
hours. The reaction mixture was diluted with water (3 ml) and
the product extracted with petroleun ether. The ether extract was
concentrated under_ reduced pressure and fractionated by column
c'hromat'ography,(BO g eilicic acid) ‘by eiuting with petroleum
ether (200 ml; fraction 1) and chloroform/methanol. (1:1; 250 ml;
fraction 2). Fraction 1 contained nonpol;ar impurities. Fraction
2, containing the desired product, was concentrﬁted under reduced
pre‘ssure yielding 1.4 g (89%) phytanol (2.5) (colourle‘as oil).
TLC in petroleum ether/ethyl éther (§:1) showed one spot with
Rf=0.07 (synthetic phytanol standard,' Rf=0‘09) and no remaining
acetate (Rp=0.4). ) ) | -
IR: 3360 cm~' (OH); 2800-2880, 1472 en1 (CH,, CHs); 1385 cm™
(doublet, isopropyl); 1060 en~! (C-0, alcohol).

13¢ NMR: See Table II.1.

GC: RTq¢,0= 1.02 (synthetic phytanol standard, R;I‘16=0= 1.04)
2.1.6 (R,R,R)-Methyl Phytanate (2.6) (Kates et al., 1967; Joo
and Kates, 1969)

A solutic;n of chromium trioxide (1.2 g3 12 mmol) in water (1.5
ml) was added dropwise with stirring to a solutlon of phytanol
(R,R,R) (1.32 g; 2».4 mmol) in glacial acetic acid/ecetone (1:2; 60
ml). The mixture was stirred at rcom temperature for one hour,
diluted with water (100 ml) and solid sodium bisulfite was added
unf.il the mixture was green in colour. Sulfuric acid (10 %; 20
nl) was added to Btréngly acidify the reaction mixture and the

phytanic acid was extracted with ethyl ether. The ether phase
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was washed well with water until neutral and concentrated under
reduced pressure. The crude product was t;ken up in a mixture of
me thanol (22.5-m1) and 5 N Naoﬁ (2.5 ml) and.the neutral
by products (moétly phytanyl acetate and unreacted phyt 1) were
extracted with petroleum ether. The methanol phase was%z:}dified
and the desired acidic product extracted with petroléué ether.
Thia.fraction was concentrated under reduced. pressure. Tﬁg pure
phytanic acid was converted to its corresponding methyl ester byﬂ\J
heating under reflux in methanolic HCL (0.6 N; 5 ml) and
extracting with petroleum ether as previously described,
yielding 630 mg (44%) methyl phytanate (géé)ﬁéolourless 01l).
TLC in petroleum'ether/etﬁyl ether (9:1) showed one spot with Ry=
0.20 (acetate standard, Rp=0.60).
IR:  2850-2960 cm“;]; 1,60 en~' (CHy, CHz); 2620 cm™! (carboxyl);
1705 em~! (C=0); 1375 cn™ (doublet, isopropyl).
GC/MS (methyl phytanate, CoqH350p, FW=326)::m/z, 325 (M - )7,
326 (M), ” '
GC: RTqg,0= 1-99
2.2 Deuterated Intermediates
2.2.1 (R,R,R)-[1 ,1—2Hé]pﬁyte;.nol (2.58)

A solution of (R,R,R)-methyl phytanate (550 mg; 169 mmol) in
anhydrous ethyl ether (20 ml) was added dropwise with stirring to
a solution of LiA12H4 (100 mg) in ethyl ether (20 ml) and the .

reaction mixture wae stirred under anhydrous conditions at room

temperature overnight. Excess LiAle4 was hydrolysed by the

addition of isopropancl and the reaction mixture was diluted with
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,e;t'hyl ether (100 ml) and washed successlvely with water, 0.2 N
HC1l, 2.5 % K,HGCOg and finally water to neutrality. The ether
phase was concentrated under reduced pressure ylelding 530 mg .
(95%) phytanol (2.58) {colourla'ss oil). TLC in petroleum
ether/e‘b_hyi ether (2:1) showed one majJor spot with Rf=0.35

(phytanol standard Re=0.34; phytanic acid methyl easter standard,
Rf=0-70)o s

IR: 3350 cw-14(pH); 2880-2980, 1475‘cm'1 (CHp, GHj3), 1390 e~
(doublet, isopropyl).
GC/MS (020H402H20; FW=300): m/z,b282 M - NHA)J’; 252 (M -
(CH,C?H,0H)) ¥
GC: RTqg.0= 1.01 (synthetic phytanol standard', RT1'6=0= 1.04)
2.2.2 . (R;R;R)~[1,1-%H, 1phytanyl bronide (2.2a) (Kates ot al.,
19658)

A uwixture of (EJE‘E)—{1,1;2H2]phytanol (530 mg, 1.77 mmol) in
47% HBr (5 ml), water (5 ml) end concentrated sufuric acld (0.5
nl) was heéted under reflux for 24 hours. The reaction mixture
was diluted with water and extracted with several portions of
ethyi ether. The pooled ether fractions weree washed with water
to neutrality, diluted with benzene and concentrated under
reduced pressure. The crude brown 01l was fractionated by column
chromatography (25 g silicic acid) by elutlion with petroleunm
ether. [IThe fractions containing the desired compoundg were
pooled; concentrated under reduced pressure and dried in vacuo
yislding 544.5 g (85 %) of (R,R,R)-[1,1-%H,lphytenyl bromide
(2.28) (pale yellow 0il).

“-
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IR:  2850-2960 cm~' (CHp), 2900, 1480 cm~' (CHj); 1385 en "
(1sopropyl). _ .
CI/MS (CpgHzg°HaBr, FW= 363): n/z, 281 (M - Br - 2)*, 361

(M - 2)%, 363 ()™,

GC: RTq4,0= 1-31 (non-deuterated (R/S,R,R)-phytanyl bromilde
standard, RT;q,0=1.29).

2.2.3 (R,R,R)-[2,2-*H,]Phytanol (2.5b) (Tulloch, 1977)

(R,R,R)-Phytanic acid (840 mg; 2.69 mmol) was converted to the
sodium salt by'fifration in ehloroform with 0.2N methanolic
NaOH. Sodium phytanate and 1% NaOH in 2H,0 (25 - 30 ml) were
heated at 200°C for 3 days in & sealed ampule. The reaction
mixture was acidified with concentrated HC1 and the produc{ was
extracied with chloroform, The extract was washed well with
methanol/ water (1:0.8), diluted with benzene and concentrated
under éeduced pressure yielding 670 mg'(79.92 from the
corresponding methyl ester) phytanic acid (colourless oil).

An aliquot of the resldual L2,2—2H2]phytanic acid (300 ng;
0.920 gmol).was converted to the corresponding methyl ester anh
" reduced with LiAlHA as described é$¥ve for methyl-{1,1-
2H2]phytanatq. The reduced product was purified by coluﬁn
chromatograéh& yielding 210 mg (76.7%) of [2,2-2H2]phytanol
(2:59). |
TLC in petroleum ether/ethyl ether (2:1) showed one spog;with
Re=0.35 (phytanel standarad, Rp=0.34; methyl phytanate standard,
Rp=0.7).

IR: 3450 cu™' (OH); 2850-2960, 1485 em™' (CHy, CHg); 1395 cm™"

(isopropyl).
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GC/MS (020H402H20; FW=300): m/z, 282 (M'—igm ), 252

(M - C2H,0H,0H)* |

GC: RT4¢,0= 1.01 (synthetic phytanol Btandard, RT16=0- g 04)

_2H NMRJ 2.205, 2,046 ppm (theoretical, 2.0 - 2.2).

2.2.4 (R,R,R;)-[2,2-%H,Iphytanyl bromide (2.2b)
[2,2~2H2]phytanol {210 mg; 0.705 mmol) was converted to the

corresponding bromide aa descrlbed abofe yilelding 230 mg (91%) .

‘[?,2— 2H2]phytényl bromide (pale yellow oil).

CI/MS (Coqli35°HBr, FW= 363): u/z, 363 (M)*, 261 (¥ - 2)%.

GO: RTqq.0= 131 (R/S,R,R)-phytanyl bromide standard, RTqg,0=
1.29) - | I
2.2.5 sn-3-phytanylglycerol (2.9) (Joo and Kates, 1969) T

A mixture of sn-1,2-1sopropylidene glycerol (2.7) (1.25 g; 9.5
mmol), phytanyl bromide (R,R,R; 1.72 g; 4.78 mmol) and powdefed
KOH (10 g) in anhydrous benzene (25 ml) were heated under reflux
under anhydrous conditions for 48 hours A Dean-Stark phase
Beparatlng head was used to remove water produced in the
reaction:'TLG of the reaction products in petroleum ether/ethyl
ether (9:1) showed complete conversion to phytanylisopropylidene
glycerol (2 8) (Rg=0. 2)(fﬁfhe reaqtion mixture was diluted with
ethyl ether, washed successively with water, 0.2N HC1l, 10%
KH2003 and water, and concentrated under reduced pressure. The
crude product was pufified by column chromatography (20 g silicic
acid) by eiutiop with petroleum ether (200« mlj; frac;icn 1),
petroleun etﬁer/ethyl sther (9:1; 75 ml, fraction 2; 125 ml,

fraction 3; 125 ml, fraction 4) and petroleum ether/ethyl othor
. ¢
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(4:1; 200 nl, fraction 5). Frectioge 1 and 2 contelined non-polar'
impuritiee.‘ Fraections 4 and 5 contained polar impurities,
primerily excegs isopropylidene glycerol Fraction 3, containing
pure phytanylisopropylidene glycerol, was concentrated under

‘ reduced pressure, TLC in petroleum ether/ethyl ether showed one
spot with Rp=0.5.

The phytanyl 1lsopropylidene glycerol was heated under reflux
for 3 hours in'methanolic/HC1 (0.2 N; 200.&1) . Aéter dildtion
of the reaction mixture with 107 water, the product was
extracted with several portions of petroleum ether and the pooled
ether extracts were washed with water and concentrated under
reduced pressure, .yielding 1.06 g (60% from isopropylidene
glycerol) of phytanylglycerol (colourless oi%). Thin la&er
chrometography in petroleum ether/ethyl ether (1:1) showed one

repot (Rp=0.12) corresponding to monophytanylglycerol (2.9)
(diphytanyi glycerol standard, Ry=0.50). _
IR: 3495 cm~! (OH); 2980-3200, 1480 cn~" (CH,, CHB):. 1395 cn™1,
1135 ém" (C-0-C, ether). |
2.2.6 8n-1-Trityl-3- phytanylglycerol (2.10F={Chaudhary and
Hernandez, 1979) ) T ‘: ~

A mixture of en—3 phytanylglyéerol (1 00 g3 2. 85 dmol) trityl
chloride (1.0 g; 3.58 mmol), dimethylaminopyridine (DMAP) (17 mg;
0.14 mmol) and triethylamine (12 ml) in dimethylformamide (15 ml)
was stlrred at room temperature under anhydrous conditions for

1.5 days. ~The resction mixture was diluted with methylene

‘chloride and washed successively with water, 0.2 N HCl, 10%

vl
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KH2003 and water and concentrated uﬁder reduced pressure. TLC of
the reaction products. in petroleum‘%the;7ethyi ether (9:1) showed
complete conversion to_tritx}phytnnylglyderol ;(Rf=OA5)
(phytanyiglycerol;?ﬁf=0.35).bTﬁ:mE;ﬁde"product was purified by
column chromotography (25 g) by glution with pefrbleum ether (100
ml,fractisn jL petroleun etherybenzene(2:i;200 nl, fraction ’
»2; 1:2; 200 ml, fraction 3) ?nd bénzeqe (100 ml,rfraption 4).
Fraction 1 contained non-polar material, frection ? captainad ?ho
desired compound as wWell as tritancl and ditriﬁy{ ether and
fractioﬁs 3‘aﬁd 4, contained tritanol and polar "impurities.
Fraction 2 was conceptrated under reduced pressuré and disesolved
in chloroform (5 ml). A tenfold excess of petroleum ether was
;dded to precipitate the tritanol. After coollhg at 4L9C for 24
'hdﬁrs, the tritanol was removed by centrifugation and the
spupernstant was concentfated unde} reduced pressure. This
precipitation step was repeated until TLC indicated that no
tritanol remalined in.the sample. The supernatant was
.concentrated under reduced pressure yielding 0.66 g (38 7 fgom
phytanyl glyCQrol) of tritylphytanylglycerol (2.10) (yelléw oil).
TLC in ﬁetfgleum etqer/e%hyl ether (9:1).showa§ one krityl_
containing spot (Rg=0.18) and.no free tritanol (Rp=0.22).

IR: 3480 cn~ | (OH); 3060 , 1600, 1500 co~! (aromatic); 2880-
2970, 1485 cn™' (CH,, CH3); 1385 cn™ ' (isopropyl), 1105 en-1 (c2
0-C; ether). ) .

CI/MS:  (C,pHg,055 FW=614): m/z, 615 (MH); 537 (M - CHs) Ty 371

(M - CioHqs)t; 243 (CigHqs)'.
19715 9%15

)-.
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2‘ 2.7 Bn-2 y3-Diphytanylglycerol (2.11a,b or c)

A ablution of sn-1- -trityl-3- phytanylglycerol (285 mg; 0.46
mmol) ' phytanyl bromide ([1, 1-2 Hyl-, 220 mg; 0.34 mmolj [2,2-
1{2]—- 180 mg; 0.28 mmol, or (2,3~ H2]-, 280 mg; 0.43 mmol) and
E .-powdered KOH (0.5 g) in anhydrous benzene (15 ml) was heated
‘under reflux for 36 hours with a phase separating head. The
pi‘oduct was extracted as described above. TLC of the reaction
mixture in petroleum ether/ethyl ether (8.5:1.5) showed almost
complete conversion of the 1-trityl-3-phytanylglycerol (R;=0.25)
to the 1-trityl-2,3-diphytanylglycerol (Rp=0.8). The mixture was
fractionated by column chromatography (10 g silicic acid) by
eluting with petroleum ether (100 ml; fraction 1), petroleun
ether/benzene (4:1; 150 ml; fraction 2), petroleum ether/benzene
{(1:1; 100 ml; fraction 3) and chloroform (100 ml; fraction 4).
Fractions 1 and 2 contained the -desired ‘l-trityl-Z,B-diphytanyl—r
glycerol together with smaller am.ounts of unreacted
phytuﬁylbromide, ditrityl ether and tritanol. Fractions 3 and 4
contained tritanol gnd unreacted tritylphytanylglygerol.
Fractions 1 and 2 were pooled and conce\ntrated under reduced .
pressure and detritylated‘ by heating under reflux in methanolic -
HC1 (0.6 N) overnight. T_he‘mi‘xture was extracted with
petroleum ether and the pooled extracts were washc‘ed well w1th .
“witer and concentrated under reduced pressure.‘ TLC in petroleum S
ether/ethyl ether (8.5:1,5) showed complete conversioh tc‘aV
diphyt/;nylglycerol (Rf=0.26). (natural diether standard, Rp=0.28)

The crude reaction mixture was purified by column
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chromatography (15 g silicic acid) by eluting with petroleunm

ether (100 ml; fraction 1), petroleum ether/benzene (4:11; 400 ml;

"fraction 2) and chloroform (300 ml; fraction 3). Fraction 1

contained unreacted phytanylbromide and fraction 2 contained
ditfityl etherland tritanol. Fraction 3, containing the deaired'
comﬁdund and trace amounts of tritanol, WJ;%concentrnted under
reduced pressurs, dissolved in chl;roform end a ten-fold excess
of'peﬁroleum‘ether was added to precipitate the tritanol. After
cooling to 4°C for 24 hours, the tritanol was femovad by’
centrifugation and the supernatant was concentrated undor reduced
pressure.
Yields: ]
ngz—[1,1-2H2]—(E;E;El—phytanyl-B-(E;ELE)—Phytunylglycerol
190 mg (85% from tritylphytanylglycerol) (2.11a)
sn-2-[2,2-2H,1-(R,R ,R)-phytanyl-3~(R,R,R)-phy tanylgly cerol
80 mg (44% from tritylphytanylglycerol) (2.11b) /
gg—2—[2,3-2H2]—(E[§¢3iﬁ)-phytanyl-3—(Elﬁlﬁ)-phytanylglélerol
260 mg (93% from tritylphytanylglycerol) (2.11c)
TLC of the products in petroleum ether/ethyl ether (4:1) showed

one spot with Re= 0.31-0.33 (natursal undeuterated standard, Re=
0.30)

IR: 3450 em™' (OH); 2860-2960, 1465 cn~1 {(CH,, CHg); 1380 en™!
(doublet,_iséprqpyil; 1120 ¢én~] (CQO—Gf?31050 cn™ ] {C-0H,

s . =
I T :

alcohol).

CI/MS™ (C43Hge2n, 0,5 FW=654): m/z, 655 (MH'), 373 (M - 281",

&



2.2.8 Diphytanyl PA (2.12a,b or ¢) (Kates et al., 1971)

Deuterated diphytanylglycerols ([1,1-2H2], [2,2-2H2] an '
[2.3-2H21) were converted to the correap‘ondin:\\v
diphytanylglycerolphosphate as described in sectlion 5.

TLC !n chloroform/methanol/NHADH (65:35:5) showed one
phosphorus positive spot with Rpe= 0.1
Ylelds:

gE-Z-[1,1-2H2] (RyR,R)-phytanyl-3-(R,R,R)~ phytanylglycerol
phosphate

83 mg (38% from diether) (2.12a)

en-2-[2,2~ H2] (R R) phytanyl-3-(R,R,R)-phytanylglycerol
phosphate

15,2 mg (16% from diether) (2.12b)

sn-2-(2,3- H2] ( /8:R,R)-phytanyl-3-(R,R,R -phytanylglycerol
phoaphate

102.2 mg (35% from diether) (2.12¢)

/)- o

Negative FAB/MS (deuterated PA(NHA)z;'FW= 768): m/z, 751.
(M - NHA)f.
2.2.9 8n-2,3-Diphytanylglycerol-1-phosphate-3'-glycerol
(2.138,b or ¢) ( | |

Labelled diphytanylglyégrol—1—phosphate ﬁas converted fo she
corresponding PG as deseribed in section 7. |
4;L sn-2-[1,1- H2] ~-{R,R,R R)—phytanyl’}k{klﬂ R)-phytenylglycerol
phosphoryl glycerol

17-.3 mg (19% from PA) (2.13a)
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33-2-[2,3—2H2]-(B[S,R,R)-phytanyl-B-(E;ﬂ;E);phytanylglycefol
phosphoryl glycerol

8.7 mg (7.5% from PA) (2.13¢)
TLC in chloroform/methanol/NHAOH (65:35:15) showed one phosphorua
.positive spot for each sample with Rp= 0.51 (PG aﬁandar;, Re=
0.50).
Negative FAB/MS (deuterated PG-NH,; FW= 823): mw/z, 805

(M ~ NHFOH).

4T



61—

3. kg[glg)-Diphytanylglycerol phospholipida
3.1 Deuterated Bydrocarbon Chains )

The detailed schemes for the syntheses of labelled (R/S,R,R)-
phytanyl chains are shown in Figure II.7 and the atrﬁqtures are
shown in Figure II.4. The diagnostic 12C NMR ‘chemic_al shift data
are summarized after each step; Spectra are shown in Appendgx Ag
3.1.1 (R/S,R,R)-Phytanol (3.2) (Kates et al., 1965b)

Phytol (5 g5 17 mmo}; Aldriéh, 80%) in methanol (75 mf) vag
converted to phytanocl by catalytic hydrogenation.with platinum
oxide (250 mg). The catalyst was removed by centrifugation and
the supernatant was concentrated un@er rpduced pressure yielding
4.3 g (95%) phytanol (3.2) (oil).

IR: 3410 gm-T (OH); 2850-2960, 1485 cn™" (CHy, CHg); 1385 cn="1 .
{isopropyl); 1660 en~1 (C-0-H). ' )

CI/MS (CpH,30, FW= 298): n/z, 299 (ME'); 280 (M - NH,)".

GC: RTyg,0= 1.04 (phytanol standard, RT4g,0= 1.04).

3.1.2. (R/S,R4R) [1,1-2H,)] phytanol (3.2a)

[1,1—2H2]Phy§anol (R/S,R,R) was prepared from phytanic acid
(EL§4E;E)_&5 deascribed in section 2, yeilding 4.5 g (86%)
(colourless oil). -

CI/MS (CooH,o?Ha0; FW=300): m/z, 301 (MEY).:
GG: RTq¢,0= 1.01 (synthetic phytanol standard 1.04)
GC/MS (CooH q 2Ho03 FW=..300): m/z, 282 (M - Hy0)".
3.1.3 (R/S.R,R)<[2,3-?H, Iphytanol (3.2¢)
[2,3_2H2]Phytanol‘was prepared zf"batalytic reduction of

phytol (5.0 g; 16,8 mmol) with *H,'and Dlatinum oxide (250 mg) in

™

..._.'. ' ﬁ-‘ ."
Ay RN
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Figure II.7

Synthesis of deuterated (R[S,R,R)-diphytanylglycerol

phospholipids
t ’ phytol
- 3.1 -
Hz/P1;0i’(’’’/’/‘_,,ff"“‘~~~~..~__\_Hh\EL 2H,/Pt0,
(R/S,R,R)-phytanol (E[§iELE)-[2,3—2H2]phytanol
T {3.2) . (3.2¢)

\ l HBr/H,80

l‘ CI‘OB

4
' . s 2 .
(R/8,R,R)-phytanic acid (R/S,R R)ET H,1phytanyl
: ' . —= E%EFQ.Z bromide
1 ) (3.3c)
‘ LiAl®H,
(R/S,R,R)-[1,1-H5]phytanol
(3.2a§ .
L HBr/ Hy80,
-éR/S;R,R)-[1,T—2H2]phytanyl
bromide
(3.3a)
I 2 ' . : i Hz/Pd |
HOw CH > R*0w~CH ——=——  R*OwCH
| g | |
CH,-0Bzl o R*0-CH, R*0-CH,
(3.4) (3.52,¢) (3.6a,¢)
0
n
1. C1P{0CgHs),
, A <
L (2;15¥g) 2. H,y/PtO,
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methanol (GH302H). The catalyst was removed by centfifugétion
and the supernatant was concentrated under'reduced pressure
yielding 4.9 g (97%) (colourless oil),

IR: 3450 cn™' (OH); 2870-2980, 1470 cm=1 (CH,, GHy); 1380 o~
(doublet, isopropyl)}; 1050 3l (C-OH, alcohol). Lo
CI/MS (CpoH,o?Ha05 FW= 300): m/z, 300 (M)¥, 301 MEY).

GC: RTq4,0= 1.03 (synthetic phytaﬁoi standard, RTy¢,o=1.04).

130 NMR: as for phytanal but with -multiplet at 27 ppn

-

(02H20H2—0H) at long recycle times.
2H NMR: 1:55 ppm (triplet). -
3.1.4 (B/S,R,R)-Phytanyl bromidg(g.ggﬁh 25 551592;;gg}(Kateé‘
et al., 1965b)

A oixture of (R/S,R,R)-phytanol (unlabelled, or.[J,1-2H2]- or
[2,3_2H2]—1abelled)ﬂ4u3 g{ﬁA.A mmol) in 47% HBr (50 ml), water
(50 ml) and concentratgd sulfuric acid (5 nl) was hea£ed under
reflux for 24 ‘hours. The reaction mixture was diluﬂed with.water
and extracted with several portions of ethyl ether. The pooled
ether fractions were washed with water to neutrality, diluted
with benzene dnd concentrated under reduced pressure.\ The crude
brown oil was fractionaﬁed by column chromatégraphy (25 g silicic
acid) b& elution wilth petroleqm ether. The fraétioné containing
the desired product were concentrated under ;educed pressure and
dried in vacuo. yislding 3.95 g (7625 phytanyl bromide‘(gég) {(and
3.3a or ¢) (yellow oil). )

IR:  2950-2960, 1480 cm™' (CHy, 0H35, 1385 cn™' (isopropyl).

CI/MS (CpgHygBr; FW=361): m/z, 361 (M)*, 359 (4 - 2)%.

(020H382H23r; FW=363): 363 (M)*, 361 (M - 2)%.
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GC: phytanyl bromide, RTqg,o= 1.29; [1,1-°Hylphytanyl bromide,
RTq1g:0= 1.31; [2,3-%H,]1phytanyl bromde, RTyg,q= 1.30 (natural
phytanyl bromide standard, RTqg,0= 1.29). .. .
GO/MS (GpoHy(Br; FW= 361): n/z, 257, 359 (M - CHj - Br)*
315D@memwwml | ‘

A mixture of (R[§4§4_) ~phytanyl bromide (undeuterated) (3.5 g;
mmfl), rac-1-benzyl glycerol (O,SZxéi 4.6 mmol), finely powdered
‘KOH (2.6 g) and anhydrous benzene (50 ml) wae heated under reflux
_under anhydrous conditions for 24 hours. -The reactlon mixture
‘was extracted with several porf&ons of ethyl ether and the pooled
- ether extracts were washed successively with water, 0.2 N HC1,
2.5% KHyC04 and water, and concentrated under reduced pressure.

The ecrude diether wes fractlonated by column chromatography (25 g

silicic acid) by elution with petroleum ether (200 ml; fraction

1), chloroform (200 ml; fraction 2), ethyl ether (150 ml;

fraction 3) and methanol (100 ml; frection 4). The pooled
frections contain;ﬁg the benzyl diphytanylglycerolr(fractiona 2
and 3) were concentrated under reduced pressure ylelding 3.32 g
{(912) (colourless oil).

The benzyl group was removed by hydrogenolysis in.athyl
acetate (20 ml) with 10% palladium on charcoal (250 mg). The
catqust was removed by centrifugation, washed well with ethyl
acetate and the ﬁooled supernatants we concgntrated under réduced
pressure and dried in vacuo. The crude dlether was pﬁrified by
column chromstography (60 g silicic acid) by elution with

petroleum ether (150 ml; fraction 1), petroleum ether/ethyl ether

5
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(1:1; 250 ml; fraction 2), ethyl ether (150 ml; fraction 3),
chloroform (150 ml; fraction 4) and methanol (150 ml; fraction
5). The fractions containing the desired product (fractions 2-4)

were concentrated under reduced preésure, ¥ielding 1.13:g'9€402

» . T

L

from benzyl diether) diphytanylglycerol (3.6) (yellowiéﬁggil)}”‘

TLC in petroleum ether/eth&l ether {8:2) showed one spot ~with

Rp=0.3 (natural diether standard, Rp=0.23).

IR: 3440 em~! (OH); 2910, 1474 en~' (GHp, CHj), 1380 cuw™! ™ . [ w4

(isopropyl); 1113 cm~' (cZ0-cC ether); 1050 cm~" (C-0, alcohol);
" CI/MS (FW=652): n/z, 653 (MHY). ﬂ |
3.1.6  (R/S,R,R)-[1,1,1',1'-2H, |Diphytanylglycerol (3.6a)
rac-1-Benzyl glycerol (0.54 g; 2.9 mmol), [1,1-2H2]phytanyl
bromide (2.34 g; 6.45 mmol) and powdered KOH (1.5 g) in
anhydrous benzene were heated under refiux as described in
section 2. After extramction, the-crude benzyl diphytanyl
glycerol was convertéd to diphytanylglycerol by hydrogenolysis
with 10% palladium on charcoal (150 mg) in freshly distilled
ethanol (20 ml), then fractionated by column chromatography as °
described above, yielding 0.62 grams (29% from benzyl glycifol)
of 2,3—[1,1151'—2H4Tphytanyl glycerol (3.6s) (colourless oil).
TLC in petroleum ethé;/ethyl ether (4:1) showed one spot with Re=
0.20 (natural diether standard, Re= 0.19).
IR: 3500 cn~! (OH); 2880-2960, 1475 cn~" (CHp, CHg); 1390 en~'
(doublet, isopropyl); 1050-1]40 em=! (C-0-C, ether; C-0OH,

alcohal).

CI/MS (G gHsq°Hy04, FW= 656): m/z, 657 (MHY).
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3¢ NMR: 62.81 ppm (G-1); 71.43 ppm (G-3); 79.75 ppm (G-2).

With'long recycle times, additional multipleqs at 67.91 ppm (C-1)

and 69.41 ppm {(C-11) were observed {Appendix A3). |

3.1.7 rac-1,2-[2,3,2',3'-?1, IDiphytanylglycerol (3.6c)
555-1,2-[2,3,2’,3'-2H4]Phytany1glycerol was prepared

by reacting benzyl glycerql (0.66g; 3.63 mmol) with [2,3,2',3'-

2H4}phytanyi bromide (0.323 g; 3.23 mmol) as described above,

yielding 0.73 g (28% from benzyl glycerol) (3.6¢c) (colou;leaa

oil). | '

TLGC in petrol%uﬁ ether/ethyl ether (8:1) showed one spot with

Rp=0.20 (natural diether standard, 0.19).

IR: 3400 cm™' (0H); 2880-3000 , 1475 en~? (CHy, CHj); 1390 en~’

(doublet, isopropyl)

CI/MS (C,gH51°Ep0q, FW= 656): n/z, 657 (MH'),

136 NMR: 62.10 ppm (G=1); 71.20 ppm {G-3); 79.24 ppm (G-2); 68.4

ppm {C-1), 69.3 ppm (C-1'). Absence of a peak at 29.8 ppm.

3.1.8 rac-1,2-(R/S,R,R)-Diphytanylglycerol-1-phosphate (‘.Tg or
o ,
2,3-(§L§L§LE)-[1,ﬁ,1H1f-2H4]Diphytanylglycero1.(géég) and
[2,3,253'-2H4]diphytanylglycerol.(géég)were converted to the
corresponding PA as deaci&?&d.in sectiqn'S.—
Yields: ¢ o

£§3—2,3—(R[S;R.R)—[1,1,1',1'-2H4]Diphytanylglycerol-1-

-

phosphate: 267.7 mg (37%)

;gg—Z,B—(R(S,R,R)—[Z,B,2‘,3'-2H4]Diphytanylglycerol~1~

-

. phosphate: 108.8 mg (42%)

—

k £
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TLC in CHGl3/CH30H/NH40H (65:35:5) showed one spot for each
compound with Rp= 0.25 for [1,1,1',1'-?H, ]DPhPA and 0.21 for
[2,3,2',3'-2H4]DPhPA (0.22 for unlabelled diphytanylglycerol
phosphate standard)

Negative FAB (deuterated PA(NH,); FW= 829): 810 (MH - NH;)™.
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3.2 Deuterated Glycerol Backbone

The scheme for the synthesis of diphytanyl phospholipidse-

1abelled in the backbone ‘glycerol is shown in Figure ILS,
- 3.2.1 rac-[1 ,‘l—252']-3—tritylglyceroll (3.12d) (Kates et al., 1966)
rac-Glyceric acid hemi-calcium salt (4 g; 150 mm015 wan
converted to the free-acid form by stirring with Dowex 50W-X8 (40 |
g) in methanol/water (1:1; 150 ml) for 2 hours. The Dowex was
removed by centrifugation and the supernatant was diluted with
ethanol and benzene and concentrated under reduced prepsufﬁ.

The free.acid was "converted to the corresponding methyl ester
by heating under reflux in methanolic HC1 (0.6 N; 80 ml) for 4
hours. The reaction mixture was diluted with ethyl ether and thé
ethe? phase was washed with ﬁ;ggr and concentrated ™ynder reduced
pressure, yielding 3.35 g (87%) of methyl, glycerate (3.10)
(¢olourless oil). o
IR: 3400 en =] (Oﬁ); 1740 em~"' (C=0 ester); 1440 cn~ (0033);'
1240 em~1 (C-0, ester); 1130 en~! (seec G-OH); 1070 cm”1l(primayy
C-0H). -

A solution of methyl glycerste (3.10) (3.35 g3 2.79 mmol) in
anhydrous pyridine (20 ml) wes-ddded dﬁ?pwise with stirring to a
mixture of frityl chloride (17 g;‘mmol) in - anhydroug pfridine (20
ml). - The reaction mixture was stirred uﬁder anhydrdus conditlone
at room temperature overnight. The reaction mixture wad’then
diluted with ethyl ether and'the.ether phase washed with water,
0.2 N HCl; 2.5% KH2003 and water to neutrallity, and concentrated

" under reduced pressure. TLC of the reaction products in

_ petroleum ether/ethyl ether (9:1) showed the prepence of tritanol
? : i
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Il“igume:I-Ir-.-&_—H A R
Synthesis of diphytanylglycerol phospholipids deuterated
in the \glycerrol backbone

\ C—

0 0 0
n n 1]
C-OH CZ0CH5 - C-0CH,
| CH;O0H/HCL | C1C(Cgls) 4 |
H-CwOH ———> H-(I]MOH >  H-CwOH
| | | |
CH,OH CH,O0H , Cli,-0C(Cglig) 3
3.9. 3.0 3.11
J/ L1AL®H,
+
0 0 .
£ I ) 2
CH2—O—P(OH)2 1. ClP(OC6H5)2 C HZ-OR C Hz—OH
! 2. Hy/Pt0,. 1 1. RBr -
RO ~~CH < H-CweOR < H-Cw OH
| | 2. CHjOH/HCL |
RO-C?H, - CHy-OH CHo-0C(CgHg) s
3.14d 3.13d - 3.12d
L 2
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(Rp=0.21) and ditrityi ether (Rf=0.76) es well as the desired
préduct (Rf=0.13). The crude product was -dissolved in
chloroform/ methanol (5:1; 5 ml), diluted with petroleum ether (5
ml) and kept at 4°C for 3 days to precipitate excess tritanol.
The crystellized tritenol was removed by centrifugation and the
supernatant was concentrated under reduced ﬁressurg. The
procedure was repeated untll the tritanol no longer preéipitated.
TLC in petroleum ether/ethyl ether (9:1) showed a trityi—positiva
spot (3-trityl methyl glycerate) (Re=0.14) (3.11) as well as
traces of tritanol (Rp=0.38) and ditrityI® ether (R;=0.85).
IR: 3510 cm™~' (OH); 1760, 1108 cm~1 (C=0, C-0, ester); 1610,
1510, 770, 645 cu~) (aromatic); 1455 (0CH4); 1075 en-1 (c-ox,
slcohol).

A solution of the ¢rude 3-trityl methyl glycerate (3.11) in

anhydrous ethyl ether (10 ml) was added dropwise, with stirring,

to a suspension of L1A12H4 (1.0 g) in anhydréus ethyl ether (25
ml) and the mixture was stirred overnight at room temperature.
Water-saturated ether was added to hydrolyse excess LiA12H4 and
the reaction mixture was diluted with etﬁyl ether (50 ml) and
washed successively with water, 0.2 N HGL,_2.5Z KH,CO4 and water
to neutrality and concentrated under reduced pressure yiel@%ng.

5.8 g (64% from methyl glycerats) of ggg-[1,1—2H2]-3—trityln

glycerol (3.12 d) (colourless solid).

TLC in petroleum ether/ethyl ether (1:1) showed one major trityl-

" positive spot with Rg=0.2.

IR: 3440 cm™' (OH); 1085 cm™' (sec C-OH); 3080, 1605, 1500, 655,
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770 cn<! (aromatic); 1455 cm™' (0CH;); 1080 cm™! (G-0-C).
3JL2. 53271,2-Diphytany1—[1,172H2]glycerol.(zéllg).
ggg—[1,1;2H2]—3-tritylglycerol (800 mg; 2.35 mmol), phytanyl
bromide (R/S,R,R) (3.8 g; 10.53 mmol) and powdered KOH (2.9 g) in
anhydrous benzene {40 ml) yere heated under reflux for 2 days.
A Déan-Stark rhase separating head.waa uged to remove water
formed during the reactlion., The reaction mixture was dlluted
wifh ethyl ether and the etherlphqse waghed successively with
water, 0.2N HCl, 10% KH2003 and water and concentrated under
reduced pressurse.
- The residual reaction mixture was heated under réfqu with 0.6
‘N methanoliec HC1 (200 ml) for 16 hours, diluted with water (10%)

and extracted with severel portions of petroleum ether. The

pooled petroleum ether phases were washed well with water and

concentrated under reduced pressure.

TLC in petroleum ether/ethyl ether (9:1) ah&wed complete
conversion to diphytanylglycerol (Re=0.15).

The crude mixture was fractionated by cclumn chromatography

(80 g pilicic mcid) by elution with petroleum ether (400 ml;

frection 1), petroleum ether/benzene (1:1; 200 ml; fraction 2),

benzene (300 ml; fraction 3) and chloroform (200 ml; fraction 4).
Fraction 1 contained non-polar impurities. Fractions 2 and 3

contained tritanol and trace amounts of the diether. Fraction 4,

conteining the desired diether and trace amounts of triﬁanol, wasn

concentrated under reduced pressure.

The crude mixture was dissolved in a minimum of chloroform and

. ‘-‘
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.
tﬁe tritanocl was precipltated with a tenfold excess of petroleqm
ether. After cooling at 4°C overnight, the ﬁritandl was removed
by centrifugation and the supernatant was conééntrﬁted under
reduced pressure, yielding‘ﬂo g (65% from trityl glycerol) of
332-1,2—diphytany1-[1,1-2H2]giyéerol (3.13d) (colourless oil).
CI/MS (C,3Hgg?Ha05; FW=654): m/z, 655 (MA*).

TLC in petroleum ether/ethyl-ether (4:1) showed one spot with Rp=
0.31 (natural diether standard, Rg= 0.30).

IR: ' 3380 cm™'(OH), 2880-3000, 1475 cn™' (CHp, CHs), 1385 cn™’
(isopropyl), 1070 em~! (C-0-C).

3¢ NMR: “62.87 ppm (G-1); 69.02 ppm (C-1); 70.27 ppm (c_iw;

79.73 ppn (G-2) (see Appendix A3).

3.2.3 ;g_g-:'a ,3—-Diphytansrl— [3,5-2H2 lglycerol-1-phosphate (3.14d)
553-1,2-Diphytanyl-[1,1—2H2]glycer51 (1.0 3;1.53 mmol) wase
converted to the corresponding PA by reaction with GlP(O)(OC6H5)2
as described in section 5. The crude material was purifed by TLC
in chloroform/methanol/NHAOH (65:35:5); overall yield, 180 mg
(15.6 %) of ;gg-E,B—Diphytanyl-[B,3—2H2]glycerol-1-phoap£ate

(3.14d). TLGC in the same solvent system showed one phosphorus-

e i
v

positive spot with Re= 0.1, G

Negative FAB/MS (PA-Hy; FW= 734): m/z, 733 (M - H).

%H NMR spectra are reported in PART III, section 1.
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4. Dihexadecylglycerol derivates .

Deuterated DHPA was prepared by modification of standard
.synthetic techniques developed for n-acyl lipids. [1,1-;
2H2]He£adecdnoi waes prepared by L1A12H4 regucp}%n of methfl

. . /
palmitate and [2,2-2H2]hexadecanol was prepared by Na02H/2H20

exchange of the C-2 hydrogens df paimitrcfacid, followed by i

) A
LiAlHA reduction of methyl palmitate. Either the-[1,1—2H2]- or

[2,2-2ﬁ2]-labelled chains were coupled to 3-trityl chimyl alcohol
and the trityl dihexadecylglyéerol was detritylated and converted
to the corresponding phosphatidic acid. The final compounds were
TLC pure and wére characterized by NMR, negative FAB and

elemental enalysis. The compounds and the reaction schemeso are-
s

shéwn in Figure III.9. Vs
4.1 [1,1-?H,]l-hexadecanol (4.2a)

Palmitic acid {5.0 g; 19.5 mmol) was converted to the
corresponding methyl ester by héatiﬁg under reflux in 2.5%
methaﬁolic-HCll(EOO ml). The reaction mixture was diluted with
water (20 ml) and the product was extracted with several portlons
of petroleum ®ther, The pooled ether extracts were concentrated
under reduced pressure and drled in vacuo.

A solution of methyl palmltate (5.0g; 18,5 mmol) iq anhydrous
ethyl ether (30’ ml) was added dropwise with stirring to a
suspension of LiA12H4 (400 mg) in/anhydrous ether (50 ml) and the
reaction mixture was stirred a% room températura for 24 hours.
Water (5 ml) was added to hydrdlyse excess L1AL%H, end the
reaction mixture was diluted with additional ethyl ether (100 ml)

end washed successively with water, 0.2N HC1l, 2.5% KH2603 and
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Figure II.9

Detailed synthetic scheme ‘for deuterated

“

dihexadecylglycerol

phosphatidic acid
1. CH,0H/HC1 . HBr/H,S0
S > X'CH,02H,-OH d > X'CH,C?H,-Br
2 3
" 2. Lial‘y,
\ 4:28 438
L
S 1. Na0RH,/?H,0 ) HBr/H,S0, )
X'CH,C-OH —> X'C°HaCHy-0H ——— ">  X'C?H,CH,-Br
LD 2. CH,OH/HC1 (4.2b) (4.3b)
: 3. LiAlH, B
CH,OH CH,-0G{C.H:) CH,-0C(CzH:)
2 2 . 2 6
| C16(Cels) 5 | 53 pemr | >'3
CH-OH  — > CH -OH _— CH -0X*
I ! I
CHp-0X CH,-0X CH,-0X
(4:4) (4.5) (4.6a,b)
0
it O
CH,-0-P=(0H) " CH,-OH
2 2 2
CH -0xx < . CH-OX*
| 2. Hy/Pt0, |
CHp-0X CHy-0X
(4.8a,b) (4.7a,b)

X= CH3(CHp)qs-

X*= ag X; deuterated
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water then concentrated under reduced pressure. TLC of the
residual product in petroleum ether/ethyl ether (411) showed &
major spot with Re=0.2 as well as a small amount of unreduced
material (Rf=0.8). The crude mixture was fractionated on ;
silicic acid golumn (50 g; prepered 1in petroleum ether) by
elution with petroleur ether (éBO ml; fraction 1) and petroleum
ether/ethyl ether 1:1 (100 ml; fraction\Z and 800 ml; fraction
3). Fraction 1 contained unreacted sta;ting material, fraction
2 contained the desired material as well as & small amount of
-faater moving material and fraction 3 contained the pure
hexadecanol. Fraction 3 was concentreted under reduced presoure,
ylelding 3.08 g (86%) [1,1—2H2]hexadecanol‘(é;gg).

TLC in petroleum ether/éthyl ether (4:1) ehowed one spot with
Re= 0.2. |

v
,
IR

3360 cn=' (OH); 2900-2980, 1485 cm™' (CHy, CHg); 1145 cm™
"(C-0H, alcohol).

6o /us (G4 gH31 *Ha0-TMS, FW=316): m/z, 301 (M - CHg)"

GC: RTq¢.o= 0.84 (hexadecanol standard, RTq4,.0= 0.87).

14 NMR: 1.53 ppm (CH,-CH,-0); 1.28 ppm (CHpy); 0.86 ppm
(CHz). The peak corresponding to CH,-0 was absent. (See Appendix A6)
13¢ NMR: 32.5 ppm (CHp,-CH,-0); 31.9 ppm (sz); 29.6 ppm
25.7, 22.7, 14.1 ppn (GHB)' The peak corresponding to CH,-0 was
absent. (See Appendix A5

24 NMR: 3.58 ppm (C®H,-0).

4.2 [2,2-%H,]-hexedecanol (4.2b) (Tulloch, 1977)

A mixture ofysodium palmitate (R.54 g; 0.01 mol) in 1% NaO®H



in 2H20.(15 ml) wae heated at 20000 in a sealed ampule for 3
deys. After scidification with HCl, the product was extracted as
the free acid (Bligh and Dyer, 1959) and converted to:the
corresponding methyl ester as previously descfibed vyielding
2.35 g (96%) [2,2-H,lpalnitic acid methyl ester (4.2b) (white
crystals). ‘

TLC of the product in petroleum ether/ethyl ether (4:1) showed
one spot with Rg= 0.54 (methyl palmitate standard, Rf=0.55)
GC:.RT16:O= 1.0 \

Methyl—[Z,2—2H2]palmitate was reduced to the corresponding
alcohol as described above yielding 2.35 g (96%) [2,2-2H2i-
hexadecanol. TLC in petroleunm eﬁher/ethyl ether (4:1)éhowed a
single spot with Rp=0.2 and no unreacted sterting material (Re=
0.8) (hexadecenol standerd Re= 0.2).

GG/MS (CqgH1°Hy0-TMS, FW=316): n/z, 301 (M - CHy)Y.

GC: RTqq4,0=0.84 (hexadecanol standard, RT16:O=(L83).

TH ¥MR: 3.61 ppn {(CHy-0); 1.28 ppu (CH,); 0.87 ppm (CHB)' Peak
at 1.53. ppn corresponding to (CH,-CHp-0) was  absent (Appendix A6).
3¢ NMR: 62.8 ppm (CH,-0); 31.9 ppm (CHy);  29.6, 25.5, 22.7,
14.1 ppm (CHB)' The peak at 32.5 ppm corresponding to '
(gﬂz-CHz—O) was absent (Appendix AS).

®H NMR: 1.53 ppm (R,—C®H,CH,-OH).

4.3 [1,1-*H,)hexadecyl-1-bronide (4.3a)

A mixture of [1,1-2H21hexadecanol (1.5 g; 6.14 mmol),
concgntrated sulfuric acid (1.5 nl), water (5 ml) and 48% HBr (5

ml) ws heated under reflux for 24 hours. The reaction mikture
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was cooled and diluted with petroiaum ether. The petroleum ether
phase was washed well with water ahd concentrated under ,reduced
pressure. The crude material was purified by column
chromatography (10 g silicic acid) by elution with petroleum
ether/ethyl ether (9:1; 150 ml) yielding 1.69 g (89.9%2) [1,1-
2H2]hexadecyl-1-bromide (4.32) (golden-yellow oil}. i -

TLC in chloroform showed one spot with Re= 0.81,

IR: - 2900-2980, 1480 cm™' (CHp, CHg); 735 en~1 (G-Br).

GC: RT4¢,0=1.17 (hexadecyl-1—bromid§ standard, RTqy¢4,0= 1.19).
4ok [2,2-?Hy]hexadecyl-1-bromide (4.3b)

[2,2~2H2]hexadecanol {2.35 g; 9.63 mmol) was converted to the
corresponding bromide as described for {1,1—2h2]he¥adecanol
ylelding 1.62.g (86.2%) of [2,2-°H,]hexadecyl-1-brouide (4.3b).
TLC in chloroform showed one spot with Re= 0.51.

IR: 2890-2970, 1480 cuw™' (CH,, CHg); 735 em™ (C-Br).
GC: RTyg.0= 1.17 (hexadecylbromide standard, RTyg,0= 1.19).
4.5 sn-1-Hexadecyl-3-trityl glycerol (4.5) (Chaudhary and
Hernandez, 1979)

A mixture of D-chimyl alcohol (sn-i-hexadecyl glycerol) (2.0
g; 6.3 mmol), trityl chloride (2.2 g; 7.9 mmol) and
dimethylaminopyridine (40 mg; 0.33 mmol) in dimethylformamide (20
pl) were stirred at room temperature under ﬁitrogen for 4B hours.
The reaction mixture was diluted with methylens chloride (100 ml)
and washed successively with water, saturated ammonium chloride
end water. The methylene chloride phasé wes concentrated under

reduced pressure and dried in vacuo. TLC in petroleum ether/
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ethyl ether (1:1) showed the presence of = trityl-qontaining
product (Rp= 0.47) as well as tritanol (Re= 0.59) and ditrityl
ether (Rf= 0.70) but only a small amount of upreacted starﬁiﬂg
material (Rf=0.04). The crude reaction mixture was fractlonated
by column chromatography (50 g silicic acid) by elution with
petroleun e£her (150 ml; fract¥on 1); petroleum ether/benzene
(2:1; 150 ml; fraction 2); and petroleum ether/benzene (1:1; 400
ml; fraction 3). Fraction 1 contained ditrityl_ethér and
fraction 2 contalned ditrityl ethef, tritagai'and some
tritylchimyl alcohol. Fraction 3 (200 ml) contained the desired
compound (6.5) and a small amoﬁnt of tritanol, °Fraction 3 was.
concentrafed under reduced pressure to a colourless oil which
crystallized at room temperature’ yielding 1.97 g (55%) sn-1-
hexadecyl-3-tritylglycerol (4.5) (colourless needles)..

TLC in petroleum ether/ethyl ether (1:1) showed a major spot with
Rp= 0.28 and trace amounts of tritanol, Re= 0.45.

IR: 3500 cm~' (OH); 3100, 1615, 1505, 720 cn~! (aromatic);
2900-2980, 1465 cm™' (CH,, CHg); 1080-1140 en~! (C-0H, €-0-C,
ether).

4.6 gg-1-he£adecyl-2—[1,1-2H2]hexadecy1glycerol or sn-1-
hexadecyl—Z—[2,2-2H2]hexadecylglycerol (4.7a or b)

A mixture of trityl chimyl alcdhol (gg—B—trityl;1—hexadecyl
glycerol; 9.9=g; 1.49 mmol), 1-bromohexadecane (either [5,1-2H2]_
1-bromohexadecane or [2,2—2H2]—1-bromohexadecane)(0.55g;1.88
omol) 9nd finely powdered KOH(b.75 g) in anhyd?oue benzene was

heated under reflux for 36 hours. A Dean-Stark phase separating
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head was used fo remove water formed durlng the reaoﬁion. The
reaction mixture was diluted with gphyl ether and washed
successively with water,;o.z N HC1l, 10 % KH2003 and water, and
concentrated unde;—;;ﬁuced preasure. TLC of tﬁe erude product in
chloroform showed complete conversion from trityl
hexadagylglyéérol (Rp=0.63} to trityl dihexadecylglycerocl
ka=0J9). The crude reactlon mixture was heated‘&nder reflux in
2.5% methanolic HC1 (150 ml) for {8 hours and the product
extracted with several portions of petroleum ether. The -
petroleum ether extract (200 ml) was concentrated under reduced
pressure.

TLC of the product in petroleum ether/ethyl ether (4:1) showed
complete conversion of trit&l dihexadecyl glycerol (Rp=0.70) to
dihexadecyl glyéérol (Rf=0.23) (hexadecyl glycerol.standard
Rp=0.25). _ .

93-1—Hexadecyl—[1,1—2H2]hex%decyiglycerol (4.7a) was obtained
in a yield of 430 mg (55% from tritylehimyl alcohol, first crop)
(white crystalliﬁe-solidL
CI/MS (C35Hqo?Ha035 FW= 542): m/z, 543 (MH').

TH NMR: 0.86 ppn (CHg); 1.23 ppm (CHp); 1.53 ppm (CH;CHZ0); 3.4-
3.75 ppu (R,CHO, Réﬂzo; degreaséd ?nteneity). .
Elemental analysis (C35Hgq H035 FW=542.56):

calculated: 77.41Z C 13.74% H

found: 77.32% C  13.44% H
n.p.= 44-45°C (nondeuterated 59-1,2—d£hexadecy1g1ycerol, m.p.=
46.5-49.5°c; Kates et Ql., 1963).
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n-1 -Hexadec.yl-Z-[Z,.2-2H2]hexadecylglyc‘erol (4.7b) was
prépared as described for f1,1;2H2]hexadecylglycerol yielding
470 mg (58% from triﬁylchimyl alecohol, first crop) (white
crystalline solld).

CI/MS (CysHyoHp035 FW=542): m/z, 543 (MH'). |
Ty NMR: 0.861 ppm (CHB); 1.23 ppn (CH,-); 1.54 ppnm (QEZCHzo;:
decreased intensity); 3.4-3.75 ppm (R,CHO, RCH,0); absence of
peaks 7.15-7.25 ppm (aromatic).
Elemental analysis (C3sHyo®Hp03; FW=542.56):

calculated: 77.41% C 13.74% H

found: 77.37% C 13.50%2 H .

= 42-44°C (nondeuterated sn~1,2-dihexadecylglycerol, m.p.=
48.5-49.5°C; Kates et al., 1963). '
4.8 Dihexadecylglycerol Phosphate (4.8a and b) ’

A solution of diphenyl phosphoryl chloride (375mg; 1.4mm91)
in anhydrous pyridine (5 nl) was added dropwise with stirring to
an ice cold solution of deuterated dihexadecflglycerbl (eithér
'an 3-hexadeeyl-2-[1,1- H2] -hexadecyl %Dycerol 400 mg, 0.74 mmol;
or sn-3-hexadecyl-2- [2,2- H2] hexadecyl glycerol 450 mg,O 83
mmol) in anhydrous pyridine (5 ml). The reaction mixture was
atirred for 1 hour at 0°C under anhydrous conditions, then
overnight ‘at room temperature. Water (10 ml) was edded to
hydrolyse excess diphenylphosphoryl chloride. The resction
mixture was diluted with-ethyl.ether (200 ml)tand washed

successively with water, 0.2N HC1l, 10% KH,CO, and water. The

organic phase was cYncentrated under reduced pressure and the

‘s
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residue dried in vacuo.

The phenil groups were removed by repeated hydrogenolysis (23
times) with piatinum oxide (150-200 mg) in ethanol as deecribed
in section 7 and the resultant PA wae converted to the ap?onium
salt form and purified by repeated acetone precipitation. —_

gg-1—hexadecyl—2—[1,1—2H2]hexadecylglycbrol-3-phoaphate (4.8a)
was obtalned in a yleld of 360  mg (781 from diether) (white
cryapalline'aoiid). _
13¢ NMR: 13.43 ppm (CHg); 22.10, 25.56 ppn (CHy); 29.36 ppm
(CH,-CH,0); 31.37 ppm (CHp-0; sn-1); 63.8 ppm (CHp-0-P); 70.36
ppn (CH,0; sn-1 position); 71.17 ppm (C-1, 8n-1 chain). Absence
of peak at 69.99 ppm (C-1, sn-2 chain) (See Aﬁbendix A7).

TH NMR: 0.553 ppm (CHj); 0.939 ppm (CHj); 1.06, 1.23 ppm (CHp);

3.16 ppn’(CHR0); 3.33, 3.54 ppm (Rp-CHO, CHp0); 4.11-4.22 (CH0-

P). The peak 3.25 ppm (ngpﬁﬁé—o) wes decteased in intensity.

Negative FAB/MS (PA-H,, FW=622): m/z, 621 (M - 1)}~

Elemental analysis (CgsHqq°Hy0¢P; PA-NH,; FW=637.58):
calculated: 65.887 C 12.02%Z H 4.86Z P 2,207 N

found: 64.20% C 12.06Z H 4.41% P 2.39% N

gg—1-hexadecyl—Z—[2,2-2H2]hexadecylglyéerolﬂB—phéaphété (4.8b)
was obtained in a yield of 438 mg (85% from dilether) (white
erystalline solid). .
13¢ ¥MR: 13.33 ppn (CH3); 22.10, 25.66 ppm (CHp); 29.60 ppm (CHp-
CH,-0; decreased intensity); 31.38 ppm (CH,-O0, en-3); 69.99 ppm
(CH,0, 8n-2); 70.32 ppm (CH,0, sn-1); 71.17 ppnm (CH,~0, Bn-1 and
CH-0, sn-1) (See Appendix A7). |
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T4 NMR: 0.94 ppm (GHB);. 1.06, 1.24 ppm (CHj, decreaped
intensity); 3.17 ppm tcH-zo); 3.25 ppw (CH,-CH,~0, reduced inten-
sity in comparison with [1,1—2H2}_DHPA); 3.33, 3.54 ppm (R, CHO,
'CHp0j, 4.23 (CH,O0-P).
Negative FAB/MS (PA-HZ, FW=622): wn/z, 621 (M - 1)'-.
Elemental analysis (C35Hyo°Hy0gP; PA-NH,; FW=637.58):

calPulated: 65.372 ¢ 12.01% H L.86Z P 2.20% N

_found: 64.112 C 11.95Z H 4.38% P 2.38Z N
2H NMR spectra are shown in PART III, section 1.
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5. Phoaﬁholipids Containing Deuterated and Undeuterated

Headgroups
5.1 TUndeuterated Headgroups

The scheme for the aynthea}s‘of unlabelled diphytanylglycerol
phospholipids from diphytanylglycerol is shown in Figure II1.10,
5.1.1 " sn-2,3-Diphytanyl-1-phosphatide (5.2) (Method a)
(Kates ot al., 1971)

A solution-of diphenylphosphoryl chio}ide (0.9 g; 3.3 mmol)

‘in anhydrous pyridine (20 ml) was added dropwise, with stirring,
over 30 minutes to an ice cold solution of pn-2,3-(RyR,R)-

diphytanylglycerol (1.05 g; 1.6 mmol) (5.1, derived from polar

e s st et it k.

pyridine (20 ml), apd the mixture was stirred at room temperature
for 24 hours. ﬁater (10 ml) wag added to hydrolyse excess TPS
and the reaction mixture was diluted with ethyl ether (200 ml),
washed successively with water, 0.2 ¥ HCl, 2.5 % KH2003 and water
to neutrality; the ether phasé was cohggntrated uﬁder reduced
pressure and.the residue was dried 12’15539, yielding 1.21 g (98%7)
diphytanylglycerol analogue of diphényi phosphgtidata (5.2).
TLC in CH013/0H30H/301 NH, OH (65:53:5) showed one spot with
Rg=0.87 and in CHClB/petroleum ether (3:1) Rf=0.75.(diphytanyl
glycerol standard, Rg=0.63).
IR: 1380 cm~' doublet (isopropyl); 1100 cu~! (€-0-C ether);
1050 em™1 (P-0-C); 700 en~] (aromatic):

The crude diphenyl phosphatidate was hydrogenolysed in freehly
distilled ethanol (100 ml) with platinum oxide (1.5 g) Usually,

the hydrogenoclysis was carried out et least twice to ensure

L
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. Figure II. 10
Synthesis of undeuterated diphytanylglycerol phospholipids

from diphytanylglycerol
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compiatﬁ conversion to the diphytanylé&ycerol phosphate. The
product was purified by preparétory TLC in GHGlB/GHBOH/30; NHAGH
(65:35:5) and eluted from the silicic acid with GH013/CH30H/0.2 N
aqueous HC1l (1:1:0.9). The product was converted to the ammonium
salt form (Kates, 1986) and purified by ecetone precipitation
yielding 870 mg (74%) of sn-2,3-diphytenyl-1-phosphate (5.2)
(white solid). )
TLC in chloroform/methanol/NHAOH (65:35:5) showed one phosphorus-
positive spot with Re= 0.10.
IR: See PART III, section 4.
3¢ NMR: 64.91 ppm_(G-T); 6%.79 ppn (C-1); 69.92 ppm (C-1');

71.28 ppn (G-3); 78.49 ppm (G-2).
rhNegative FAB/MS (PA-Hp; FW=732): wm/z, 731 (M - H)".
Positive FAB/MS: m/z, 733 (MET)*.
5.1.2 sn-2,3-diphytanyl-1-phosphate (5.2) (Method b)
(0gilvie et al., 1977)

A solution of bis(trichloroethyl)chlorophosphate (1.08 g; 2.84
mmol) in enhydrous pyridine ({0 ml) was added dropwise with
stirring to an ice cold solution of diphytanylglycerol (370 mg;
0.57 mmol) in anhydrous pyridine (15 ml). The mixture was
stirred at room temperature for 48 hours, then the reaction
mixture was diluted with ethyl ether then washed with '
water, 0.2 N HC1, 10Z KH,C04 and water to neutrality. The ether
phase wes concentrated under reduced pressure yielding 710 mg of
crude bis(trichloroethyl)-diphytaenyl phosphatidic acid. TLC in
chloroform/ethyl ether (3:1) showed complete conversion of the

diether (Ry=0.65) to the phosphorylated product (Rp=0.78).
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The product was dispolved in & minimum of chloroform (5 ml)
and diluted with glacial acetic acid (45 ml)}). Powdered zinc
(0.8 g) was added and the reaction mixture was shaken for an hour
at room temperature. The zinc was removed by centrifugation and
wvashed well with choroform/methanol (1:1). The pooled
supernatants wefe concentrated under reduced preasure, and the
resultant diphytenylglycerol phosphatidic acid was converted to
the ammonium salt form and purified by aceto;e precipitation.
The acetone precipitation was repeated once yielding (367 mg)
(87%) of sn-2,3-diphytanyl-1-phosphate (5.2) (white solid) with
identical Rp values in chloroform/methanol/30% NHAOH (65:35:5) to
the sample prepared by Method a (Re=0.15). TLC in
\Jchloroform/methanol/NHAOH (65:35:5) also indicated that the ace-
tone supernatants contained primarily unreacted diether (Rp=0.91)
with trace amounts of phoaﬁhorylated biproducts (Rp=0.73; 0.62
and 0.24). .

P'os;itive FAB/MS (PA-Ho; FW= 732): wm/z, 733 (MaHt.
Negative FAB/MS: m/z, 731 (M - H)™.

This procedure has the advantage over Method a in that the
blocking groups are more easily and rapidly removed, minimizing
the formation of slde producte such as the aonophenyl and
cyclohexyl derivatives of PA.

5.1.3 55-2,3mDiphytany1g1ycerol-1-phoﬁphoryl{?-glycerol (PG)
(5.3) "
A solution of trisopropylbenzenesulfuryl chloride (TPS;

630 mg; 2.08 mmol) anhydrous pyridine (40 ml) was added dropwise
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with stirring to a solution of non-racemic gn-1,2-dipalmitoyl-
glycerol (576 mg, 1.12 mmol) (or ;gg-dimyriatoylglycerol) and the
free aQ}d form of sn-T,2-diphytanylglycerol-1-phosphate (495 mg3
0.68 mmol) in anhydrous pyridine (40 ml). The reaction mixture
wes left at room temperature for 30 hours. The mixture was th?h
cooled (0°C) and stirred with 10.ml water for 40 minutes to
hydroyse excess TPS. The reaction mixture was diluted with
diethyl ether (300 ml), washed with water, 0.2 N HC1l, 10Z KH,G04
and water to neutrality and concentrated under reduced pressure.

Thé product was converted to.the ammoniun salt form and
precipitated by the addition of acetone , ylelding 776.6 mg of
crude diphytanylglycerol phoaphatidyl dipalmitoylglycerol.

TLC in CHGlB/CHBOH/BOZ NH, OH (65:35:5) showed a mejJor phosphate
positive spot with Rg=0.45 as well as some unreacted starting
material (diphytanyl phosphatidic acid, Rf=0.05).

Crude diphytenyl phosphatidyl dipalmitoylglycerol (655 mg) was
deacylated in GHClB/methanol (2:15 13.4 ml) and methanollc NaOH
(0.2 N; 10 ml) at room'temperature for st least 40 minutes.
Chloroform (5 ml) and 0.6 N HC1 (13 ml) were then added to make
the system biphasic. The chloroform pﬁase was removed and washed
twice with GHBOH/HZO (10:9), neutralized with methanollic 2 N
NHLOH, diluted with benzene and concentrated under reduced
pressure, The residue was precipitated by the addition of a ten-
fold excess of ecetone and dried in vacuo ylelding, 363 mg.

TLC in CHC1 /GH30H/BOZ NH ,OH (65:135:5) showed one major
phosphate- positive spot (Rf—O L9) as well as some unreacted

diphytanylglycerol phosphoryl (dipalmitoylglycerol)(Rf=087)
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(natural diphytanyl PG standard Rp=0.48).
The crude diphytanylglycerol phosphoryl glycerol was purified
by preparative TLC in GHClB/GHBOH/BOZ NH, OH (65:35:5) and the

-pure compound was converted to the ammonium salt form ylelding

220 mg of diphytan&lglycerol j:hosphorylglycerol (PG) (6.3) (47%
from diphytanyl phosphatidic acid) TLC in chloroform/methanocl/
NH, 0H (65:35:5) showed one phosphate-positive spot with Re= 0.49
Negative FAB/MS (PG—NHI‘_; FW= 823): mw/z, 805 (M - NH4)-'
Elemental analysis (046H9808PN3 FW= 823.68):

calculﬁed: 67.20 ZC 11,922 H 1,70 TN 3.76 7P

founds 66.69 %C 11.64 TH 1.43 IN 3.78 ZP
136 NMR:  63.3 ppm (G-11); 65.9 ppm (G-1); 67.4 ppm (G-3'); 69.2
ppm (C-1); 70.40 ppm {C-1'); 71.40 ppm {(G-2'}; 71.78 ppm (G-3);

78.70 ppm (G-2) (See Appendix A1 and AZ2).
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. 5.2 Deuterated Headgroups
The scheme for the synthesis of deuterium-labelled

diphytanylglycerol phospholipids from diphytanylglycerol 1s shown
in Figure II.11.

5.2.1 L-(-)-Methyl glycerate

Methyl glycerate was prepared from the calcium aélt of
glyceric acld essentlally as described in section 2.

L-(~)-Glyceric acid (calcium salt; 1.0 g; 8.33 mmol) was
heated under reflux in methanolic HC1l (0.6 N; 100 ml) for 2
hours. The mixture was concentrated under reduced pressure,
diluted with water (10 ml) and extracted with ethyl ether. The
ether phase was concentrated under reduced pressure, yieldingn
~colourless oil. |
13¢ NMR:  53.06 ppm (0CH3); 57.43 ppm (CH-OH); 64.27 ppm (CHy-
0H); 169.58 ppm (C=0). ‘ |
IR: 3400 cm~) (OH); 1740, 1240 en-'1 (c=0, C-0, eater), 1440 cu~'
(OCHB), 1130 cn~! (sec GC-OH); 1050 em™ (primary C-0H).
5.2.2 8n-3-Trityl glyceric acid methyl ester (5.5)

| A solutioﬁ of L-(-)-methyl glycerate (1.0 g; 8.33 mmol),

trityl chloride (3.0 g; 8.78 mmol), dimethylaminopyridine (50 mgj;
0.43 mmol) and triethylamine (2 ml; 14.3 mmol) in
dimethylformamide (10 ml) was stirred at room temperature for 48
hours under anhydrous conditions. The reaction mixture was
diluted with ice water {10 ml) end extracted with several
portions of methylene chloride. The pooled organic phase was
vashed successively with paturated ammonium chloride and water

and concentrated under reduced preaéure to yleld a yellow oil.
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Figure II.11

Synthesls of diphytanylglycerol PG deuterated in the headgroup
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The crude reaction mixture was fractionated by column
-“chromatography (50 g s8llicic acid) by elution wii?fpetroleum
ether/ethyl ether (9.5:0.5, 150 ml, fraction 1), petroleum ether/ -
.ethyl ether (9:1, 200 nml, -fraction 2; 150 ml, fraction 3)&
Fraction 1 contained ditritfl ether and tritanol. Fraction 2
contained tritanol and a small amount of the desired compound.
Frection 3, containing the desired compound blua a small amount
of tritanol, was concentrated under‘reduced pregsure and dried
in vacuo yielding 1.09 g (36%) of 3-trityl methyl glycerate
(6.5) (white .crystalline solid). |

TLC in GHGlB showed one major spot wi£h Rg=0.3 aﬁd trace amounts
of tritanol (Rp=0.5).

CI/MS (CyaHpp0,; FW= 362): n/z, 362 )ty 243 90(061{5)3)*.

IR: 3505 cm—' (OH); 3100, 1610, 1505, 775 cm~! (aromatic); 1760,
1190 ¢n~1 (C=0, G-0, ester); 1110 cm™' (C-0-C).

5.2.3 sn-[1,1-78,]-3,3-Trityl glycerol (5.6e)

A solution of trityl methyl glycerate (1.09 g; 3.01 mmol) in
anhydrous ethyl ether (10 ml)ﬁwas added dropwise with stirring to
a solution of LiAlZHA (150 mwl) in ethyl ether (10 ml) and the
reaction stoppered and left stirring at room temperature
overnight. Ethanol and water were added dropwise to hydrolyse
excess LiA1%H, and the mixture was diluted with 0.2 N HC1 and
extracted repeatedly with ethyl ether. The pooled ether phases
were washed successlvely with 0.2 N HCl; 2.9% KHCOB and water and
iﬁncentrated under reduced pressure. The crude material was

purified by column chrometography (50 g eilicle acid) by eluticn
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with petroleunm ether[benzeﬁe (1:1, 300 ml,- frection 1), benzene
(100 ml, fraction 2; 100 ml, fraction 3), benzeﬁé/ethyl ether
(9:1, 200 ml, fraction 4) and benzene/ethyl ether (5:1, 100 ml,
fraction. 5). Fractions 1 and 2 contained tritanol. Fracgions 3-
5, containing the desired material as well as a small amount of
tritanol, were pooled and concentrated under reduced pressure
¥ielding a viscous, colourless oil., The o0il, still containing\
traces of unreactgd starting material, was diaso}ved in a minimum
{2 nl) of chloroform and the tritanol was precipitated with 8
ten-fold excess of petroleum ether. The tritahol was removed by
centrifugation and the petroleum ether supernatant concentrated

under reduced pressure, The resulting viac%us 0il was
recrystallizéd from warm isopropyl ether, yiéldingﬁ*766 mg (76%)
tritylglycerol (5.6e) (white crystalline golid); m.p.= 96-97°C
(reported valued for non-deuterated sn-1-tritylglycerol, m.p.=
96.5°C; Tattrie et al., 1958).

TLC in petrolsum ether/ethyl ether (1;1) showed one major trityl
positive spot corresponding to tritylglycerol with Re=0.15 and
trace amounts of tritencl (Rg=0.6).

IR: 3400 cm~ (0OH); 3080, 1610, 1500, 715 cn=" (aromatic);
2936, 1465 c¢n~' (CH,, CHs); 1080 cm~' (C-0-C).

CI/MS (CaoHa0®Ha035 FW=336): m/z, 336 (N*; 243 (6(CeHg)s)?

"M NMR: 1.58 ppm (GHy); 1.92 ppm (CHp); 2.44 ppm (CH(CgHs);
3.24 ppn (CH,-0C); 3.86 ppm (CH-OH) and 7.1-7.8 ppm (aromatic).
Absence of peaks at 3.4-4.0 (CH,-O0H).

24 NMR: 3:87 ppm (theor. 3.4 - 4.0).
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Elemental Analysis (CpoH0%Ho03; Fi= 336.37)

é;lculatedz 78.55%2 C 76,552 H

found: 78.32% G 6.49% H
5.2.4 3-—-Trityl-'[1,1—232]-1,2—dipalmitoylg1y;erol (5.7e)

A solution of [1,1-2H2]-3—trityl glycerol (0.39 g; 1.16 mmol),
palmiteoyl chloride (1.0 g; 3.64 mmol) and pyridine (0.3 ml; 3:6
mmol} in carbon tetrachloride (15 ml) was stirred at room
toemperature for 48 hours. The—reactién mlxture was diluted with
ethyl ether and washed successively with water, 0.2 N HG&, 10%
KH2003 and waeter. The ether phase wag concentrated under reduced
dipalmitoylglycerol (5.7e) (white erystalline material).

TLG in CHClB/ethyl ether (3:1) indicated complete conversion from-
trityl glycerol (Rg=0.07) to trityldipalmitin (Rp=0.82).
5.2.5 gn-[1,1-%H,]-1,2-d1palmitoylglycerol (5.8¢)

The crude trityl dipalmitin (0:8 g) was hydrogenated with Pd
on charcoal (0.2 g; 10% Pd) in freshly'distilied ethanol (20
wl). The catalyst was removed by centrifugation and the
supernatant was concentrated under reduced pressure. The solid
material was recrystallized twice from hexane and once from

/chloroform/petroleum ether (1:10), ylelding 460 mg (82%) of
dipalmitoyl glycerol (5.8e) (?luffy white crystelline solid)., -

Trityl dipalmitoylglycerol was also converted to
dipalmitoylglycerol by hydrogenolysis with equal amounts (w/w)
10%Z palladium on charcoal and CaCOB, yielding, after

recrystallization, 460 mg (67.8%). Although both methode lead
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to complete detritylation, the final product was a mixture of
both the sn-1,2- and sn,-1,3-steroisomers as shown by 13C KMR and
optical rotation. TLC in petroleum ether/ethyl ether (9:1)
showed complete conversion of trityl dipalmitin (Re=0.8) to
dipalmitin (Ry=0.10) (dipalmitin standard, Re= 0.09) but TLC in
petroleum ether/ethyl ether (3:2, double development) showed two
sfots with Re= 0.36 and 0.47 corresponding to the 1,2- and 1,3-
isomers, respectively. '
Attempts to fractionate the mixture by preparative TLC in
petroleum ether/ethyl ether (3:2, double development) were
unsuccesgsful because of isomerization of the 1,2- to the 1,3-
iaomqé during chromatography; therefore, the mixture of
diasteriomers was used for further synthesis.
CI/MS (C3sHge?H 055 FW= 570): m/z, 553 (MH - Hy0)*.
13c NMR:  14.11 ppm (CHj3); 22.69-31.91 ppm (CHp); 34.12 ppm (CHp-
COOR, acyl G-2); 61.56 ppm (CH,-OH); 65.04 ppm {CH,-0COR); 68.33
ppm (QH;OGOR);’72.02 pﬁm (CH-0C(0)R); 172 ppm (RC-0, acyl ester

carbonyl). Ratio of 61.56 and 72.0 ppm to 65.03 and 68.29 ppm

1,3-dlacylglycerol: sn-1,2-diacylglycerol), 2:1 (see Appendix A9).

5.2.6 en-2,3-Diphytanylglycerol-phosphoryl-[1',11-2H,]-
glycerol (5. 1le) | :

A solution of TPS (950 mg; 3.13 mmol) in pyridine (20 ml) was

added dropwise with stirring to & solution of diphytanyl PA (310

*ml; 0.414 mmol) and deuterated dipalmitoyiglycerol (0.74 g; 1.3

mmol, a mixture of sn-1,2- And 1,3- atereoisomera} in anhydrous

pyridine (20‘m1). The reaction mixture wes stirred at room

(sn-



temperature for 72 hours. Water (5 ml) was added to hydrolyse
excess TPS and the product was extracted witﬁ peveral portions of
ethyl ether. The pooled.ether fractions were washed with water,
" 0,2 N KCL, 10% KH,CO4 and wvater to neutrality and concentrated
under reduced breasura.
The crude material was deacylated as described in section 5.2.

TLG in chloroform/methanol/NHAOH (65:35:5) showed four spots with
mobilities as follows: Rg=0.15 (PA); 1.0 (fatty acid) and two at
0.48 énd 0.51 corresponding to the two steroisomers of PG. These
were further purified by preparﬁtive T1C, ylelding 53.6 mg of gn-
2,3—diphytanyl—1-phosphoryl—2'—[151'-2H2]g1ycerol (upper spot)
and 18.6 mg of gg—2,3—diphytanyl—1—phosphoryl-B'-[151'-2H2]-
~glycerol (lower spot) (72.2 mg total; 72.5%). |

Negative FAB/MS (deuterated PG-(NH,)p; FW=825): =m/z, 807

QM - NHA)'.

gg—Z,B-Diphyfanylglycerol—1-phosphoryl—B‘—[1'—1'-2H2]g1ycerol (5.11e)
13¢ NMR: 64.31 ppm (G-1); 64.71 ppm (G-3'); 68.37 ppm (C-1);
69.60 ppm (C-1'); 76.26 ppm (G-é); 70.49 (G-3). Peak at 78 ppnm
(&ﬁg) obscured by CHClz. The peak for G-1' (63.2 ppm) was

absent.

gg-z,3-Diphytanylglycerol-1—phosphoryl-Z'—[1'-1'-2H2]glycerol (5.10¢)
13¢ NMR: 61.80 ppm (CH,0H); 65.96 ppm (G-1); 68.37 ppm (C-1,
CH of headgroup); 69.57 ppm (C-1'); 70.30 ppn (G-2)3 70.45 ppm (G-3).

<

Spectra shown in Appendix AlO.
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6. Headgroup analogues

| Chemical structures of the analogues ;re shown 1in Fiéﬁre
ITI.12 &and include deoxy derivatives of PG and PGP as well as
methylated ﬁe}ivates of PGP. A detalled, eynthetic scheme ﬁor the
deoxy cbmpounds is shown in Figure II.13-and '8 and 13¢ NMR data

on the final products are. summarized in Tables ITI.2 and II.3.
Diphytanylglycerol Analogue of APGP (Method a)

6.1 1-Diphenylphosphoryl-1,3-propane-diol (6.2)
A solution of diphenylphosphoryl chloride (15.75 g; 59 mmol)

-in anhydrous pyridine (20 ml) was-added dropwise with stirring to
en ice-cold solution of 1,3-propanediol (3.25 g; 69 mmol) in
anhydrous pyridine (25 ml). The reaction mixture was stirred at
0°C fgr one hour and then at roonm temperatﬁre overnight (18
hours) under aihydrous conditions. - Water (5 ml) was added to
hydrolyse any unreacted diphenylphosphoryl chloride. The
reaction mixture was diluted with ethyl ether and the ether phase
was washed successively with water, 0.2 N HC1, 2.5% KH,C04 and
water to neutrality,‘and concentrated under reduced pressure. |

Thin layer chromatography in CHC1l3/CH30H (9:1) showed two
phosphate positive spots with Rp=0.48 (major) and Rp=0.65 (minor)
corfesponding to the mono- and diphesphorylated compounds,
respectlvely. The crude mixture was purified by column
chromatog;gphy (50 g, grepared in petroleum‘ether)by elution with
petroleun ether/chloroform 4:1 (200 ml, fraction 1); 2:1 (100 ml,

fraction 2); 1:1 (400 ml, fraction 3) and CHGlB (300 ml, fraction

4). Fraction 1 contained the diphosphorylated compound, fraction
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Figure 1II.12
Structures of headgroup analogues of diphytanylglycerol
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Figure II.13

Scheme for synthesis of deoxy analogues

deoxy PGP (Method &}
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Table II.Z
13¢ NMR chemical ehift values for deoxy analogues

of diphytanylglycerol phospholiplds

Position proPG @G dPGP
G-1, C-1! 68.4, 69.9 68.4, 69.6 68.3, 69.5 |
. G-1 64.5 644 64.2
G-2 774, 774 774
G-3 | 70.0 70.2 . 70.3
G-k 67.2 - . 63.3 61.5
G- p 36-38 36-38 36-38
G- 9.52 59.8 61.2
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Table II.3

TH NMR chemical shift values for methylated PGP

Chemical shift (ppm)

PGP (CHy), PGP (CH3),
CH,CH,,CHg ' 0.8-1.6 0.8-1.6
CH~OCH, - 3.55
R,CH-0-, RCH,-0- 3.5, 3.6, 3.5, 3.6,

4o15-4.35 4415-4.35

P~OCH3 \‘ 3.78, 3.81 3.78, 3.81
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2 contained & mixture of mono- and diphosphorylated compounds and
fraections 3 and 4 contained the pure, monophosphorylated compound
(6.2). The latter fractions were pooled and concentrated under
reduced pressure ylelding 5.6 g (26 Z) 1-diphenylphosphoryl-1,3-
propane—diol (colourless oil). ‘
TLC in CHClB/CHBOH (9:1) showed one phosphorus positive spot with
Rp=0.48. |

IR: 3480 cm™! (OH); 2920-3010 cm™! (CHy); 3110, 1605, 1505, 780,

-1 (aromatic); 1300 cm~! (P=0); 1210, 980 cm~' (P-0-

705 cm
aromatic); 960-1008 em~' (P-0-G, G-0-C, P-OH, C-OH).

T3¢ wMr: 33.03 ppm (CH,); 58.67 ppm (CH2—OH), 120-130 ppm
(aromatic).

CI/MS (GqgHyqOsP; TFW= 308): m/z, 309 (MH'); 291 (M - NH,)%; 215
(M - C3H7Oi§?plus traces of 541, 447 derived from
di(diphenyl)phésphopropanol.

Elemental analysis (015H1705P; FW 308.,27):

caleulated: 58.44Z ¢ 5.562 H 10.05% P

found: 58.57%2 C 5.72% H 10,122 P
6.2 2,3—di—O-phytanylglycerol-T~phosphoryl—1'-(propane—th'-
diol -3'-phosphate) (PGP) (6.4)

A solution of TPS (TPS; 30 mg; 0.1 mmol) in anhydrous pyridine
(10 mi) was added dropwise with Btirring to an icé-cold solution
of 2,3-diphytanyl-sn-glycerol-1-phosphate (PA, free acid; 130 mg;
0.18 mmol) and 1-diphenylphosphoryl-1,3-propancl (55 mg; 0.2
mmol) in anhydrous pyriaine {15 ml). The reaction mixture was

stirred at room temperature for 48 hours under anhydrous
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conditions. Water (3 ml) was added to hyd;olyze any unreacted TPS
and the reaction mixture was extracted with ethyl ether. The
ether phase was washed with water to neutrality and concentrated
under reduced pressure. TLC of the residusl oil in GHCls/
CHBOH/NHAOH (65:35:5) showed a major phosphate-positive spot
(Rp=0.83) as well as minor spots corresponding to unreacted
diphenylphdsphoryl propanol (Rf=0.95) and unreacted PA
(Rg=0.10}.

The crude diphenyl;dPGP (6.3) was purified by preparative
TLC in CHGlB/GHBOH/NHAOH {65:35:5) and the phenyl blocking groups
were removed by hydrogenolysis with Pt0, (75 mg) in freshly
distilled ethanol (10 ml). TLC.of the p;oduct (aPGP, 6.4)
" in chloroform/methanol/acetic acid (65:35:5) showed the presence
of a single phosphorus-positive spot with Rp=0.36 (PGP standard
Re= 0.75).

The dPGP was converted to the ammonium salt form and

precipitated from a minimum of chloroform with & 10-20 fold

excess of acetone yielding 40.5 mg (24% from starting material)

of the desired compound (6.4) (colourless oil).

TH NMR: 0.8 ppm (CH3); 1.0-1.87 ppm (CHy); 3.42-3.70 ppnm

(RCH,-0, R,CH-0) and 3.8-4.16 ppm (CH,-0-P, CH-OP).

T3¢ NMR: 61.2 ppm (G-7); 61.5 ppm (G-«); 64.2 (G-1), 68.3 ppnm
(6-1); 69.5 ppm (C-11); 70.3 ppm (G-3); 77.4 ppm (G-2) (soe
Appendix A11 and A13).

Negative FAB (dPGP(NH,)2, FW=904): 869 (M —\2(NH4))“.
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Elemental analysls dPGP—(NH4)2-H20:
(046H104011N2P2; FW=922.77) |
ealculated: 59.84% C 11.31Z H 3.03%Z XN
found: 60.24, 60.34%2 C 11.21, 11.38%2 H 2.50, 2.4L4%F N

Diphytanylglycerol Analogue of dPGP (Method b)

6.3 1-Bis(trichloroethyl)phosphoryl-1,3~propanediol (6.5)

A solution of bis(trichloroethyl)chlorophosphate (4.9 g; 0.013
mol) in enhydrous pyridine (20 ml) was added dropwise with
ptirring to an ice-cold sclution of 1,3-propanediol (6.9 g; 0.018
mmol) i1n anhydrous pyridine (25 ml). The reaction mixture was
stirred at 0°C for one hour and then &t room temperature
overnight (18 hours) under anhydrous conditions. Water (5 ml)
was added to hydrolyse eny unreacted bis(trichloroethyl)-
chlorophosphate. The reaction mixture was extracted with‘ethyl
ether and the ether phase was washed successively with water, 0.2

N HC1l, 2.5% KZHCO3 and water to neutrality and concentrated under

\

-reduced pressure.

TLC of the residual product in GHClB/CHBOH (9:1) showed two

phosphate-positive spots with Rp=0.55 (major) and Re=0.70 (minor)

"corresponding to the mono- and diphosphérylated compounds,

respectively. The crude material was purified by colunn
chromatography (25 g silicic dgid)'by elution with petroleun
ether (4:1; 200 ml; fraction 1), petroleum ether/chloroform (2:1;
150 mwl; fraction 2), petroleum ether/chloroform {1:1; 250 ml;

fractions 3 and 4) and chloroform (500 ml; fraction 5).
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Fractions 1 and 3 cbntained the diphésphorylated and smaller
amounts of thé monophoaphorylated. Fractions 4 and 5, contalning
the desired compound were pooled and concentrated under reduced
preaaure; yielding 1.71 grams (32%) of 1-trichloroethylphosphate-

propane-3-0l (6.5) (colourless oil).

3¢ NMR: 32.6 ppm (CHy); 50.1 ppm (CH,OH); 57.7 ppm ( OCH,CCLg)j

66.6 ppm (CH,-0-P); 77.1 ppm (0013).
Elemental analyseis (C7H1105P016; FW=418.83)
calculated: 20.07%Z C 2.65%7 H
found: 20.30Z ¢ 2.73%7 H

6.4 2,3—diphytanylglycerol—1-phoaphory1-1h(propane-153hdiol)—

. 3'-phosphate (dAPGP) (6.4)

A solution of TPS (1.2 grams; 4 mmol) in anhyroué pyridine (10
ml) was added dropwise with stirring to an cooled solution of
diphytanylglycerophosphate (PA)} (free acid; 255 mg; 0.35 mmol)
and 1-trichloroethylphosphete-propane-3-ol (380 mg; 0.907 mmol)
in anhydrous pyridine (10 ml). The reaction mixture was stirred
at room temperature overnight under anhydrous conditions, then
diluted with ethyl ether, and the ethef phase was washed
sequentially with water, 0.2 N HC1, KH2003 and weter to
neutrality, diluted with benzene and concentrated under reduced
pressure.

The crude product (6.6) was dissolved in cﬁloroform (4 ml)
and acetic acid was added until the compound started to
precipitate (8 ml) then an additional 0.5 ml of chloroform was

added to re-dissolve the precipitate. Powdered zinc (800 mg) was

e

e
FRER R
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added and the mixture shaken well for 90 minu%aa. The zlnc was
removed by centrifugation and waahed well with
chloroform/methanol (1:1). The pooled supernatants (200 ml) was
diluted with water (90 ml) to make the system biphasic. The
chloroform phase was weshed well with methanol/water (10:§),
neutralized with 1N NHAOH and concentrated under reduced
pressure.

TLC in CHCLs/CH,OH/NH,OH (65:35:5) showed that the phosphate-
positive bdnd (Rf=0.8) had been converted to the desired product .
(Rf=0). The crude mixture was purified by preparative TLC in
chloroform/methanol/NHAOH (65:3555). TLC of the crude dPGP in
chloroform/methanol/acetic acid (65:35:5) of this band showed the
presence of a majJor phosphate-positive band with Re=0.3
corresponding to the desired product and a minor phosphate
positive band with Re=0.4 corresponding to PA formed by
decomposition during treatment with zinc and acetic acid. The
crude dPGP was further purified by preparatory TLC in
chloroform/methenol/acetic acid (65:35:5) jielding 68.2’mg (21.6 %)
chromatographically pure dPGP (6.4).
3¢ NMR:  61.2 ppm (G-T); 61.5 ppm (G-0); 64.2 ppm (G-1); 68.3
ppn (C-1); 69.5 ppm (C-1'); 70.3 ppm (G-3); 77.4 ppm (G-2) (=ee
Appendix A11 and A13). |
Elementa.l‘analyéis (dPGP(NE,)p-H,0; FW= 922.78)

calculated: 59.84% C 11.322 H  3.03Z N
found: 59.77 ZC  11.45 iH 2,98 ZN

Negative FAB/MS (dPGP(NH,)p); FW= 904): m/z, 869 (MH - 2(NH,)).
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Diphytanylglycerol analogue of dPG (6.9)
6.5 1-Benscyl-propane-1,3-diol (6.7)

A solution of.benzoyl chloride (8.42 g; 60'mmoi) in anhydrous
pyridine (15 ml) was added dropwise with stifring to an lce-cold
solution of 1,3—propanoi (5.25 g; 69 mmol) in 20 ml anhydrous
pyridine and the reaction mixture was stirred at 0°C for one hour
and then at room. temperature for 6 jours under anhydrous
conditions. Water (10 ml) was added and the mixture was
extracted with ethyl ether, the ether phase was washed
successively with water, 0.2 N HC1l, 2.5% KH,CO4 and water to
neutrality and concentrated under K reduced pressure. TLC in
chloroform/methanol/NﬂAOH (65:35:5) showed two spots with
Rp=0.49 (major) and 0.65 (minor) corresponding to the mono- and
dibenzoyleted compounds, reapectiﬁely. The crude mixture was
fractionated on a silicfi acid column (50 g; prepared in
petroleum ether) and eluted with petroleum ether/CHClB (2:1; 200
ml, fraction 1); petroleum ether/CH013 (1:1; 300 ml; fraction 2);
CHC1 5 (500 ml, fraction 3). Fraction 1 contalned the
dibenzoylated compound and fractions 2 and 3 contained the
~ desired produet. Fractlons 2 and 3 were pooled and concentrated
under reduced pressurs yieldingu%.94 g (27%) of 1-benzoyl-3-
propane-diol (6.7) (colourless.oil). |
TLC in CHC1l3/CH3O0H (9:1) showed one spot with Rp=0.49.
3¢ ¥MR: 32 ppm (CHy); 59, 62-ppm (CHy;-0) ; 129-133 ppn
(aromatic) ; 167 ppm (ester C=0).

IR: 3480 cn~] (OH); 1725, 1295 cn~1 (C=0, C-0, ester); 3100,
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1610, 1590, T£65; 730, 690 en™] (aromatic); 1295 cm'1_(aater
C-0); '10’?'57cm"1 (C-0H, primary alcohql)

CI/MS (FW=180): ml/z, 181 (MH"); 163 (MH - NH;)*

Elemental analysie (010H1203; FW 181.20): .

calculated: 66.65% C .6.712 H

found: 66.95%2 C  6.88%7 H
6.6 2,3-Diphytanylglycerol-1-phosphoryl-1',3'-propanol (dPG)
(6.9) "

A solution of TPS (TPS; 360 mg; 1.2 mmol) in 20 ml anhydrous
pyridine was added dropwise with stirring to a cooled (0°C)
solution of PA (free acid; 90 mg; 0.123-mmol) and 1-benzoyl-1,3-
propane-diol (6.7) (200 mé; 1.1 mmol) in 15 ml anhydrous
pyridine. The reaction mixture was stirred at régm temperature
for 48 hours under anhydrous conditions. Water (3 ml) was added
to hydrolyse excesé TPS and the reaction mixture was extracted
with ethyl ether. -The ether phase was washed well with water to
neutrality and concentrated under reduced pressure. TLC of the
residual oil in chloroform/methanol/acetic acid (65:35:5) showed
a major phosphate—positive spot wiﬂh Ry=0.83 (PG standard
Rp=0.49) together with minor byproducts.

A solution of the residual oil in cﬁloroform (4 ml), methanol
(2 ml) and 0.4N methanolic NeOH (10 ml) was left at réom
temperature for one hour and the reaction mixture was magde
biphasic by the addlition of chloroform (12 ml) and 0:5N HC1 (10
ml). The chlo?oform rhase was washed well with methanol-water

(10:9), neutralized with methanolic NHAOH and concentrated under
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a stream of nitrogen: The crude deacylated product‘waa purified
by preparative TLC in CHC13/CH5OH/NH,OH (65:35:5) ylelding 68 mg
(32.3%) of dPG (6.9) (colourless oil).

TLC in CHGlB/GHBOH/NH40H (65:35:5) showed one phosphate-poaitive
spot with Rf=0.69 (PG standard Rp=0.49)

TH NMR: 0.8 ppm (GHg); 1.0-1.87 ppm (CHy); 3.06-3.72 ppm
(RCH,-0, R,CH-0) and 4.0-4.22 ppm (CH,-OP, CH-OP). '

13¢ NMR: 59.8 ﬁpm (G=T); 63.3 ppm (G-al); 64.4 ppm (G-1); 68.4
ppm (C-1); 69.6 ppm (C-17); 70.2 ﬁpm (G=3); 77.4 ppm (G-2) (see
. Appendix A12 and A13).’ '

Negativé FAB /MS (dPG-NH,; FW= 807): w/z, 789 (M - NH,)".
Elemental analysis for dPG(NH,) (C,gHogONP; FW=807.75):

calculated: 68.34%Z C 12,222 H 1.73 Z N

found: €8.602 C  12.39%7 ¥  1.58% N
6.7 sn-2,3-Diphytanylglycerol-1-phosphoryl-1'-propanol
(Phosphatidyl p lpanol, proPG) (6.11)

A solution/ of T?S (30 mg; 2.64 mmol) in anhydrous pyridine
(15-m1)~was added drpﬁwise with stirring to a cooled (0°C)
solution of PA (free'acid;\75.mg; 0.068 mmol) and freshly
distilled 1-propanol (0.4 ml; 16.7 mmbl) in pyridine (15 ml).
The reaction mixture was stirred at room temperature under
anhydrous conditions for 48 hours and_extractad g8 described for
dPG, yielding 18 mg (33%) of diphytanylglycerol phosphatidyl-
nropanol. | | | '

TLC of the residual oil in chloroform/methancl/acetic acid

(65:35:5) showed the presence of one phosphate-positive spot
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(ﬁf= 0,8%) (Pccéfaﬁaard,}nf= 0.90) corresponding to diphytanyl-
phosphatidyl propanol (6.11). TLC in GHGleCHBOH/NH4OH, Rpe= 0.75;
PG standard, Re= 0.49) | — .

13c NMR: 9.52 ppn (G-T); 64.5 ppm (G-1); 67.2 ppm (G-%); 68.4 ppm

(c-1); 69.6 ppm (C-1'); 70.0 ppm (G-3); 77.4 ppm (G-2) (see

. Appendix A13).

Negative FAB/MS (phosphatidyl propanol-NH, ; fw=791): n/z, 713

(M - NH,)™.

Elemental analysis (046H9806PN5 FW=791.76):
calculated: 69.72% C 12.48% H  1.77% N

found: 69.65 ZC 12.19 ZH 1.47 ZN

6.8 Methylated PGP (6.12-14) (Kates and Hancock, 1971)

hd .

* L

<©
A mixture of PGP-Hg (50 mg, 0.056 mmol) and freshly washed AgO

(150 mg) in freshly distilled CH3I (6.5 ml) was stirred at room

LN
‘temperatire for one hour. The reaction mixture ‘was diluted with

ethyl ether and the catalyst was removed by centrifugation and
washed with chloroform/methanol (1:1). The pooled supernatants
were concentrated under reduced pressure and the residual
material waé converted to the ammonium salt form as described in

PART I.

TLC in GHCIB/CHBOH (9:1) showed the presence of 4 components

- with Rp= 0.54, 0.73, 0.85 and 0.95 corresponding to unreacted

PGP, tri- and tetramethylated PGP and methylated
diphytanylglycerol, respectively. The latter compound was
formed by alkaline-catalyseJ decompostion of PGP. The crude

~2

material was purified by preparatory TLC yielding 25.7 mg

$
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PGP(CH3)3 (48 %) (6.12) and 6.4 mg of PGP(CH3), (12.3%) (€.13)
end small amounts (< 2 mg) of PGP(CHs)y (6ul4).
"H NMR: PGP(CHg)3: 3.78, 3.81 ppn (P-0-CHy); 3.5-4.35 ppm (CHO,
“CH,0); 0.8-1.6 ppm (CH, CHy, CHj). -
PGP(CH3),: 3.78-3.81 ppn (P-0-CHj); 3.55 ppm (C-0-CH3); 3.5-4.35
ppm (CHO, CH,0); 0.8-1.6 ppm (CH, CHy, CHj).
Elemental analysis (PGP(CHB)B; C9H102011Pos TW= 928.65) ¢
calcukbted: 63.32 % 11.07 %H
found: 62.88 IC 10.93 ZH
NMR spectra.shown in Appendix A14. TFTIR spectra shown in PART III,

sactlion 4.
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PART III

Physical Techniques

1. Deuterium NMR '
"1+.1 Introduction and Theory of “H NMR

An undefstanding of the macromolecular properties of the
membranes of the halophilic bacteria requires a more detailed
knowledge of the order and dynamics of the lipid molecules which
comprise these, wmembranes. 24 NMR is capable of providing
quantitative informatlon on the time-averaged orientations and
rates of motions of specific positions within the hydrophobic or
headgroup regions of bilayer 1ipids. The residual quadrupole
aplittings ( Av Q or‘Dq) are dlrectly related té the segmental
order parameters and the spin-latticé'rel&xaﬁibn times (T1)

provide information on the timescales of molecular motions.
t \

Molecular Order

The deuterium nucleus has & nuclear spin I=1 and theref;re a
quadrupole moment, In the presence of a magnetic field, the
combination of the Zegman and quadrupolar interaction will result
in & 2 line spectrum with a maximum frequency separation which is

given by

AUQ= B/Z (e?qQ/h) ‘SCD|(3 co? -1) = 128 kHz

where e is the charge on the electron, eq is the electric
potential, Q is the quadrupole moment and ¢ is the angle between

the externally applied magnetic field and the director or loecal
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bilayer normal (Rance et al., 1983), This equation assumes that
the electric field gradient at the deuteron asite 1s axially
symmetric kRance et al.,, 1983). Sgp, the G-?H bond order

parameter or segmental order parameter is giﬁen by the following

‘SCD‘ = 3 coa2 8 -1 ;>
2

' where © is the angle between the C-<H bond ‘ahd the axis of

equatlon:

motional averagiﬁg (generally essumed to be the bilyser normal).
The angular brackets denote & time average over tlmes short
compared with 1/ Au (10“5-10”6fsech

Q £y

Thus, the values of Av andithereforé'ScD'are determined both

Q
by the average orientation of the C-%H with respect to the

bilayer normal and by the amplitude of the angular fluctuatlons

about this average crientation.

In liposomes, 1in which there is a distribut;;n of all
‘orientations with reépec? to the magnetic field, the spectrum 1is
a superposition of doublets, each with splittings‘glven by the

equation shown above. The resultant "powder pattern™ , shown in

Figure III.1 has two distinet peaks which are separated in

frequency by

by = 3/4 (ezqé/h) ‘Scn‘

The ﬁowder pattern linshape is termed a "Pake doubleil after
G.E. Pake, an early researcher in this field (Pake, 1948). A

deconvolution technique, "de-Pake-ing", developed by Bloom and



Figure TII.1 -

. 2}{ NMR powder patterns and corresponding de-Paked

spectra for A, one splitting with AvQ= 20 kHz ; -

B. two splittings with the ratio of 3:2 with

3

A ;)Q= 10 and 20 kHz, respectively.
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coworkers (Sternin et al., 1983) reduces the powder spectrunm to
the spectrum which would be expected for an oriented bilayer with
en angle of 90° between the applied magnetic field and the axis
of conformational averaging of the acyl chains (see Figure
III.1). Removal -of the overlap from subspectra corresponding to
other angles uéually leads to decreased aignai-to—noise but
increased resolution of the splittings. This technique is
particuiarly useful for multiply deuterated compounds. The
reiative intensities of the splittings of the de-Paked spectra
correspond well to the relative proportions of the labelled
species, allowing for quantitative analysis and facllitating the.
correlation of sets of éplitt nge and labelled positions.

If there is axial rotation but no disorderiﬁg of the chain,
'seg;;nts,'the guadrupolar splitting is reduced to approximately
64 kHz., Disordering of the chains with repid interconversion
between disordered states leads to a furtﬁer reductlon in the
value of the splittings. This disordering is due to the presence
of intramolecular motion such as gauche-trans isomerization about
C-C bonds 1in the hydrocarbon chains, chain wagging, and wobbling
of the-molecular axis. These motions lead to ?eOrientations of
the C-C bond relative to the axis about whi;h the molecule is
rotating within the bil:;yer. '

The bond order parameter is thus a quantitative measure of the
engemble- and time-averaged distributions of gauchg and trans
cpnforﬁers and reflects the state of molecular organiéation. For

n-acyl lipids, the bond order parameter can be converted to the

¥olecular order parameter (Smol) with appropriate_transforﬁation
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to account for the angle between the C=D bond and the long axis

of the molecule
Smo1 = Scp Sgeo

For the phytanyl lipids and for n-alkyl lipids near the
glycerol backbone, Sgeo 1s not known and thus results cannot be
expressed in terms of S; y. This 1s & drawback as the value of
Sgp had both a motional and an orientational dependence and

unambiguous interpretation of the data 1s difficult.

Molecular Dynamics

The currently accepted model for the organization of membrans
systemd is thé'fluid moeaic model (Singer and Nicholaon, 1972)
which postulates thgt the lipid molecules are arranged
predominantly in a bilayer conformation with the hydroﬁhilic
headgroups-exposed to the squeocus environment and the hydrophobic
tails sequestered inside. Membrane stablility is then provided by
hydrophobic (van der Waals) and hydrophilic interactiona}aa well
as hydrogen bonding‘betWeen polar headgroups. .

The d%sence of covalent interactions allows for moblility of
the lipid molecules; dniaotropic molecular rotation, lateral
diffusion in the plane of the bilayers and, to a lesser extent,
interménolayer_lipid exchange. Although the importance of these
different types of mobility to the function of ﬁ;ological mem-
branes is not well understood, the ability of lipid molecules to
undergo 1a£eral diffusion, for example, allows for phénomeng auch

a5 membrane flexibility, elasticity, - permeability and latersal
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phapse separation of specific membrane componenﬁa. It i1s there-
fore probable that the qther molecular motione play different but
equally important roles in membrane atructure and function. The
mo}ecular motions of lipid bilayers encompass a wide range of
frequencies. For example the rates of motione affecting the
quadrupole splittings are on the order of 1077 to 10"6 gec. In
contrast, the spin-lattice relaxation times report on & much
higher frequency range (corresponding to 10~% 1o 1010 gec) even
though the T4 values are on the ﬁrder of 10 ms {(for 2H NHR) to
seconds (31P NMR). 2H NMR T4 studies are particulary useful as
this frequency range corfesponds to that of the intramolecular
segmental reorientatiohs of the phospholipid molecules. |

Bilayer lipids undergo a number of different motions of
. distinct‘amplitudes and timescales. Tﬁese motions, which are
fast on the NMR timescale (<10"§ sec), include molecular
rotation, chain rotational isomerization, chailn torsional
oacillation and bond stretching and bending (Brown, 1982). In S
NMR analysis of epin lattice relaxation times (T1) has provided
a means of obtaining information about the .dynamics of membrane
lipids.

Following exclitation of the %H nucleus with a radio-~-frequency
pulse, eﬁergy is transferred to the surrounding or 'lattice' via
fluctuating local magnetic flelds which are induced by molecular
motion. In °H ¥MR, the dominant relaxation pathway is via
quadrupolar intgracﬁions. Because the at;ength of the
fluctuating quadrupolar 1nteraction determines the efficlency of

the spin-lattic relaxat;on, meagurement of the T{ values ﬁrovides
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" information on the dynamics of the system.

The rate of relexation of 2H.labelled bilayer llpids may.be

described'by the following empirical equatlon:

1/Tq = AT ; + BSgpRw ™2

where A and B are constants, 7T ¢ ig the correlation time for
fast, axially symmetric motions, Spp i1s the aegmenpal order
parameter and w, 1is the resonance frequency. The degree of
dependence-on w, is model-dependent and is st11ll under debate
(Sininovitch et al., in preas).

This equation implies that the rate of spin-lattice relaxation
is determined both by the rapid local motions of the hydrocarbon .
chain segments (primarily gauche-trans.isomeriz&tion) and by
cooperatife fluctuations of the local director axis with reepect
to the bilayer normal (larger amplitude wave-like mollons down
the hydrocarbon chain) providing that these motlons are within
the appropriéte ﬂggquency range.

: Y S .
Previous <H NMR Studies of Synthetically and

Biosynthetically Deuterated Lipids

The hydrocarbon chains of phospholipids have been specifically
labélled both synthetically and biosynthetically. The value of
Sqp has been shown to vary as a function of position of the label
(carbon atom) along the chains as shown in Figure III.2 (Seelig
and Seelig; 19743 Stockton et al., 1977). A vaerlety of saturated
lipids heve been studied by this method, including PE, PC, PS, PG

and cardiolipin as well as E. cold and A. ;ggg;ggig membranes

| ATn




" Fipure III.2

Dependence of the quadruple splitting (or order
’ Pl

) on position of labelling of the

parameter, SCD
ClG'O chains in the membranes of A. laidlawii at
40°c.

Data from Stockton et al., 1977.
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(see reviews by Smith, 1984; Seelig, 1977; and Davis, 1983).

The order parameter pfofile is viffually the same for éll Iipids
studied and was essentlially independent of the headgroup. The .
profiie is roughly constant f;;‘fhe firet eight positiops then .
decreases sharply, indicating that the moleculgr‘hotion ia much
mofe restricted adjecent to the gf&cerol backbone -then in the
interior of the membrane. ' m

Interestingly, three splitt{ngs arg seen for the four
deuterons on the C-2 positions of the gg—1'( 12.0 and 19.2 kHz)
and sn=2 (27.2 kHz) chains. The splittings for the two deuterons
of the sn-1 position of the backbone glycerol differ by almost e
factor of two, not because they differ in thelr degrees of
motions, but because the average orientetion with réapect to the
molecular axis of motion are 'different for the two Zeuterons
(Engle and Cowburn, 1981). Only one value for the quad£upole
splitting is seen fof all the remalning positions of the n-acyl
chains.

In satureted hydrocarbon chains, the average orlentation of
fhe C~D bonds of each methylene segmen; is essentially the same.
Thus, the segmental order parameter measures variations from. this
average value. For unsaturated liplds, the presence of the
double bond leads to a change in the average orientation of the
adjacent methylené segmenta.

The significance of this is shown in Figures III.3 and 4 which
compare the dependence of segment;l and molecular order

- parameters on the position of the label along the chain for

saturated and unsaturaled phospholipids. Incorrect conclusions



Figure II1I.3

Variation in the quadrupole splittings and order -parameters

with position of.the deuteriuwnm label for saturated and
'.unsaturated chains of A. laidlawii membranes.

O oleate-labelled A. laidlawii membranes at 0°C -

0 paiﬁitate—labelled A. laidlawii membranes at 42°¢.

(Data from Rance et al., 1980)

{Reprinted fro$ Biochim. Biophys. Acta 600, 245 (©) 1980 with

permission from authours and Elsevier Scince Publishers).



-121-

©s| w3L3WvEVd H30U0

— o0 O O [e]n] -
1 1 _._ i 1 _.
N} W~ (o T o
m 0 - —

(ZHM) INILLITIdS d¥v10dNyavno -
R L

14 18

10 .

LABELLED CARBON ATOM



Figure III.4

W

Comparison of the variation of the molecular order. parameter |

with th% position of the deuterium label for saturated (@ )

and unsaturated (©O) _lipid probes in membranes and model mcmbrunﬁs.

/‘
Oleate~labelled chain in A. laidlawii membranes, 25°¢,

data from Jarrell et al., 1983.

Stearic acid probe in egg PC liposomes at 300C, data

from Stockton et al., 1976, -

oz




-122~

PIoY DLIOMS @
3d0d O
puaban

JoquUnN 10quD)
z ol g
1

00

-0

S0

J8}8LUDIDY 48PIQ JD|NIB|OW




. =123-

may be drawn without sufficient attention to the poaaibiiity of
'both motional and orientational contributions to S¢p-

Most 2H NMR studies on the hydrocarbon region of dguternted
phosphelipids have used saturated,-hnédturated or cyclopropyl-
containing ester-linked lipids (Seelig, 1977; Griffin, 1981;
Jarrell, 1983). Recently,-two studies ﬁave beer/cémpleted with
ether-linked lipids: dihexadecyl PC (Ruocco et alii 1985) and
plasmalogens and related compounds (Malthaner et al., 1987)

%K NMR 5pec£ra f;oh synthetlc dihexadecyl PC deuterated in-the
first pesitions (C-1) of both chains showed that the four

-deuterans were m&gneticélly inequivalent (see Figure~III.5, Table

I11.1). Although the ;plittings were assigned to two groups
based on the magnitude of the spli;tings and the values of the
spin-lattice relaxation times, tﬁey couldqhot be assigﬁed to a
specific-chain. Unlike the diacyl‘lipid, the first labellod
positions of both the sn-1 and sn-2 chains of the dialkyl lipids
(DHPC) are mégnetically inequivalent. The vhfﬁes for DHPC (2.3-
16.8 kHz)'are also significantly lower than the C-2 position of
the diacyl lipids (12.0-27.2 kHz). Although this implies that
the coﬁformation and/or‘amplitudes of motions at the beginning of
%he ester-linked and ether—linked hydrocarbon chalns &are
different, the same positions were not labelled in the two lipid
classeé, making compariscn diffiéult.

Phosphatidylethanolamine and phosphatidyl-N-monomethyl-

ethanolaminé; as well as the corresponding plasmalogens and



Figure III.5.

-

2H NMR spectra of aqueous dispersions of L2,2-2H21 DPPC
and [1,1-2H2] DHPC. T = 45°C; gu_ = 45.3 MHz.

(Data from Ruocco et al., 1985).



v ot P v =

it

Lo o

<124~

DHPC
T 7 T T T T T T T T T
50 40+ 30 20 10 0 10 %g_ 30 40 50

frequency (kHza‘




/

Table III.?

Quadrupole splittings and spin-lattice relaxatibn times

for synthetic DHPC énd DPPC

Compound Relative Quadrupole splittings T, (ms)
intensity {kHz)

[2,2,2',2'—2H4]DPPC

1 11.8 1514
1 ' 17.6 . 15.15
2 27.4 18.61

‘[1,1,1',1'-2H4]Dupc

1 R.34 - 18.14

1 9.45 18.80
3 13.1 20.93
1 16.8 21.11

" Data from Ruocco et al., 1985, W, = 45.3 MHz, T= 46°C.
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Table ‘II.2

Quadrupole splittings of phospholipids of

C. butyricum and C. beijerickii grown

on [2,23H2]pa1mitic acid/oleic acid

Compound Quadrupole splittings (kHz)

C. butyricum

C. beijerinekii

sn-2 sn-1 sn-2 an-1
diseyl PE ©13.0,19.0 25.0 12.7,18.6 25.5
plasmalogen PE 25.0 25.5
glycerol acetals  18.4,20.9 - 16.4,18.7 -
PG and CL 10.9,16.0 23.8 11.1,15.8 24 .0

Data from Malthaner et al., 1987

W, =45.6 Miz, T= 30°C.
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butyricum and g;lpgiiggiggll grown on -either palmitic acid with
deuterium labels atVG-Z, C-3 or C-4 or cleic acid with deuterium
labels at C-2 and C-9,10 (Malthaner et al., 1987 ).

Palmitic acid and oleic acid were preferentially bound to the
sn-2 and sgn-1" positions, respectively. For all three lipid
fractions, the quadrupole splittings were low for C-2 and
increased by almost a factor of two for positions 3 and 4 of the
palmitoyioleoylglycerol derivatives (Table III.Z2). In contrast
to the diacyl lipids, one set of quadrupole splitings were seen
for the C-2 position of ﬁhe 8n-2 chain of the plasmalogens ((25
kHz) indicating that the presence of the vinyl group results in
an uriusual orientation of the chain, i.,e., similar to that of the

. sn-1 chain in g—acyl lipids.
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1.2 Materials and Methods

1.2.1 Samples and Solvents

Deuterated diphytanylglycerol and dihexadecylglycerol
derivatives of PA and PG were synthesized as described in PART

II. Biosynthetically-labelled total polar lipids were propared

perdeuterated sodlum acetate as deseribed in PART I. Growth on
perdeuterated sodium acetate-supplemented medium resulted in
labeiling of at least some of the methylene groups adjacent to
the methine groups (Ekiel et al., 1986). ’

Samples (10-60 mg) were suspended in deuterium-depleted water
(0.5-1.0 ml; Aldrich) or buffer (10 mM tris,pH 7.5, 2 uM EDTA,
110“nM NaCl in deuterium-depeleted water) then frozén,thawad and

vortexed until the sapples sppeared homogensous. Bllayer

structures were confirmed by 31p NMR.
1.2.2 Hardware and Software

S0lid state 2E NMR spéctra were obtained on a Bruker CXP-300
or MSL-300 spectfometer operating at 46.066 MHz or a home-built
spectrometer operating at 30.70 MHz using a home-bullt probe.
Spectra were acquired on resenance using the quadrupolar echo
sequence (90° -7 -90° y-acquire) with full phase cycling of the
radio-frequency pulses (Griffin, 1981; Solomon, 1958).

Pulse spacings were typically 30-50 us, the 90° pulée length

was 3.5-5 us and the recycle time 55T1.
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Spin-lattice relaxation times were determined by a
modification of the standard inversion-recovery techniqueas (Vold

et al., 1966)
1809 - ¥ -90% -% -90% -acquire

The intensity, after de-Pake-ing (Sternin et al., 1983) of the

quadrupolar splittings as a functioa of T 1is given by
Mg = Myl (1-2exp(- T/T4 )‘.]

where M, is the intensity when >5T4 and My 1s the intensity

at a given T value.
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1.3 Results and Discusseion

1.3.1 Dihexadecylglycerol phosphatidic acld

Molecular order

The *H NMR spectra obtained from aqueous dispersions of sn-
"1,2-dihexadecylglycerol-3-phosphate (DHPA) labelled in the first
or second position of the sn-2 chain are shown in Figurg I111.6
‘end the values of the quadrupole splittings, together with the
corresponding praiiously reported values for DHPC (Ruocco et al.,
1985) and DPPC (Seelig et al., 1977) are given in Table III.3.
Two quadrupole splittings are seen for each lébelled‘segment:
4 5 and 10. 5 kHz for sn-2-[1, 1.2 Hslhexadecyl- 1—hexadecy1g1ycerol—
3- phosphate ([1,1- H2]DHPA) and 20.4 and 22.2 kHz for pn-2-{2,2-
2H2]hexadeéyl—1—hexadecylglycerol—B-phoaphate ([2,2-2 Hp IDHPA}.

Cqmpariaon of these results with previous date on DHPC
labelled in the first position (Ruocco et al., 1985) allows for
the assignment of the,four previouslf published splittings to the
sn-1 (13.1 and 16.8 kHz) end gn-2 (2.3 and 9.5 kHz) chalns. The
differenc; in the splittings of DHPA and DHPC may be attributed
to headgroup-effects similar to those seen for the membrane
lipids of A. ;gig;ggig‘(ﬁance et al., 1983). Rance and coworkers
reported minor differences in the orientation and conforﬁation of
the acyl chain at the C-2 position of the various lipid claeses
although tﬁese differences did not persist beyond the second
carbon. Similar effects would be expegted for the positions
adjacent to the glycerol backbone (C-1) in alkyl chains.

As previgusly meﬁtioned, the presence of multiple splittinge

for the two deuterons of one methylene gfoup is also seen for the



Figure III.6

2H NMR sbectra of aqueous dispersions of [l,l—zﬂé]- and

[2,2—2H2] DHPA. The shape of the spectra do not vary
significantly with decreased interpulse delays and is
therefore thought to arise from magnetically oriented

samples similar to those reported previously (Seelig

4
R

et al., 1985). | %

(r= 80°c; W = 30.70 Miz)
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. Table III.3

o

Quadrupole splittings for n-alkyl and ‘ \\\

n-acyl phospholipids?

—— o e e ML oy o A P S S e .t . et S S A S S S e T St ETE S G R S e W S Y S ——

Position of deuterium label

Compound C-1 ' c-2 C-

sn-1  ( sp-2 sn-1 sn-2 sn-1 sn-2
DHPAD | 4.5 ) . 20.4 ,

10.5 22.2

pppct ¢’ ’ 27.2 2.0~ 26.2 23.2

- | 19.2 -
pipct 13.1 2.34 1

6.8 9.45

.

] ' .
a. Quadrupole splittings in units of kHz.

b. Present studies, « = 45.3 MHz; T= 80°C; T .= 72°C.

c. Seelig et al., 1977, W = 13.78 MHz; T= 50°C; T,= 44°C.

d. Ruocco et al., 1985, W, =45.3 MHz; T= 45°C; T = 41°C.
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L : ‘
second carbon of the sn-2 chain'of DPPC (see Table III.3) and
can be attributed either to orientational inequivalence of the
pro-R and pro-S deuterons or to the presence of two long-lived
(>‘l(fJ“5 sec) conformers. Stereospecific monodeuteration of the
“_ .
second position of the sn-2 chain of n-acyl 1lipild has shown that,
in this system, each of the splittings arises from one deuteron
(Engel and Cowburn, 1981). The magnetlc linequivalence was thus

———

Fd
attributed to differences in the orientation of the acyl chains

at the positions adjacent to the glycerol backbons.

\ .
This con¢lusion is consistent with the crystal ‘structure of

diacyl phospholipids determined by X-ray crystallography
(Hitchcock et al., 1974; Pearson and Pascher, 1977) and neutron
diffractioh studies (Buldt et al.,, 1978; Zaccal et al.,, 1979;

Buldt and Seelig, 19802.

To confirm that this is(ﬁ}ao the c;;e for DHPA, the
teﬁperature dependenfg of theiquadrupole splittings was
determined (Figure III.?a): If the two splittings arise from
intercoﬁveraions between two conformations at & rate which is
slow relative to the NMR timéscale, an increase in the tempora-
ture méy result: in an increase in the rate of Iﬁﬁyrcoﬁverbion and
may lead to one pair of pesks at a frequency separation which is
the weighted average of the previous velues. Conversely, 1f the
multiple spiittinga arise }?om geometric effects (gne conforma-
tion, but the deuterons are oriented at different angles relative
to the director)}, increasing the temperature would lead‘only to

decreases in the degree of order as reflected- by similar

decreases in the quadrupole splittinge.

-



Table I1I.7a

Temperature dependence of quadrupolar splittings of

aqueous dispersions. of [l,l—zllszHPA and [Z,Z-ZHZ]DH.PA.

[,

N
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The change in the two splittings of [(2,2-?H,]DHPA as a
function of temperature 1s the same withi; experimental. error (f
0.19 and -0.21 kHz/degree) indicating that the two sp'littiggs
regult from magnetic inéquivalence due to differences ig the
average orientations of the C-D bond with respect to the axis of
motional averaging. Alternatively, the energy difference between
the two conformatlions may be too high to be affecteé.by'changea
within this temperature range. However, for'[1,1;2H2]DHPA,Ithe
values of the slopes are slgnificantly different (-0.037 and -
0.095 kHz/degree) indicating that there mey be two conformational
states, each glving rise to one set of splitiings. |

In addition to determining the temperature dependence of the
quadrupole splittings, the change in the relative heights of the

N

two peaks were measured as a function of temperature for each
labelled position. The rationale for ihis experiment 1s as
follows: 1f the multiple splitﬁings arige from conformational
effects, the increase .in the temperature may cause a shift in
the equilibrium between the two conformations. This shift in the
relative populations of each conformer would be reflected in the
relative peak heights providing that thé energy difference
between the two conformations is large. Figure III.7b shows that
ﬁhe relative heights of the two peaks of [2,2-2H2]DHPA are
virtually invariant with temperature; however, the felative
heights of the two peaks of [1,1-2H2]DHPA are temperature
dependent. | ¢

- The temperature dependence of both the guadrupolar splittings
and the relatg;e peak heights are consistent with the hypothesis

that the deuterons attached to the first carbon of the sn-2 chain

!



- Table III.7b

Temperature dependence of the relative heights of. the
quadrupolar splittings of aqueous dispersions of both

[1,1—2}12]— and .]'_2,2—2112] DHPA.
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L]
glve rise to multiple splittings due to the presence of two

conformations which are interchangingvslowly oh_the NMR tinme-
scale. Conversely, the multiple aplittiﬁga arlsing from the
labelled second carbon of the chain may arise from slight
‘differences in the orientation of the deuterons with respect to
the director. Alternatively, the energy differenc; between the
two‘putét}ve conformerﬁ of the second methylene segment may be
higher than thet of the first methylene.

The values of the .quadrupolar splittings for the labelled
tsecond position in the n-alkyl lipids (C-2, 20.4 aﬂd 22.2 kHz)
gre significantly different from'thoae of the corfeaponding ﬁoai—
tions of the n-acyl lipids (C-2, 12.0 and 19.0 kHz).  This
reflects the conformational differences in the chains between the
n-alkyl and'n-acyl lipide due to the glycerol-hydrocarbon ether

linkage as compared to the ester linkage.

Molecular dynamics ~ .

The spin-lattice relaxation times for DHPA, DHPC‘andlDPPG, a%{
comparable reduced temperatures but different fleld strengths,
are shown in Teble III.4. ‘- The Ty values for the first carbon (C-
1) of the n-alkyl lipids (14.93,.16.25 mse) are comparable, to
previously reported values for p~alkyl lipids (Ruocco et al.
1985)‘(20.93-21.11 ms). Th% value for the second carbon (C-2)
(26.6& me) is significantly higher than that of the n-acyl lipids
(15.14-18.6 ws), indicating that there 1s a merked effect of the
nature of the linkage on the rates of molecular motions of the
hydrocarbdn chains, at least st positlons adjacent to the

glycerol backbone.
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Table III.4
Spin-lattice relaxsgtion times:
of synthetic n-alkyl and n-acyl phospholipids

Compound position.of label Ty (ms) T (°C) T, (°C)
a
DHPA C-1 sn-2 14.93 16.25 85 om
C-Z ﬂ-—}] ‘ 26.67
DPPC®  c-2 15.14-18.61 46 41
©¢-3 32.3
C—4 32.7
DHPCD C-1 sn-1 20.93-21.11 46 L4

C-1 sn-2 18.14-18.80

a. Present studies, MJO= 30.70 MHz

b, Ruocco et al., 1985, UDO= 45.3 MHz,
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1.3.2 Synthetically Deuterated Diphytanylglycerol Phqappolipida

The 2H'NMR.spactra and the corresponding de-Paked and
‘sinmulated spectra for ;gg-(31§4§;3)-2,3-[1,1,1H1'—2H4]-
diphytanylglycerol phosphate ([1,1,1”1'-2H4]DPhPA), rac-
(R/S,R,R)-2,3-[1,1,1',1'~?H, ldiphytanylglycerolphosphate
([1,1,1',1'-%H,]DPhPA) and (g_tg_,_g)_z-[z y2-?H, ]phytanyl-3-
phytanyl-sn-glycerol phosphate ([2,2-2H2]DPhPA are shown in
Figures III.8 and IiI.9. ‘The values and the relative intensities
of the quadrupolar s?littings are given in Table III.5. For
compérison, the values ?f the quadrupolar splittings for
phytanyl, g—alkyi_and g—acfl lipids ere shown together in Table
I11.6. ‘
‘ The values for the first carbon of the ég—Z chain for both
the phytanyl and 54;1ky1. lipids are comparable'(3.14, 16.70 kHz
for phytanyl and 4.5, 10.5 kHz for n-alkyl) implying that the
orientation and amplitudes of motions which the segments undergo
are simiiar. The two deuterons of the first methylene segment of
the sn-3 chain of the phytdnyl lipids exhibit three splittings
(11;73, 14.16 and - 16.70 kHz) in the ratio 0.5:1.0:0.5,
respectively. These data are consistent with the presence of two
longwlifed conformers with splittings of 11.73, 14.16 kHz and
14.16,16,70 kHz. The presence of two conformers may be
attributed to the preseﬁce of multiple sterecisomers due to the
racemic glyceryl and phytanyl starting materials.

Comparison of the splittings from DPhPA labelled in the C-2

carbon of the sn-2 chain ([2,2-H,]DPhPA; 7.91, 14.15 kHz) with




Figure III.8

2H NMR spectra and de-Paked and simulated de-Paked

spectra of [1,],1',1'-2H4]DPhPA and [2,3,2',3'-2H4]-
DPhPA. |

(T=25%C; w ,=46.07 or 30.70 MHz).
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Figure III.9

2H NMR spectrum and de-Paked and simulated de-Paked
spectrum of [2,2-2H2]DPhPA.
(T=25°C; W =30.70 MHz).
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Table III.5
Values and relativelntensities of'quadrupble splittings

of diphytanylglycerol phospholipids®

- e S e Ak Sk e ek o N ot S S T e ek e oy ey S D D oy B e S o i e S e ey S o

Lebelled Position bPqg (KHz) relative —
Antensity -
[1,1,1',1'-2H,]DPhPA 3.14 E
7.49 1
11.73 , 0.5
14.16 1
1 6.70 ) o 0'-5
[2,2-%H, ] DPhPA 7.91 S
14.15 A
2.520 0.5
" [2,3,2',3'-?H, ] DPhPA 8.31 1
. C-ﬂ"‘\ v
' 16-57 \‘\ _." 1
.
10.34 7
ke
20.91 1
24,17 2 —_

. ———— . e g ot o k. e o o gk e o e o Y = T Y T T B e b e A o L Bk o e A S e ek o S ey . . T o o — .

a. Data taken from Figure III.S8.
b. Probably arises from scrabling of label to mqthyl’grdﬁp'as
indicated by high resolution 2H NMR.

_/‘_-r“
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, Table TIT.6
o Comparison of quadrupole splittings from

phytanyl, n-alkyl and n-acyl phoapholipids

———————————————————— . . S B S Sk S — —— i gy — p—— — g W —— — ey g — — e —— i E el SAS NS G DN S UG W M B TR S
1 ‘ k R
Compound c-12 . c-28 c-3
sn~1 sn-2 sn-1 sn-2 sn-1 sn-2
~ rac-3 rac-2 rac-3.  kac-2
-DHPA P = be'S - 20.4
. 10.5 o222
DPhPA © 14 .16 3.14 10.34, 8.31  24.17 2417
. S 11.73 7.49 20.91  16.57
16 ‘70
pppe ¢ - - 27.2 12.0 26 .2 23,2
19.2
16 .8 .45

a.. sn-1 QQEJ?E‘Z for DPPC, DHPC and DHPAjand rac-2 and rac-3 for

-
DPhPA.
b. T= 80°C; « o= 30.7 Miz. *
c. T=25°C; w = 46.07 MHz/

d. Seelig and Seelig, 1974. T= 50°C; w = 13.78.

e. Ruocco et al., 1985. T= 45°C; ) = 45.3 MHaz.

v ' "’-'-\.!
Y o -



Figure 1II1.10

Dependence of the quadrupole splittings on position of
1nbelling for n-alkyl, n-acyl and phytanyl lipids. Data

‘given in Table ITI.6.
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those from [2,3,253'-2H4]DPhPA allows for unamhiguous aspignment

" of the en-3 chain, C~2 carbons (10.34,20.91 kHz) and C-3 carbons

(24.17 kxHz). The values for the second position of the sn- 2
chain of the phytanyl lipids (8.31, 16.70 kHz), n-acyl lipids
(12.0,19,2 kHz) and n-alkyl 1lipids (20.4,22.2 kHz)_are
pignificantly different, reflecting the effect of the presence of
both the branch methyl group and qaturé of the
glycerol/hydrocarbon linkage on the conformation of the methylene
groups. - The splittings of the.-thrid methylene segmnet of both
the phytanyl (24.17 kHz) and n-acyl lipids (23.3, 26.2 kHz) are

comparable. The 2H NMR epectrum and de-Peked and simulated de-

Paked spectra from the phytanyl lipiﬂ/’labelled in the third

carbon of the glycerol backbone (diphytanyl- rac- (3,3~ HZ]glycerol

phosphate; [3,372H2]DPhPA) is shown in Figure III.8. The values
and relative intquf%ies of the splittings together with the

corresponding values for the n-acyl lipids from E. coli grown on

~lipids (3.54-17.84 kHz) are within the same range -as thoge

determined fqy n-acyl lipida‘(0—17 kHz) (Gally et al., 1981);
however, the gumber of splittings is much la;gef. Although the
compound is labell®d at only one poéition, ﬁﬁere‘are éix
splittings of varyi;:K}ntensities. If should be noted that the
labelled phytanyl compoﬁnds étudied here are a mixture of eight
sﬁereoisomers‘due to the pressnce of three chiral centers per

chain as wsl% as the chiral center in the glycerol backbone.

kY

_/”)>deuterated glycerol (Gelly et al., 1981) are given in Tébiﬁrﬂ

IIT.7. The magnitudes of the splittings from diphytanylglycerol -
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Unlike the n-acyl lipide,-interﬁction of the branch methyl groups
in the muitiple stereclsomers ﬁfﬂfhe phytanyl lipide may to the
presence of a number of conformationajin which the orientation of
the glycaroi backbone methylene segment 1is slightly different.
Fach orientation would give rise t6 a different set of
quadrupolar éplittinga with relative intensitiles corraepopdipg to
the relative amounts of each conformer. In adgition, in A recent
x-ray erystallographic study of 559—1[2—dimyristoyl PG (DMPG)
(Pascher et al., 1987), DMPG derived from D-glycerol would not
érystallize whereas DMPG derived from D,L-glycerol formed
ecrystale of quallty sultable for erystallographic gtudies. This
indicates that different lipid stereolsomers may have different--

packing properties.

e



it

Figure TIII.11 K .

2!*1 NMR gpectrum, de-Paked and simulated de-Paked sp.oectra of

+

a(jueous dispersions of diphytanyl- [3,3—2}{2 ] glycerol- phosphaf:e.
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Table II1.7
Values and relative intensities
of quadrupole splittings froﬁ diphytanylglyﬁerol

and di'acyl phospholipids labelled in the backbone glycerol

»

Compound s Dg (kHz) intensity relative total
‘ : intensity intensity

-

- rac-13,3-%H, IDPhPA &

3.54" | 358 L5 .

10.79 117 1.5
: 8.0
16.94 . 89 ., 1.0 -
17.84 g 1.0
8.38 246 3.0
: ' 6.0
13.68 : 213 3.0

sn-{1,1-2H,]diacyl PG P
0 , ‘ 1.0
17 : . 1.0
8. T= 25°C; W = 46.07 Miz.

b. Gally et al., 1981. T= 37°C; u30= 46.4 MHz,

I3
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1.3.3 Bibaynthetically Déuteratad Diphytanylglycerol Liplds
Molecular order

The wide variations in the quadrupole splitings (3.14 to 16.70

kHz for the C-1 positlon) for two deuterons qqﬁﬁh&fggme methylene. . ;

-

R
group of one phytanyl chain indicates a strong'orientational
contribution to the segmental order parameter;lfhéfefore, the low
"segmental order parameter does not hecesearfly implyzaflow

voala s

molecular order parameter. '

Since high resclution conformationaliinformation on phytanyl
lipide does not exist, there 18 no way fﬁ éq;rect the values of
Sgp for possible geoﬁetric effects and therefsre to differentiate
between a low degree of order and an unusual orientation of the
C-D bond with respect to the axis of motional averaging.

To distinguish between these two explanations, the effect of
the addition of 1ncreasing amounts of wunlabelled
diphytanylglycerol lipids to deuterium-labelled n-acyl lipids was
determined. If the low quadrupole splittings of the branched-
chain liplds are due solely to orientational effects-éathér then
to low molecular order, it is unlikely that thejr presence will
lead to substantial décreases in the splittings of the straight
chain lipids.

The results of the additlon of unlabelled TPL to deuterated
DMFC are shown in Figure III1.12. The splittings are reduced from
5.26 -~ 31.89 kHz to 2.11 - 20.63 kHz in the presence of approxi-
mately 90% T?L. fhe splittings of DMPC, perdeuterated in thelgg_
2 chain, at high concentrations of TPL are comparable in magni-

tude to those of labelled TPL (see Table III.8)., The magnitude



Figure IIT. 12

Effect of the addition of TPL from H. cutirubrum on the
quadrupole splittings of deuterated DMPC.
T = 45°C; 0 = 45.6 Miz.

Data from Ekiel et al., unpublished.

(1)
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of the decrease (up to 50% for some positions) and ﬂhe fact that
the valuea‘éf the spiittinga of labelled DMPC iﬁ the presence of
" high céncentrations of unlkabelled TPL are cémparable to thosé of
labelled TPL alone, argue - that tgf'aplittings are due to
decreased motional restriction of the n=acyl chains. Therefore,
the iﬁw splittings of the labelled diphytanylglycerol lipids are-
du} predominantly to low molecular order rather than orienta-
tional effecta. Thise 1s somewhat aupriafhg a8 1t seems intuiti-
vely obvious that the bulky methyl groups of the phytanyl chainse
would ﬁroduce g bilayer which 1s characterized by a higher degree
of order (Bge Fig. III;131. | “
To;determine the effect of the nature of the headgroup on the

order and dynamics of the diphytamylglycerol lipids,’ the quadru-,

polﬁr splittings and were compared for biosynthetically labelled

Within experimental error, the values for the splittings are the
same, iﬁdicating no effect of the press%ce of QLS or qthbf polér'
lipids on the order of ﬂhe'chainq of PGP, This is in agreement
~ with earlier 2y NHR w;rk ﬁy ﬁhnce an& coworkers (1983) who showed
no significant effedt of the different h;;dgroupa on thé quadru-
polar aplitﬁings of the chains except at the carbon adjacén£ to’
the carbonyl group. N

The temparaﬁure dependence of the quadrupole splittingé of
biosyntheticelly deuterated TPL from H: cutirubrum (see Figure
II1.14) shows no evidence of an obvious, sharp, first-order phase
transition between 30 and 459C. Further eéperiments with biloeyn-

!

thetically—deuteratedQI?L} over the témperature range of =25 -

»

71



Figure III.13

Space-filling models of PGP (left) and DPPC (right).
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TablelIIl.8
Comparison of quadrupole splittinga for

biosynthetically labelled PGP and TPL

Quadrupole splittings

(kHz)
PGP TPL
18.59 18.55
13.67 | - 13.87
. 6.25 6.45
2.73 2. 54
1.95 1.76
0.195 0.195

W= 30.70 MHz; T= 25°C.
The splittings are listed in order of decreasing value and do not
necessary reflect the position of the deuterium label within the

hydrocérhon chain.
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Figure 1III.14a

.

.Temperature dependence of the quadrupole splittings

for bibsynthetica%ly deuterateqd total polar lipids of

H. cutirubrum.
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Figure IITI.l4b

De-Paked 2II NMR spectra of biosynthetically deuterated

TPL of H. cutirubrum at 30, 35.1, 40, 45.1%.
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44°C (data not shown) confifmed the absence of & transition at
lower temperatures. This is consistent with recen£ high sensitl-
vity DSC (Jackson and Sturtevant, 1978; Eklel et al., 1981)
studles which show that there is no detactabia-gel to liquid-
erystalline phase transition over & broad temperature range (-120
bo +120°C, in the case of 'H NMR studies of diphytanoylglycerol
phosphatidylcholine; Lindsey et al., 1979). ,However,ra number of
other techniqﬁes have reported the presence of a temperature-
induced discontinuity in the PM or lipids isolated from the
halobacteria at 25-30°, T hese studies include a change in the
13c-NMR 1linewidths at various positions along the chain (Degani
et al., 1980),. ESR hyperfine splittings (Chignell and Chignell,
1975), coefficient of thermal expansion (Tfiatam-Nagle et al.,
1986) and the rate of photo-transient decay of excited-state BR
(Sherman, 1976).

In the atyl chains of phospholipids, the order-disorder (gel-
liquid crystalline) phase transition is associated with the onset
of the formation of kinks and similar chﬁintconformations'
involving gauche-trans isomers of the hydrocarbon chains
(Trauble, 1971; Nagle, 1973). Comsequently, the temperature gnd
enthalpy of the phase transition will be affected by the sum of
" the potential energies associated with the various molecular
lconformational statesn. | .

In straight-chain lipids, the combination of the relative
stebilities of the trans versus gauche conformers and the high

lateral packing densities is responsible for the large enthalpies

(approximately 10 kcal/mol) and high temperatures (approximately



——
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300 K) of the phase transition,

In comparison, the presence of the branch ﬁéthyl groups 1in the
phytanyl (or phytanoyl) chains causes the gauche and trans
conformeres to be energetically more equivalent. In addition, the

‘steric interaction probably prevents efficlent lateral packing.
As a reaui;, the gol to lihuid-crystalline phase transition 1is

| expected to be a low-temperature, low-enthalphy transition.
This effect is seen in the comparison of the phase transitlon
temperatures of stralght-chaln, iso-branched And antelso-branched
chain lipids (Keough and Davias, 1984) where.the preaeﬁce'of‘a

branch methyl group leads to a 20-40C° reduction in the value o}
Ty |

The temperature-dependent discontinuity in the 2H NMR
quadrupole splittings, as well as in the other:physiéo_
biochemical parameters, must be due not to a gel to liquid-
erystalline phase transition but to the fact that the chains are
undergoing a number of different types of motions at different
rates,.eaéh of whlech contributes to the overéll chain dynamlecs to
a degree which 1s temperature-dependent. 31p NMR studies of
changes in the CSA of aqueous dispersions. of TPL as a functlon of
temperature (vide infra) indicate cessation of axial rotation at
=20°C which may account for the low temperature behaviqur
previously attributed by some authors (Chen et al., 1974) as a

gel to liquid-erystalline phase transltion.

Molecular dynamics
Spin-lattice relaxation times were calculated for aqueous

dispersions of biosynthetically deuterated g; cutirubrum total



Figure ITT.15

Temperature dependence of the spin-lattice relaxation
times for biosythetically deuterated TPL from H.

cutirubrum. Each curve corresponds to a different,

deuterated position.

Data from Ekiel et al., unpublished..
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polar lipidse as a function of temperature. Figure III.15 shows
low overall values for the T4 in comperison with n-acyl lipids
and a temperature minimum at 8-10°C. At the temperature

minimum of the cﬁrve, the effective segmental correlation time
{( c) can be calculated from the following formula:
— 6 =1
Te = 0.62 I

where w , is the deuterium Larmgr frequency (in this case, 46f07
MHz). Therefore, at 8°C, the segmental correlation time for
all labelled positions 1s 3.5 x 10-9 sec. Althougﬂ the deuterons
exhibit different T; values, the fact that they have the same
temperature-depehdence; i.e.; éhey all show a minimum at 8-10°,
indicates that they possess similar rates of mofione. The T1
values of [2,2,3{4,4,6—2H6]chol?aterol in cholesterol/DPPC mix-
tufes also exhibit a similar temperature dependence, with é
nininum at 32-35°C for ;ll labelled positions, leading to T o=
3.5% 1077 sec at 46.07MHz (see Figure III.16; Dufourc and Smith,
1986). T e

The biphesic behaviour of the temperature dependence of the
spin-lattice relaxation time seen for both the diphytanylglycerol
lipids and cholestero%—DPPG mixtﬁrea is best understood in terms
of the distribution of molecular rotational frequencies (Farrar
and Becker, 1976). The efficiency. of the T4 relaxation
processes increases (T1 becomes shorter) with an increase in the
denslty of motional frequencies in the region of the ?H resonancs

frequency. The density is greatest for cholesterol at 32-35°

and for diphytenylglycerol lipids at 8-10°C. At higher



. Figure 111.16

variation in the spin-lattice relaxation timeés with temperature
for three labelled positions of cholesterol.

(From Dufourc and Smith, 1986).

(Reprinted from Chem. Phys. Lipids 41, 123 () 1986 with permission

from the authours and Elsevigr/é;ience Publishers,)
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-

temperatures, the dlstribution of frequencies of molecular
nmotions increases. Similarly, at lower temperatures, the
processes agaln become less efficient due to a shift in the
density to lower frequency values.

Because the 4 quadrupole splittinge héve not yet been asaigned
~to specific positions along the chain, a Ty profile has not been
determined. However, for cigs-unsaturated lipids, there is a
decrease 1n the spin—lagtice relaxation tlmes (NT1) at the
position of the double bond due to a change in the types and/or
rates of motions which the segmentslundergo. Similarly, it is
reasonable to assume that the presence of the branch methyl
groups in the phytanyl chalns would lead to a d?crease in the
frequency of molecular motions due to sterlec interactlions. This,
in fact, 1s seen for the 13¢ NMR relaxation times of neat phytol
in which the T4 Qalues of the pathine groups ars significantly
lower than the adjacent methylene groups (Goodman et al., 1974;

see Fipgure 4).

}
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1.4 Summary of 2H NMR results

@

.~

The physical and blological propertles of membranes are
determined by the physical properties of the lipids of which they
are composed. °H NMR has been used. to study synthetically and
biosjntheticaily deuterated diphytanylglycerol liplds and the
corresponding éynthetically deuterated straigﬁt-chain lipids in
oréar.to better understand the properties of the membranes of
Archaebacteria such as H. cutirubrum,. 2H NMR provides & non-
perturbing method of determining the segmental order (extent of
molecular motion) an?,dynamica of th? hydrocarbon chains.

Data provided from studies with the model compound,
dihexadecylglycerol phosphatidic acid, labelled in the firat and
second positions of the sn-2 chain, aided in the comparison of
data obtained from phytanyl lipids with that previously obtained
from n-acyl lipidé.

The splittings for the deuterons on the second carbon of the
gﬁ—Z chain of DHPA (20.4 and 22.2 kHz) are slightly higherthan
those of ths corresponding position of DPPC, indieating a slight
effect of the ether 'linkage on the orientation or amplitude of
motion of the methylene group. The splitting;_;; the gn-2 chain
of DHPA (4.5 end 10.5 kﬁz) are comparable'to those of DHPGC (2.34
and 9.45 kHz) and are lower than those of the 8n-1 chain of DHPA
(13.1 and 16.8 kHz) (Ruocco et al., 1985) indicating that the

orientation and order are different for the sn-1 and gn-2 chains,

Different conformations of the sn-1 and gn-2 chains at the



=165~

, .
posltions adjacent to the backbone glycerol) are also seen for n-
acyl lipids.

'.Tha temperature dependence of both th; splittings and the
relative heights of the splittings is consistent with the
hypotﬁesis that the magnetic 1nequivalence of the tﬁo deuterons
of the first methyleﬁe group of the sn-2 chain of DHPFA resultsa
from interconversion between two distinet conformatipne. This
does not séem to be true for the second methylene group, where
the two splittings have & similar temperature dependence and the
ratios of the heights do not vary appreciebly. However, this
mey be due to a small energy difference between the two
conformations.

As expected, the spin-lattice relaxation timeéldetermined for
the first position of the gn-2 chain are comparable to those
previously obtained by Ruocco et al. (;985) for DHPC. The T4
values determined for the second methylene segment of DHPA are
significantly‘lower than that of the second position of the n-
acyl lipids indiééfing a substantial effect of the glycerol-
hydrocarbon linkage on the dynamics of the chains at positional
adjacenf to the glycerocl backbone.

Both synthetically and biosynthetically deuterated compounds
were used to provide information on the conformation and dynamics
of the hydrocarbon region of diphytenylglycerol lipids.
Biosynthetic labelling proved to be a faclle method for
selectively deuterating several positions along the chaln. At
least some of the methylene groups adjacent to the methine groups

are labelled. Synthetic labellicg provided information on
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specific positions adjacent to the backbone glycerol (C-1, C-2
and C-3 of both the sn-2 and -3 chains). At the first carbon,
the quadrupole splittings of the phytanyl lipids were comparable
ih magnitude to those of the n-alkyl 1ipids, indicating that the
branch methyl group h&d virtually no effect on the order or
orientation at this position, although an effect was seen at'the
second methylene segment. Further along the chain, the branched
groups lead to significant effects on both the order (a3 <19
kHz) and dynamics (Te ¥ 10-° sec) in comparison with the n-acyl
lipids (a»q 25-35 kHz for the first 8-10 position, T, £ 10-10
- 10-11 sec). This data indicates that the phytanyl chains are
relatively disordered but that the rates of motlons which the
chains are undergo%ng are slow relative to n-acyl lipids.

The magnitude of the reduction in the quadrﬁpale splittings of:
deuterated DMPC following the addition of unlabelled TPL from
gagggiggggggg argue that the narrow quadrupole splittings for
high rétios of TPL to labelled DMPC, as well as in the labelled
TPL, resulted primerily from low molecular order rather than from
unusual orientations of the methylene segments with respect to
the axis of motion or "fluidity" effects resulting frqm different
reduced temperatures. The temperature depéndence of the
quadrupolar .splittings for blosynthetically deuterated phytanyl
lipids confirmed the absence of & abrupt gel to liquid-

crystalline phase transition in the physiological range (optimum
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2. Phosphorus KMR

2.1 Introduction and Theory

Phosphorus NMR has been used extensively 1n the study of
both model and blological membrane systems as a non-perturbing
probe of 1ipid conformation and dynamics (see reviews by Smith
and Ekiel, 1984; Seellg, 1978). Changes in the residual chemical
shift anisotropy (CSA) reflect changes in the.extents of motions
and/or s change in the orientation of the headgroup phosphorous
group with rd§$ect to the axls of motional averaging. The spin-
lattic? relaxation time (T{), wh;ch is a measure of the rate pf
"relaxation of a spin system following excitation by a radio
frequency pulée, provides information on the rates of molecular
\ motions which are prevalent on the NMR timescale.

In phosphorus NMR, the chemical shift of a rigid phosphate
group is dependent upon the orientation of the group with respect
to the magnetic field of the spectrometer (Smith and Ekiel,
1984). The chemical shifts along the three principal directions
are arbitrarily labelled 644, 6,5, and 533, as shown in Figure
ITI.17. These values correspond to the components of the
chemical shift or shielding tensor which describes the Zeeman
interaction between the phosphorus nucleus and the magnetic
fleld.

In e randomly oriented semple, all orientations of the
phosphate group {and therefore of 644) with respect to the
magnetiec fleld are possible. The spectrum is the sum of spectra

for all possible orientations and the values of the principal



Figure III.15

Possible motional states of the phosphodliester groups of a
phospholipid and the expected 31P NMR spectra: A. statice
phosphodiester; B. ordered phosphodiester undergoing rapid
axial rotation; and, C. disordered phosphodiester.

(From Smith and Ekiel, 1984)

(Reprinted with permission from ndl

P NMR of Phospholipids in
Membranes", Chapter 15 in "Phosphorus-31 NMR Principles and

Applications" (Ed. D.G. Gorenstein) () 1984, Academic Press.
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tensor compénents can be estimated directly from the spectrum,

The value of 0,5, is determined from the chemical siift of
the peak of maximum intensity in the static phosphodie;ter
.apeétrum and §,¢ and 633 are determined from the midpolnts of the
downfield and upfileld.shoulders.
| In A membrane or model membrane system, rapid axial rotation
of the phosphollipids leads to partial averéging of the tensor
components. The new values of the chemical shift tensor (§ =
(655t 633)/2 and 649 = 54,) can again be dgtérmined directly from
the spectra. Increasingly disordered motion with rapid
interconversion between allowed conformations leads to further
averaging of the tensor components so that the total chemical
shift anisotropy (GSA)(A6'=06:’—AGJ_) is mgain reduced. Note
that the lineshape depends on the type of motion and not the rate
of motion providing that the motions are fast on the NMR
timescale. The limit of total disorder is a single resonance
(sisotropié) with a CSA identical to withih 5 ppm of that found
in a non-viscous medium (6150= (6; + 261 )[3).

The value of the observed CSA, A6 , is therefore dependent
upon both the degree of order of the phosphate group, or the
amplitude of angular excursion during motional everaging, and the
orientation of the axis of motional averaging with respect to the
principal tensor components. The extent -of the contributions
from each of these two parameters to the observed CSA cannot be
accuraéély assessed. This information may be determined from

solid (non~hydrated) samples from which the stetic CSA, which

reflects only orientational effects, can be determined.
' \
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For small molecules in solution the asymmetry in the charge
distribution which laada.to the oriemtational depéndéhce of the’
chemicel shift is averaged by rapid reorientation. The resulting |
spectrum 1s a narrow peak whose chemical shift 1is determined by
changes in bond overlap and hybridization, changes in atomic

'charge end changes in the energy differences bétween the ground
and exﬁited states (Gorenstein, 1984). “For phosphoryl
compounds such as phosphomono- and diesters, electrostatic
effects (P-0 bond aﬁd torsion angles) (Goreneteiﬁ and Kar, 1975;
Gorenstein, 1975). contribute significantly to the chemical shift
although electronegativity effects (inecluding degree of
osterification and degree of ionization) predominate (Letcher and
van Wazer, 1967). Assoclation with hydrogen boﬂding’&%nors has
1ittle effect on the chemical shift other than.that attributed to
a shift in the pK.

In addition to the CSA, another parameter which has been used
to provide information on the headgrdnp reglon is the spin-
lattice relaxatlion time (T1L Relaxation times have been used in
high resolution NMR spectroscopy to gain information regarding
the rates of molecular and intramolecular motions. They have

.also been used in the study of menmbranes and model membranse
systems; however, because of the anisotropic nature of the
motion, it 1s more difficult to correlate relaxation times with
the various motlional correlation times. Interpretation of 31p
data is further complicated by the fact that the relaxation

mechanism is a mixture of chemical shift and dipolar, in contrast
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to the °H NMR whefa relaxation is almost exclusively quadrupolar..
In addition, the relative contributions of each mechanism variles
wilth the spectrometer field strength. The complex temperature
and'field dependence of 3p reiaxation for DOPC ,and éﬁrcoplaamic
recticulum enriched with DOPC (Seelig et al., 1981) 1llustrates
the,Qrawbécks of simple numerical comparison of T, values.
Prelimiﬁary experiments by Smith ;nd coworkers (Ekilel et
21.,1984) on both the pﬁéple ﬁembrane and pure PGP bilayers
indicated that the rather unusual shape of the phosphorus
spectrum arises from the superposition of tﬁo patterns with
different values ¢of the CSA. The two subspectra can be separated
through spectral simulation or through the use of the DANTE
sequence {(Morris and Freemaﬁ, 1978) and were attributed to the
phosphomono- and .diester- groups of PGP (see Figure III.18).
Comparison of the purple membrane and PGP samples alsoc showed a-
marked increase in the CSA of the purple membrane (60 and 17.5
ppm) in comparison with PGP (18 and 41 ppm) due to a change in
the amplitude of motion”of the headgroup and/or in the headgroup
conformation of PGP in the presence of bacteriorhodopsin, neutral
lipids and other polar lipids. The change is significantly
N gre9ter_fof the phosphodiester (327 iﬁcreaae) than the
giphosphomonoester (14Z) (see Figure III.19).
In addition to an increase in CSA, an increase 1in the
linewidth, and hence in the spin-spin relaxation time (T,) was
seen in the presence of bacteriorhodopsin (QJJVL=1/ﬂ“T2') (Ekiel

-

et al., 1981). This indicates an increase in the molecular
\



Figure III.18
31P NMR spectrum of the purple membrane at 15°¢ and the
simulated spectrum snowing the contributions from the
phosphomonoester and phosphodiester groups of PGP.

{(From Ekiel et al., 1981)

Figure III.19
Temperature denen&ence of 31? NMR CSA for the phosphomonoester

and phosphodiester groups of PGP in aqueous dispersions of PGP
{(0) and in the PM ().’

(From Ekiel et al., 1981) T

Flgures IX1.18 and .19 were reprinted with permission from Biochem.

Biophys. Res. Comm. 100, 105 ©) 1981, Academic Press.
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correlation time (T, ) which corresponds to slower frequency
motions in the time scalg of 10° to 10% sec-1.

In the present studies, the values for the 31p chemical shifts
and chemlical sh?ft anisotropies were determined for diphytanyl-
glycerol derivatives of PA, PG, PGP and PdS;The purpose of %he
measuréments was to unambiguously assign the two subspectra of
the high poﬁer spectrum of PGP to the phosphomono-~ and diester.
This was done by comparing the values Aor the diphytanylglycerol
phospholipids. In addition the pH dependence of both the CS and
CSA of the two subspectra were measured. The effegt of the
praégnce of other polar lipids and/or bacteriorhodopsin 6ﬁ the

chemical shift anisotropy (CSA) of PGP was slsovstudied.
2.2 Materlals and Methods
2.2,1 Apparatus ¢

. Solid state 2P NMR spectra were obtained on e Bruker CXP-
300 or MSL-300 spectrometer operating at 121.466 MHz using a 10
me home-built high power ﬁrobe. Spectra were acquired using the
Hahn spin-echo technique (902f’F-1802—TLacquire) with full phase
cycling of the radiofrequency pulgé (Rance and Byrd, 1983 | Hahn
1950; Fukushima and Roeder, 1981). Pulse épacings were typically

' 35-45 ps, the 90° pulse length was 4~8:Ps and the recycle time
was greater than 5xT,. T4 values were determined using an
inversion recovery sequence (Fukushime and Roeder, 1981) and were

averaged over the entire spectrum.



-175-

Alternatively, a Bruker VSP 3000 high resolution probe (300
watts) was used in place of the homebuilt probe. The 90° pulse
width was longer than with the high power probe (8-10 ya).

Sanples were 3p 0y deggﬁpled ueling either standard broadband
or WALTZ decoupling tech@iques (Skakn et al., 1983),.

Spectra were acquired ét ambient temperatures (25°G).'

CS are reported relat’ve to HBPOA and spectra were determined
relative to an external”capillery of 80% phosphorie acild (H3P04)

or 100 mHﬁEEino-éthyl phosphonate (-~18.7 ppm relative to H3P04)

2.2.1 Sample preparation

Total polar lipid and purified PG, PGS and PGP were prepared
as described in PART I, section 1. Lipid dispersions were
prepared as follows: lipids (50 - 100 mg) were dissclved in
chloroform and dried under a siream of nitrogen toa thin film
on the sides of a 15 Bl stoppered centrifuge tube and dried in
vacuo. Distilled water or buffer (1-2 ml) was added and the
_suspension was vortexed, frozen, thawed andlvortexed repeatedly
until it appeared -homogeneous.

Purple membrane samples were prepared as described 1n PART
I, section 2 and finelly pelleted by centrifugation (43,0006 g; BQ

ninutes) prior to use.

Sonicated, aqueous dispersions were prepared as followss

_ PGP(NHA)z (60-100 mg) was diluted with 1.5 ml deuterated water
(2H20) and soniceted with a Branson Sonifier Cell Disrupter 350

for 45 minutes (507 duty cycie, 202 power). The sample was
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centrifuged to remove partiéulate matter generated:from the
sonicator tip during sonication, The sample was virtually
transparent throughout the experiment. The pH of the sample was
adjusted with either 2 N aqueous HC1l or NHAOH, sonicated agaln
and the final pH determined with a pH meter.

PGP samples (60-80 mg) were also dissolved in organic
solvents (benzene/methenol; 1.1:0.2,~3.3 ml). For measurement of
the 31p spectrum at different apparent pH's, the sclutions were
titrated with 2 N methanolic HC1l or NHAOH over the pH, range of

2.1-4.6 and 7.2-7.8 as determined with a pH meter.
2.3 Results and Discugsion
2.3.1 Assignment of subspectira

Before studies could be undertaken to assess the effects of
external parameters on the phosphorus spectra ef PGP, it was
necessary to assign each of the subspectra to the pﬁosphomono—
and diester groupb. Previously, the subgpectra with the narrow
CSA has been aﬁtributed to-the phosphomonosster and the wide CSA
to the diester. This assignwent was based on the assumption that
the expected greater motional freedom of the ?erminal phosphate
would lead to & greater degree of motional averaging resulting in
a narrower pattern. In addition, the CSA of the subspectrum
attributed to the phosphodiester (41 ppm) and the monocester (16
ppm) of PGP were similar to those of other systems (40 to 60 ppm

and 18 to 20 ppm for the phosphodiester and monoester,
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respectively).
The 21P NMR chenical shift has been found to be sensltivse to
the degree of esterification, increasing from -2.3 to -0.8 to 0.4
PPDh in monoethyl phosphate to di- and triethyl phosphate
(Gorenstein, 1984). On this basis, the upfield peak of PGP (0.48
ppn) should be attributed to the terminal phosphate (phqsphomo»
noester) and the downfield peak (1.45 ppm) to the phosphodiester.
Bagad on calculations of the isotropic chemical shift frbm the
s01id state spectra’( oy 5 =0, +20,)/3) (0.80 ppm and 1.91 ppm
from the narrow apd broad subaspectra, respectively) the
downfield and upfield peaks can be assigned to. the broad (phos-
phodiestér) and narrow {(phosphomonoester) subspectra,

;sspectively.
However, it i1s not sufficient to assign the subspectra solely
“on the basis of degree of esterificetion as the 31p NMR CS has
also been shown to be strongly affected by the degree of loniza-
.tion, 0-P-0 bond angle, etc. (Gorenstein, 1984). Similarly, the

CSA reflects & combination of both motional and geometric
effects. ' 7 s
}éerefore, in an attempt to confirm the assignment of the
a:;spectra of PGP, & comparison was mede of both the CSA and CS§
vélues for a series of diphytanylglycerol phospholipids,
ineluding PGP, PGS, PG and synthetic PA (see Table IIL.9).
Neither the CSA (25.4-31.3 ppm) nor the chemical shift (1.081
ppm) values of PG corresponded to either of the two subspectra of

PGP (CSA, 18 and 41 ppm; CS, 0.48 and 1.45 ppm) (See Table

111.9). The absence of a terminal ﬁhpaphate probably resulte in
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a change in the conformation of the dlester phosphate, and jhere—
fore a change in the orientation of the principal tensor compo-
nents with respect to the axls of motionsl averaging. This could
result in a change in the effective CSA as previously discussed,
The CSA difference may be explained by eiectrostatic effects
resulting from the absence of a_charged phosphate group at the
Bn-1' position of the headgroup glycerol.

The values for the CSA of PA (49.3 ppm) correaponds roughly to
CSA value attributed to the phoﬁphodiester of PGP (41 ppm) and
the CS value (2.05 ppm) corresponds most cloasely to the
downfig}d peak of PGP (1.45 ppm) attributed to the phosphodiester
fromhéiso calculations (1.91 ppml.Agaiﬁ, differences between
the two compounds can be explained in terms of conformational
effects which predominate in the s0lid state spectra and eleétro-
sfatic effects {(due to the increased degree of ionization) which
predominate in the high resolution specta. .

Similarly, the GSA of PGS (47 ppm) was greater than that of
the phosphodlester of PGP‘ZJT"ﬁpm) end the CS value (1.57 ppm)
correaponds most qlosely to the.déwnfield peak of PGP (1.45 ppm).
Both the CS and CSL velues of PGS are expected to correspond most
closely to PGP because of the structural similarities. ' |

Comparison of these results, particularly those of PA and PGS,
indicates that the phosphate adjacent to the backbone glycerol,
the phosphodiester in the case of PGP, gives rise to a wide
spectrum (PA, 49.3 ppm; PGS 47 ppm; PGP 41 ppm). This assignment
was corroborated by the simllarity of the CS value of PGS and.the

high resolution peak tentatively assigned to the phosphodiester
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Table III.9 \
Comparison of 37p NMR CS and CSA values

‘of diphytan&lglycerol phospholiplds

Compound cS (ppm)@- csA (ppum)®*
PA 2.05 49.3
PGS 1.57. . 47.0

PG 1.08 25.4 - 311
BEGP 0.48 , 1.45 18.0, 41.0

0.80 , 1.91°
Total polar 18.0, 41.0
lipids

8. solution in Cg2Hg/CRH40%H (1.1:0.2); 50-100 ml/nl.
CS relative to HBPOA'
e
b. sonicated, equeous dispersions; 50-00 mg/ml.
Ca 6’180 values calculated from 3p (see text for more detalled
description). A1l other values determined from high resolutlon

spectra.

-
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of PGP and the ¢ 345, value calculated for the broad component
(see Table III.9).
2.3.2 Effect of pH \

The rationale for studyling the effects of pH on 3p yur
spectra was two-fold, The first was an attempt to use the pH
dependence to determine which subspectrum arose from whileh -
phoaphate moiety. As stated in the theory seétién, the
phosphorus chemicel shift can vary with changes in
electronegativity induced by lonization of the phosphate grouPs.
As well, if 1onization leads to changes in the headgroup
conformation, there may be concomitant changes iq the CSA. The
second reason for studylng the effect of pH on the (SA, and
therefore on the headgroup conformation, was to determine if
there was a conformational change in the liplds in response to
pH. Gradient|changes of the up to 3.5 pH units have been
measured 1in cell envelope vesicles (Kouyame et al., 1987)

-following light-induced proton translocation,

37p NMR chemical ghift values (high resolution NMR) are

aenaitivé to-electrost ie nd, titration of inorganic
phosphate or phosphate-cont iﬁing compounds usually leads to a
upfleld shift of up to é@m as the degree of ionization
increases. Previoué stud _‘”éf;etermined the pK's of PGP in
nethanol/water (1:1) to be 3.25, 3.25 and 7.45-7.95 (Kates et
al., 1965). The high resclution phosphorus spectrum of PGP has

two resonances corresponding to the phosphomono- and.
phosphodiester groups, and assignment of these resonances, and

therefore of the solid state subspectra, should be possible by



-181-

Table II1.10
pH Dependence of 31p NMR chemical shift values

of PGP in organic solvents®

pH’ chemical shift (ppm)P |
2.10 -0.125, 0.960
2.72 0.277, 1.362
3.40 0.438, 1.521
4.58 0.719, 1.885
7.23 0.840, 2.005
8.89 - 0.799, 2.005

a. Solution in G¢®Hg/CRH;0°H (1.1: 0.2); 50-75 mg/ml.
b. Relative to H5PO,.

¢, Date shown in Fipgure III.20.



Figure ITI.20

pHl dependence of 31P NMR chemical shift values of PGP in

organic solvents.
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Table III.11
pH Dependence of 31p chemical shift of

soh}cated aqueous dispersione of PGP

pH chemical shift (ppm)®
3.95 1.548, 0.201
4.05 : -1.618, 0.230
4.55 1.660, 0.343
5.40 1.668, 0.412
6.05 ' 1.719, 0.432
9.60 : 1,744, 0.442
10.08 1.739, 0.442
10.35 | 1.734, 0.442
10.35 1.749, 0.437
10.95 1.739, 0.432
11.08 1.739; 0.472
11.70 1.703, 0.442
11.95 . 1.744, 0.432
12.30 1.729, 0.442

a. Relative to HBPOA'

b, Data shown in Figure III.21



Figure TII.21

31

pH dependence of P NMR chemical shift values of

aqueous, sonicated dispersions of PGP.
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determining which resonance 1s sensitive to pH near the pK or the
third ionizable groﬁp. The tipraﬁion curve of PGP in organle
solvents and as aqﬁeoﬁa, ponicated dilspersions 1ls shown in
Figures IIX.20 and III.21 and Tables II.10 and III.11. Both
resonances show marked frequency shifts in the pH range 2.0-4.5;
however, nelither show a pH-dependent shift at higher pH values
{(5-11). This experimént was repeated by high powar331f NMR and
the GSA of both subspectra of PGP were determined as a function
of pH. Previous 31p NMR experiments with DPPC (Phillips et al.,
1972; Michaelaon et al., 1974; Seelig'and Gally, 1976) have shown
# marked dependence of the value of the CSA on pH. Since the
effective CSA 1s dependent upon both the average orlentation of
the 1P chemical shielding tensor with reapect to the axls of
motional averaging and the extent qf angular fluctuations around
the axis of rotation, either a conformational change or more
disordered motPen (or a combination of both) could account for
the observed /CSA changes. Phillips and Micheelson have
postulated that at pH's- ;bove the pK of the primary amine, the
positively charged trimethylamino group can interact with the\
negatively chargéd phosphate to stabilize the headgroup
conformation.' _ |

In the case of PGP, ,both subspectra showed a marked change 1n
the CSA at pH 4.25 but no-further change in the pH range 5-8 (Ses
Figure III.12, Table III.22). Since these results seem to be in
contradiction to previous pK determinations XKates.et al.t

1965b), the potentiometric titration was repeated on sonicated

sanples of aqueous PGP in duplicate, under nitrogen etmosphere
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IR
- . Table III.12
ﬁﬁidependénqé_qf 31p. NMR CSA values of aquaous

‘dispersions of TPL from H. cutirubrum®:P

pH® - CSA (ppm)

3.00 10.291, 35.401

3.§o 10.291, 35.401

455 16.054, 42.810
‘4.80‘ ) 15.231, 43.634

5.20 | 15.642, 444045 )
8.00 o 162466, 44.045

a. 75 mg/ml; tris or citrate bﬁffer (25 mM);“ammonium salt
forms. s -
b. Data taken from Figure III.Z2Z2.

c. Final pH of lipid/buffer suspension.



Fipure 111,22

pH dependence of 31? NMR CSA values of aqueous dispersions: of

TPL from H. cutirubrum (eﬁperimental detalls given In text).
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Table III.13
Comparison of pK values determined by

potentiometric and NMR titration of PGP®

Method Solvent pK1 K,

Potentiometric
methanol/water 3.25 T45-T7.95
(1:1)b
methanol/water . 3.55 Syt
(1:1)°¢
agueous » 2.4 ‘ >11

‘ ‘ (sonicated)d .

High Resolut ion NMR

benzene/methanol 2-3.2 >9
(1/1:0.2)¢

aqueous <Lo5 >
(Bonicated)f
High Power NMR
" agueous 4.25 ° >8
(dispersion)B

a. pKy and pK 5, refer to the two lower pK values and the higher
k value of the ionizable groups of PGP (see PART III,
aection 5). _

b. Kates et al., 1965. ,

¢. Data taken from Figure III.37.

d. Data taken from Figure IIT.37.

"e. Deta taken from Figure III.20; Table IIL.10.

f. Data teken from Figure III.21; Table TII.11.
g. Data taken from Figure III.22; Table III.12
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and with appropriate solvent blanks (see PART III, section 5).
The pK values were determined to be 2.4 (2 equivalents) and
greater than 11 (1 equivalent) which might account for the
absence of change of the CSA or chemical shift in the pH range of
5-10.

The pX values determined by high resolution and solid state
NnR, and potentiometric titrations in both organic solvents and
as ‘'aqueous dispersions are summarized in Table III.13. The pK.
values of the first two-groups are“~probably the same within
expérimental error (3.2+ 1 pH uﬁit). The hydrogen of the third
ionizable group has a pK greater than 11 (1 equivalent) from
-potentibmetric titrations, which is éubstantially h;gher than
the second pK of phosphoric acid (7.21).

This high pK can probably be attriﬁuted t0 & combination of a
change in the surface-charge density and the presence of intra-
and/or intermolecular h;drogen bonding involving at least one of
the phosphate groups. As discussed 1n section I.2, the pK's of
ionizable groups of lipids in a bilayer hydrated with distillea
water are significantlyfﬁifferent from gimilar water-aoiuhle
compounds in sqlﬁtion (Boggs, 1984). The pK of sodium j3-
glycerophosphate are 3.1 and 6.6 (Trauble and Eibl, 1974) while
“the values for egg PA in squeous dispersions are 3.8 and 8.6.
In addition, the presence of mono- and divalent catlons, charéed

dgr;ups on protelns and the presence of other polar liplds can
affect the pK (Boggs, 1984).
A charged surface causes ordering of the electroclytes in a

solution into a layer called the Gduy-Chapman-Stern layer. In
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- the case of a vesicle prepared from anionic 1i§ids such as PGP
which 1s doubly ionlzed at physiological pH's (6.5-7.5) the
double layer is composed primarily of Na* and K*. This high
concentration of anions at the vesicle surface may be responsible
for the increasse in the pK of the third §roup?

Alternatively, the hydrogen of the third lonizable group may

be involved in Intramolecular hydrogen bonding.
Evidence.for hydrogen-bonding has been shown by FTIR (see PART
I11, se;tion 4), and would allow for stabilization of the
remeining phosphate hydroxyl group and may account for 1ts rela-~
tively high pK.

A third alternative 1s that the terminal .phosphate is in the
form of a cyclic phosphate.

This would account for the absence of & third pK at
approximately pH=7. At very high pH (>11), the cyclic phosphate
would be opened and the group ionized. Howefer, the presence of
& cyclic,phosphate-containing compound is not borne out by the
13¢ or 31P NMR. Bécause the bS of the phosphorus is dependent
upon the valus of the smsllest O-f;O bond angle, 5 membered
pentacyclic rings exhlbit chemical shifts of 11-23 ppm.(i.e.,
21,3'-cyclic cytidine monopho;phata; CS= 20.3 ppm)} (Gorenstein et
al., 1984) as compared with the actual values of 1.45 end 0.48
ppm. In addition, the 21p NMR T, would be much shorter for a
cyélic phosphate. The T4 values for the phosphate groups of
sonicated mqueous dispersiona“of PGP were similar (1.30 and

1.95 sgec).
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2.3.3 Effect of cou;terione
A series of experiments were designed to assess the effects

of counterions on the headgroup of PGP, A variety of salt forms
of PGP were prepared as descrlbed in PART.I, section 1. High
power 31P NMR showed no change in the CSA (Figure ITI.23; Table
III.14) except for the presence of an isotropic component for the
potassium salt form. These experiments indicate that the nature
of the counterion associated with the acldic head group has no
discernable effect on the phosphate headgroup conformation or
packing.
2.3.4, Effect of other membrane components

A comparison of the CSA and T4 of the ammonium salts of PGP,'
PGP/GLS (1:1) and total poler lipids indicates that the presence
of other 1ipids has no discernable effect on the amplitudes or'
rates of motions of the PGP headgroup (See Figure III.24, Table
III.15). Thi% also indicates thet the CSA difference between
purified PGP and the purple membrane is due predominantly to the
presence of protein-lipid interactions rather than lipid-lipid
interactlions. ‘ |
2.3.5, Effect of Temperature

The effept of temperature on the 37p NMR Epectrum of equecus
dispersions of TPL (70 mol % PGP) was determined over the
temperature range of =25 to 44°C (see Figure II1I.25). Previous
studies on the effect of tempersature on the CSA oﬂ PGP and PM
(see Fig., 111.20) (Ekiel et al., 1981) showed no evidence of an

abrupt; first order phase transition over the temperature range 5

to 60°C. At the lower temperatures, approximately -20°C, stopped,
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Figure TI1I.23

Effect of counterions on the

K}l

P NMR spectra of

PGP.



-192-

PGP-Mg

}PGP(NHq)z

PGP-K2

40 30 20 10 -10 -20 -30 -40

CSA  (ppm)




-193-

Table III.14
Effect of Counterilons on the

31p §MR GSA values of PGP®

Compound conditione CcsA {ppm)

PGP-K, tris (25 mM) © 18.11, 45.28
pH 7.0 |

PGP (NH, ), tris (25 mM) 18.11, 45.28
pH 7.5

PGP-Mg © tris (25 mM) 18.11, 45.28
pH 7.0

a. Data taken from Figure III.Z23.

b. Lipid concentration approximately 60-80 mg/ml buffer.

4



Figure III.24

Effect of other polar lipids con the 31P NMR spectra of PGP.

-
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Table III:15
Effect of other polar lipids on the

31p GSA of PGP®

Compound P conditions . : CSA

PGP Tris (25 oM) T 17.29, 45.:69
EDTA (5 mM)
pH 7.5

PGP/GLSY Tris (25 mM) . 16.88, 44.87
pH 7.8 ~

TPL Tfis (25 mM) . 16.88, 44.87
pH 7.8

a. Datm taken from Figure III,.24.

b. Ammonium salt forms.

¢c. Lipid concentration apprb;imately 60-80 mg/ml.

d. Approximately 1:2 (w/w).
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as indicated by the shape of the spectra'(aee Fig. III.25) (see
N _ " ;
also Fig. IIL1.5) axial rotation. It may have been this transition
which has been incorrectly interpreted bﬁhsome authors as being

. indicative of a gel to liquid-crystalline phese itransition.
2.4 Summary : - |
31p NMR indicates that there are no significant changes in the
values of -the chemical shift aniaofropiqs of either phosphate
group of PGP in response to pH in the physiologicel range (742 pH
units), the ngtnre of the coun%erion or the preaehce of other
polar lipids. Because the residual CSA is indicative of both the
ramplit;zdes of motions and the orlentation of the phosphorus
headgroup withhrespect to the magnetle fleld, 1t 1s a.sensitive
indicator of change in the state of the phosphorus headgroup.

The absence of changes in the CSA of either subspectrum lndicates

the absence of Bignificant-changes in the motions or orlentatlons

of the headgroup.

The stability of the headgroup mey be attributed to the
presence of inﬁramoleculdr interactions between the two phosphate
érouﬁs end/or a phosphate g}QEP and the free hydroxyl group of.

the headgroup glycerol as has been suggested by FTIR. (\v



Table II1.25

31

Temperatufe dependence of “ P NMR Tineshape and CSA

for aqueous dispersions of total polar lipids from

+

H. cutirubrum,
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3. Oriented Bilayers
3.1 Introduction and Theory

The analysis of 2H NMR daéa for labelled liplds In membranes
essumes that the axis of molecular motlon is oriented
perpendlicular to the plané of the bilayer. This has been shown
to' be true by 31p NMR for the headgroup region of DPPC/choles-
terol (1:1 mole ratio) (ﬁcLaugh;in et at., 1975) and, by 2H NMR
for PC (Stock:on,et ai., 1974) and glucosyl dialkylglycerol
(JarreX:I and Smith, 1986) . The question then arises as to
whether this is a phenomenon characteriatib of all memnbrane

1ipids.

The total polar lipids of the archaéchterium Halobacterium

cutirubrum are essentially a binary mixture of sn-2,3-diphytanyl-
glycerol derivatives of phosphatidylglycerol phosphate and a
glycolipid sulfate (Kates, 1978). Theseilipids are sufficiently
.different from the lipide used in previous studies, with respect
to charge, glycerol-hydrocarbon linkage and nature of the hydro-
carbon cheain, to'justify the determination of the molecular axis
for comparison. In addition, the use of both 31p and gH NMH
ellows for the comparison of the director fﬁr the headgroup..and

hydrocarboen fegione - which can, in principle, have different

orientations, R
For a rigid, immohile phospholipid, the value of the 3;IP NMR
chemical shift is detefmined primarily by the orientation of the
phosphate group with respect to the external ﬁagnetic field (see
" section 2). For soiid, powdered samples, the spectrum is the

welghted sum of the subspectra from all the orientatiQpa and is

characterized by a broad t190 ppm), spectrum. In méﬁbranes or
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liposames, the phospholipid molecule is not impioblle but under-
goes rapid, axlally symmetric rotation leading to a spectrum
which is again the weighted_average of all orientations of the
rotatlon axis with respect to the magnetic fleld. If the lipia
bilayers are aligned‘in a ‘specifid_orientation through the use
of glass slides, the resultant 31P NMR spectrum from a stack of
- lipid/glass multilayéra'is charapterized by & single, narrow peak
whose position is dependeﬁt upon the orientation of the billayer
(ag.defined by the gless slides) with respect to the static
mégnetic field. | |

The chemical shift { o) has & (3co08?6 -1)/2 dependence, with
.CS value;ivarying from thé 0” and 0O, extremes of the high power
gpectrum and having a value of 0 at 54.7° .

The angle b?tween the axis of mctiohal averaging and the
magnetic field 1s designﬁted es and the angle between the
normal to-the glass Elide and the magnuetic field as B . By
‘ varying the orientation of {he multileyers as defined by the
nornmal t6 the glass slides, with respect to\the’magnetic fia%q
and comparing the resulée to the calculated values, itwfs
possible to détermine if the axis of motional averaging and the
bilayer normal aEe coincidental (See Figure'II%-Zﬁ)- |
- This th;ory holds true for 24 NMR of de;terium—labelled

N
pmolecules as well. The value of the quadrupole splittings varles

as (300829 -1)}/2, collapsing to a narrow, isotropic line when the

angle, 6, 18 54.7°.

By comparing the angular dependencies ( B) of the phosphorus

and deuteriunm aignals} it is poseible to determine and comﬁare

the motionel axes of both the headgroup and the hydrocarbon

3
LT E e e




Figure TIII. 26

)

A. Schematic representation of oriehteﬁ multilayers in a magnetic
field iﬁdiéating'the angle, B, between the normal to the glass
slide and Bo' )

B.i. The lipid molecule ig‘undergbing rapid axiﬁl rotation about
an axis (the director) which is perpendicular to the plane of
the bilayer. -

ii. The molecule is undergolng rapid, agial fotation aé well as’
motion (disorder) of the axis about the bilayer normal. )

{ii. The axis about which the motion of the molecule is centered

is not normal to the plane of the bilayer (8 # 8).
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chains.
3.2 Materiale and Methods

Halobacterium cutirubrum cells were grown in stendard medium

supplemented with deuterated sodium gcatate(1 gram/litre) and
the total polar lipide were extracted and purified according to
esteblished procedures (see PART I, section 1). A solution of
total polar lipids (containing approximatqu 70% PGF; 30 mg in 1
ml chloroform) was spotted on 30-35 glass plates (22x7x0.15 mm)
and dried under a stream of nitr;gen. The plates were stackeﬁ
in a 10 mm 0.D. NMR tube, dried in vacuo and hydrated in a humid
atmosphere of deuterlum-depleted water overnight at 65°C. A drop
of deuterium-depleted water was added and the tube was sealed.
31P NMR spectra were mcqguired with stapdard Hahn7echo‘

techniques (90°x ~r-180°, -t-acquire; 90° pulee, 4—5JPB; recycle

¥
time, 2.5 sec) on a Bruker MSL-300 operating at 121.466 MHz.
Spectra were not proton-decoupled.

%4 NMR spectra were acguired with quadfupolar spin-echo
techniques (9O°x-1—90°y—1—acquife; 90° pulse, 3.95 pe; recycle
time 0.15 sec) on & home-built spectrometer operating at 30.70
MHz.

The eatimaﬁed accuracy of the ang£1ar settings is +5 as
determined by multiple settings /0f a particular orientation.

3.3' Results and Discussion

Figure III.27 shows the rotation diagram of the phosphorus
groups of PGP in a mixture of total polar lipids as determined
from the 31P NMR spectra of oriented multilayers. The chemical
shifts arlsing from both phosphate moieties vary from 27 and 11

ppm'to ~-14.1 and -3.6 ppm, which correspond well to the chemical



Figure III.Z27

Orientational dependence of the 2H NMR quarupolar splittings

and 31? NMR chemical shift values for oriented, biosynthetically-

deuterated total polar lipids.
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shift anisotropy values of non—briented disperslons of total °

.. polar lipids (18 and 41 ppm) (See Table III.16). Thise implies,

a8 wap shown to be true for DPPC/cholesterol (1:1 mole ratio)
{McLaughlin et al., 5975) that thafdonformation and amplitude of
motion of the headgroup is the same for both oriented and non-
oriented samples. In addition, both subepeétra have a chemical
ghift of zero at p= 569 which indicates that the axis aboup
which the headgroup undergoes motional averaging 1s normal to the
glass plates. Figure III.25 shows the corresponding %H NMR
rofation diagram for biosynthetically deuterated total pblar
lipids. The quadrupole splittings for all positiona pollapae to
zero at B= 55° This indicates that the axis of motional
‘averaging is agaln normal to the plane of the bilayer; i.e.,
that the molecu1§ has only one axis of motlonel ;veraging. In
addition, the quadrupole splittings seen for the 8 = 90°
orientations correspond within eiperimental error to the
splittings seen for non-oriented samples (see Table III.16).

I£ should be noted that the'molecular exes are the same for ell
the molecules in the system. This is of perticular interest in
view of the fact that the total polar lipide of H. cutirubrum are
virtually & binary mixture of PGP and glycolipid which have very
different headgroup Bizeé (see‘Figure I1I.26). These results
are not in agreement with the hypothesis put forward by a number
of groups (Plachy et al., 1974; McFarland and McQonnell, 1971)
stating that the hydrocarbon chains of the phytanyl lipide are
not perpendicular to the bllayer Burface‘but are tilted 20° from
the bilayer normal. This discrepancy probably arlses due to

interactions between the branched-chain phytenyl chaine end the
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Table III.16

Conmparison of chemiﬁal shift anisotropies
and quadrupole splittings from aquecus dispersions
and hydrated, oriented bllayers of diphytanylglycerol lipids

o i o o o o o o . At S S S G (N i S e e My o B P S e e G Y S o e ek ek

nucleus agqueous dispersions oriented bilayers

3p 41 ppm 41.1 ppn
18 ppnm " 144 ppm
4 18.55 kHz 6 =90°19.6 kHz
13.87 14.2
10.8
6.45 5.6
-7 | ' 2.9
1.76 ‘
) 0.20

(6=b°)/2 18.2
14.8
9.9
5.9
2.8

W = 30.70 MHz; T= 25°C.
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Figure III.28

CPK models of PGP {on the left) and GLS (on the right).

>
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spin-labelled ESR probe whilch could lead to a shi}t in the axils
of the probe.

The hydrocarbon chaing of phogpholiyide have been shown by Yy
NMR and other physical techniéues to undergo extenslve gauche-
trans isdmeri;ation at frequencies of approximately 10% to 1012

-1

gec—1. In addition, there may'be other types of motion, such as
, .

chain wagging, oi flexing of the'molecules, which may be slower
tgan the chain gauche-trans ipomerization but which are still
fast enough to be averaged on the NMR timescale (40 kHz = 105
“1)

sec . In addition, the headgroup may be undergoing motions

independently of the chains. Desplte fhe presence of these
intérnal motions, the resultant motiopal axis for both the hydro-
phobic and hydrophilic regions are coincidentalland perpendicu-
ler to the plane of the bilayer. This has also been ghown to be
the case for diacyi PC and glycosyl dielkylglycerol (Jarrell and
"Smith, 1986 Smith et.al., unpublished). It implies that the
molecular motional axes for all lipid types, whether phospho- or
glycollpid, ester~ or ether-linked, stralght or branched chaiﬁs,
are essentially identical as determined by this technlque. While
this may seem unlikely, it may arise a8 a consequency of rapid
overall molecular motion, which pasks subtle differences in the

&
cheracter of the local motlons.
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4. Fourler Transform Infrared Spectroscopy

a1 Introdﬁption
5',

It has been postulated that, in addition to their etructural
role, anionic¢ lipide may function as proton-conductance pathways
across the plane of mitochondrial and chlﬁropl&st membranes
(Haines, 1983).

' 'Thi? proﬁon—conductance pathway may be of particular Interest
‘for thc membranes of tﬁe extremely halophliliec bacteria such(:; H.

cutirubrum, The polar lipids of this organism are almost

’

exclusively (>98%) anionic lipidé'(Katgé, et al.,” 1982),
primarily 23—2,3-diphytanylélycerol—1—phosphoro—B'-glycerol~1'J
phosphate (PGP). In addition, the integral membrane protein,
bucteriorhodopsiﬁ, which functions in light-driven proton
translocafion; 1s located within the purple membrane patches,
whereas the ATPase, throuéh which the pH gradient 1s dissipated
during ATP production, 1s located within the adjacent red
membrane. Thus, a lipid-mediated proton-condyctance pathwa&
involving PGP would be-an efficient method of transferring
préténs from bacteriorhodopsin t§ ATPase.
Phospholipids sueh as PG and PC are eable té form hydrogen-
. bonds with ﬂgighbouring headgroups (Boggs, 1984; Papghadjopoulos
. ‘
and Weiss, 1969; Jendrasiak and Hasty, 1974; Hauser and Phillips,
1976; Cd8ve et &l., 1981; Ruocco et al., 1981). .This may allow
the lipids to function as a'proton-conduétance pathway along the
membrane surface {Halnes, 1983). Herce, the étudy of the

conformation of 'the headgroups of these anionic lipids may



-208~

)

\. . |
provide information on the role of PGP in proton-conductance.

£y NMR‘haB been used to determine molecular order and ‘dynamics

in the hydrocarbon and glyceroi backbone region of phospholipids
(see PART III, section 1), but epplication of this technique to
the satudy of the headgroup reglon of the diphytanylglycerol
phospholipids is.hampergg by the fact that the orientation of the
' headgro&p with respect ;o the axis of motional averaging is not
known. The use of X~-ray crystallography is noé pogribTe because

-

of the unavailability of single crystals of diphytanylglycerol
lipids. |

In'ﬁhe paét aecade,.FTIR and, in pﬁrticular, diffuse
‘reflectance infrared spect;ometry (DR-IR) has been applied to the
study of a variety of samples due to the ease of sample
preparation and to the high slignal-to-nolse rétio relative to
standard IR spectral techniques. {’ The IR spectrum of PGP 1ls
camplex, particularly in the regiﬁﬁ_from 900 to 1800 cm“1,
because of the presence of overlapping bands and changes in the
frequency and intensity of the phosphate bands with Qarying
degrees of jonization and inter- 'and intramolecular hydrogen-
bonding. - Althoqgh the convent{onal IR specpra of pGP-nna
relaféd compounds have;ggen reported (Kates et al, 1965a; Goni
and Arrondo, 1986), the complexity of the sapectra preciuded
precise assignment of the bands.

In this chapter, 1t is demonstrated that the use of model

compounds such as deoxy and methylated derivatives of FGP (see

and PA and PGP molecules of differing degrees of

-
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" lonization simplifies the DR-IR spectra and allows for complete

asaignment of the major spectral bands of PGP,

4.2 Materials and Methods

PG and PGP were isolated from the total polar
‘lipids of H. cutirubrum as described in PART I, section 1.
Mono-, di- and tri-potassium ralt forme of PA and PGP were
prepared by titration of the free acid form with one, two or
three equivalenta of methanolic KOH as described in PART I,
aection 1.
PA, dPG, QPGP, proPG and methylated derivative &f PGP-were
syntﬁeaized and characterized as desqribéd in PART II (see Figure

" I1I1.29).
Measurement of DR-IR Spectra

Th;‘iaolated,-ﬂatural PGP and the synthetic analogues were
dissolred in CClA to yleld a concéntration of approximately 4 %-
by weight. High purity KC1 crystais (Optavac, North Brookfield,
MA) were ground in a Wig-L-Bug for'five minutes and the powder
was used as the matrix to support the sample as well as the
reference. Pure KC1 powder was first loaded into a sﬁecial copper
sampling cup {(6émm in diameter and ;pm in depth), the top was
flattened with a spatula and. the DR-IR reference spectrum
measured. Agter the collection of the reference spectrum, one
drog.(apprgximately 50 Fl) of the solutign toc be examined was
loaded onto the top of the KC1 powq$r. The sample ras then dried
in 35539 fé} one hour in order to rémove the solvent. The final

. . .
g

e
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sample concentration was 0.5 wtZ in KC};

TPe DR-IR spectra were measured using a 296 interferometer
(Digilab Div. of BioRad, Cambridge, MA)} and & home bulld DR-IR
accessory based on an on-axis geometry (Yang et al., 1986), An
optical refardation of 0.25 cm was used, which reauits in a
digitizat;o; interval of 2 cu~! after the interferogram was

Fourier transformed into the frequency domain with a zero~filling

_factor of 2 to increase the resolution, In each case, 500

interferograms were signal-averaged to obtaln spectra with a

signael-to-noise ratic of better than 1000.
All spectra were normalized to the methylene CH stretching

vibration band at approximately 2950 em=1.
4.3 Results and Discussion

In view of the complicated head group structure of PGP

molecules and the similarities of constituents of the hydrogen-

bonding groups in a verlety of lipids, detailed infrared band

‘assignments will be Dbased on the previous work in this area

- (Parker, 1983; Thomas and Chittenden, 1964a8,1964b,1970; Sen-et

al., in press).

'A.BJ PA and Corresponding Potassium Salts

DR-IR spectra of the ionized formsof PA (-H,, -KH and -K,),
from 800 to 3200 cm'1, are shown in Figures III.30 and 31.
Freguencies of the bands along with their tentative essignments

are given in Table III.17. A number of bands are of constant

! N




Figure III1.30

FTIR spectra of PA_HZ’ -KH and K2

A. PA—H2
B. PA-KH

C. PA-K2
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Figure TII.31

FTIR spectra of PA—H2 and PGP—H3.
A. PA—H2

B. PGP-H3
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Table III.17

Frequencies and tentative assignments for

diphytanylglycerol phosphatidic acid

compounds and FTIR frequenciles tentative assignments

(en=T1)
PAH,  PA-HK PA-K,
N
2500-3300 2500-3300 - hydrogen-bonded P-OH
2318 2372 - in-plane P-0H def. +
P-0-C stretching
1698 1756 1664 P-0X in-plane def. +
’ P(0X), wagging
_ - 1252 Vag P(0X),
1215 1205 ’ - _ P-0OH in-plans def.
1118 1118 1117 P-0-C stretching
1038 - 1064 .1101 C-0-C stretching'
- 1101 1118 . Vg P(0X52
965 925 | 980 Vgg P-0X stretching
567 511 . 4,66 P(0X), wagging
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shape and 1nteneitj in all of these compounds. These correspond
to the methyl deformation vibrational band (1360 to 1380 cm“1L
the methylene scissoring band (1450 to 1480 cn~1) and the methyl
and methylene C-H vibrational stretchirg bands (2830 to 2980
en=1).

There are' also infrared bands which are indicative of strong H-
bonding cﬁpabilities. For example, the P-OH in;plane deformation
vibraetion at 1215 cmf1 for PA-HZ narrows and red shifts to 120%
em~! for PA-HK and is absent in PA-K,. The P-OH out-of-plane
deformation vibration (1050 to 1080 en~') is not observable due
to its £elatively small absorptivity. The band ariaing from
asymmetrical P-d atr;tching in P-0X , which is usually seen from
920\to 990 cn~! (Suehla, 1976) is observed at 965 cn~ 1 (shoulder)
in PA-Hy, at 925 cn~' in PA-HK and 980 cm™) in PA-K,. In PA-H,,
the P-0-C stretching vibration is at 1118 en~! and the C-0-C
stretching vibration is at 1038 ew~1. In PA-HK, the 1038 cn™'
band shifts to 1064 cu~! and a Aiew band at 1101 co™, due to the
P(OX)2 symmetric stretching, can be observed now. The 1118 co~! P-
0-C stretching vibration 1s now overlapped with the strong P(ox)2
symmetric stretching mode (1101 cm—1) and cen only be obéerved in
the'deconvolced spectrum. With further ionization, (PA—KZ), the
1101 cn~! band is further blue shifted to 1117 cm™' and ia
completely convoluted with the P-0-C stretching mode. The usuall&
very weak V., P(0X), mode can now be observed at 1252 ca”'.
P(OX)2 is defined as arising from one or more of the following
groups: P(OH),, P(0K),, P(OCH3)2 or a combinetion such as

HO-P-0-K.
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There 1is a broad band (2500-3300 cm‘1) under the strong CH
stretching bané in the spectra of PA-H, and'PAfHK which cah be
attributed to the hfdrogen—bonded P-0H vibrationai node. Another
broad band centered at 2318 cm™! in the speétrum of PA-H, and is
shifted to 2372,cm"1 in PA-XH and ié not observable in the
spectrum of PA-K,. This band can be asslgned to the cdmbinatioﬁ
of the in-plane P-0H deformation and the P-0-C siretching modes.
It is‘clear that this shift is due to the inductive effect
impoeed by the presence of the kK* 1on in the heaégroup. Alsé; the
fact that there 18 no possibility for the PA molecules to form
intraméleéular hydregen-bonding indicates that the PA molecules
iqteract via intermolecular hydrogen-bonding.

The P(0X), wagglng mode decreases in intensity and red shifts

from PA-K, (567 em™1) to PA-HK (511 cm™') to PA-H, (466 em~1).

Combinational overtones of this vibrational mode and the P-0OX
(with X= H or K) deformational vibration can be observed at 1698
in PA-H, and at 1756 cu™! for PA-KH and is at 1664 cn™' for

PA—Kz -
4.3.2 Deoxy analogues of PG and PGP

DR-IR spectra of PGP, dPGP, dPG and proPG are shown in Figures
IIT.32 and III.33 and the tentative assignments of the major
abéorption bands are given in Table III.18. A number of bands
(e.g., between 700 and 1600 cu~') reflect the hydrogen-bonding‘
capabilities of these compounds. The hydrogen-bonded C-OH is

seen for dPG at 3200-2500 cn™] in comparison with 3240 en™? for

it



Figure III.32
{
FTIR spectra of dPG and proPG.
A. proPG
B. dPG
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Figure II1I1.33

FTIR spectra of PGP and dPGP

A. dPGP(NH,)H

B. PGP—KZH

5
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Table I&I.18

Frequencies and tentative essignmente

1

'??_'of‘PGP and' deoxy analogues of PGP

compounds. and FTIR frequencies

tentative assignments

494

{en=1),
proPG dPG dPGP PGP-KoH }
3200-2500 3200-2500 . 3200-2500 3240 C-0OH
2316 2310 2341 - P-OH in-plane
' ) deformation +
V., P(OX),
1711 1738 1695 1660 Vo P(OX), +
P(Sﬂ)z wagging
1233 1239 1209 1247 Y., P(OX),
1120 1113 1108 1104 Vo P(0X), +
P-S-C ptretching
w 1025 1035 1055 1055 P-OH, P-0-C, C-0-C,
‘)u P(OX)Z .
- 1012 1021 - VagP(0X),
- 967 994 - _P-0X stretching
- - - 824 Jagg 0-P-0
. stretching
3 s
515 509 505 P(0X), wagging

-



"déformation and the ")aa P(OX)2 wmodee 1s also seen for all deoxy
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e s v

‘PGP-K,H. The combinational band from the P-OH in-plane

compounds at 2316, 2310 and 2341 cn™! (proPG, dPG and dPGP,
redpectivel;). This band and P(oxj2 wegging (1660 qm-1 in PGP-
K2H), decreases in frequency from proPG to dPG and increases to
dPGP (1711, 1738 and 1695 cm~}, respectively).

Infrared bands from 1233 to 1247 co=' in the spectre of PGP,
proPG and dPG, have been attributed to Y, P(0X), and is
convoluted with the second »,, P(0X), stretching mode. In £he
apbctrum of dPGP, this band shifts to & substantially lower
wavenumber (1209 cm‘1). The magpitude of the shift 1is indicative

of. the formetion of a hydrogen bonding involving the P-OH groups.

The band at 1120 cn~' in proPG is a combination of P-0-C

stretehing and o, P(0X), modes and increases in_intenaity
relative to the 1460 cnm -1 sciaaoring mode and decreases in

frequency (1113 1108 cm~1) with increasing probability of

-
hydrogen bonding ( proPG < dPG < dPGP < PGP). The overlapp%pg\\‘//f

bands of the P-OH out-of-plane deformation, v ,, P(0X), and C-0-C
stretching modes, which appeasred at 1025-1055 cm'1, inerease in

intensity and frequency from proPG to d and dPGP, The- P(OX)2

symmetric mode decreaaes frequency from 1012 en~] for proPG toi

1021 em~PRfor dPG Similarly, the 1) P OX mede whlch igafound

ot 987 co=! in dPG, shifts to 994 co~V for aPGP.  The P(0X),

wagging mode (at 515 cm"1) decreases slightly in intensi%#”f?om
proPG to dPG (494 cmf1) and increases again for 4PGP (509 cm'1)
and PGP (505 cn~1). : '

The spectrum of dPGP also shows & broad band at 2341 cn™!

¢

” I N
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approxipately 22 cn~? higher than previously observed in PA-H,
and approximately 32 en=] less than that in PA-HK. It 18 clear
from the presencs of this band, together with the band at 1209
en™" band, that hydrbgen-ﬁonding involving the f—OH mélety of
dPGP exists. This could arilee fr%ﬁﬂhn intra~ or intermclecular
hydrogen anded P-OH moeity and wili be discussed in detail
later. |

4s3.3 Methylated PGP ‘

The spectra of di-, tri- and tetramethylated PGP are shown in
Figure I1I.34 and the tentativé assignments are giveﬁ in Table
I1I.16. | Again, the bande corresponding to the hydrocgrhop
bending and stretching modes age invariant with resped£ to
frequency and Intensity but slgnificant changes are seen betwoen
methylated and non-methylated PGP,

| The P(0X), mode (1247 cn=1) in PGP-K,H 18 ahi?led to a higher
frequency (1268, 1275 and 1288 en~1 for di-, tri- and tetra-
methylated compounds, respectively) and is narrower for all three
methylated derivates due to decreased hydrogen bonding
capabilities. The convoluted.band at 1104 en~1 Vpg P(0X), and
C-0-C modes) for PGP-K,H, decreased in intensity and shifted to

slightly lower frequencies in the mei%ylated compounda {(1115- 1109
| 1),lagain due to the decreaeing hydrogen bonding capabilitiee.
This type of shift is also seen in the 3V _ P(0X), band (1055
cm"1) which narrows and decrepsea in frequency from PGP-K,H

. . LY
(1055 cm'1) to the methylated derivates (1045 cm'1), and the



Figure I1I.34

FTIR spectra of methylated derivatives of
PGP.

A. PGP(CH3)2
B. PGP(CH3)3

C. PGP(CHa)A

Cm
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Table IIX.19

Frequenciles and tentative assignments fqr

‘PGP and’ methylated PGP derivatives

(em=1)

compounds and FTIR frequencles

tentativeﬂaasigﬁments'

k
.
. .
~ ) .

PGP-K,H PGP-Me, PGP-Mej  PGP-Me,

3354 3374 3368 - C-0H

1247 1268 1275 1288 W, P(0X),

1104 1115 1115 1109 Y, P(0X), + C-0-C
*1055 1045 1045 1045 Vg -P(0X),

824 853 853 853 ~ V__ 0-P-0 stretching

asg
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V g5 0-P-0 stretching band which narrows and shifts from 82/
en~1 for PGP to 853 em™’ for the methylated derivatives.

The band at 1207 to 1286 cn~ is usually aseigned to U é‘
(Thomas and Chillenden, 1964a, b; 1970; Kates et al., 1965, Goni
end Arrondo, 1986). The fact tﬁat this bend ie“ﬁgeEent in PGP—H3
ag well as all three methylated derivatives a;guea againa; this

[

esslgnment, Ineteae, this banﬁ has been assigned to V. P(OX)2
where X=H or CH3 (or K in the salt forms of PA and PGP) afid can
be eeen to increase in frequency witﬁ increased methylation.

The C-OH band of PGP- -k H (3354 cmxiqjyﬁpreasee in frequency
for di- and trimethylated PGP (3374 and 3368 cn~1) and is absent

fin tetramethylated PGP, as expected.
4.3.4 PGP and corresponding potassium salt forms

The‘spectrum of PGP-H3 (Figure I11.35, Table III.20) is
similar-to that of PA-H,. The methyl deformation vibrational
band (1380 cm'1), methylene scissoring band (1460 cm'1), methyl

ané me?hylene C-H vibrationalnptretching bands (2800-3000 cm“1)
and C-0H (3360 cm'T) bands are present and virtually invariant
with the degree of ilonization.

The band et 2200-2300 cm“1, preiiouely attribeted to
intermolecula;\hydrogen bonding between. the phosphate groupe of
two PA molecules (vide infra) is seen for PGP-Hy but not PGP-K,H
or PGP-K3. The v,, P(0X), mode at 1247 cu™! sharpens markedly
and increases in intensity with increasing degree of ionization
but does not”change in frequeqcy. The second M., P(Ox)zlbend
(1117 ce"1 in PGP—Hé) also-sharpens and shifte slightly in

frequency (1104 cm“1) with increasing degree of ionizatien. The.



. Figure IIT.35

FTIR spectra-of PGP-H_,, -K_H and K. .
37 T2 3
A .PGP—H3
B. PGP-K,H
C. " PGP-K
3
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Table IIT.20

Frequencles and tentative assignments for

s

PGP of varying degrees of ionization

compounds and FTIR frequencies

tentatifaf@ééignments

PGP-H, PGP-K,H PGP-K
i
© 3354 3240 3240 C-0H str. (broad)
2200-2300 - : - hydrogen-bonded P-0H
1660 1660 1660 combinational overtone
vaf P(0X), + P(0X),
wagging ,
1247 1247 1247 Ve P(0OX),
1117 1104 1104 Vg P(0X),
- 1080 1080
1054 1053 1055 P~OH, P-0-C, C-0-C,
1042 - -
883 824 824 Vgg 0-P-0 gtretching
P(0X), wagging

- 510 ' 540
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shoulder at 1080 cm~! and the strong band at 1053 to 1055 cm™' in
PGP-K,H and PGP-K45 are due to overlapping P-OH, PEOQC, ¢-0-C anﬁ
8 P(OX)2 bands. In PGP-HB, the 1054 en~! band 1ie present but the
1080° cm™1 band is absent and is replaced by a band at 1042 en~ 1.
The V,, 0-P-0 band (883 cn™'), which is broad in PGP-H, due
to boih hydrogen bonding and molecular asymmetry (Semn et al., in
presa), sharpens, increases in intensity and red ‘shifts to 824
cm'1 wgfh Increasing degree of ionization. The P(OX)2 wvaggling
node is also seen fof-PGP-KzH (510 cn™') and PGP-K3 (540 cn™)

~but is absent in PGP-HB as expeéted.

In the solid spectrum of PGP—H3, the broad band at 1247 cm“1,
together with the presence of the 2300 cm™] band, 1s conslstent
" with the formation of an eight-membered iInter- and/or

intramolecular ring between two phosphate moeities simlliar to the

one proposed fdr PA:

AN
/
AN
/

The absence of the 2300_c111"1 band in PGP-KoH, PGP-KB and.£he
rethylated compounds indicates that this type oflhydrbgen bonding
is not present in these compounds.

The intensity of the 2340 cm™ ) bend in dPGP-tNH4)2 and its
absence in PGP-K,, despite the pfeaéncé of a P~OH in both

o d
Y
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compounds, i1ndlcates that the presence of the free hydrox}l in
the glycercl group of PGP prevents the atrbng intramolecular
association between the ﬁhoaphate groups: The C-0H stretching
band i1s broad in all PGP samples but ishshifted from 3354 e~
for PGP—HBJto 3240 e~ for both PGP-K,H and PGP-K3 co;reaponding
to free and hydrogen-bonded hydroxyl groups, respectively. This
i1 consistent with the idea oﬁ hydrogen-~bonding occurring between
two phoéphate groups in PGP—HB, an@ is most likely to be
intermolecular as there is no observable intenslty at 2300 cm'1
in PGIP'-K2H.

The band at 1660 cm™" for.PGP—HB; -KoH and -K; has been
assigned to the combinational overtone of U,  P(0X), (1104-1117
cn~1) and P(0X), wagging (510-540 cm;1). This is also the region
in whicﬂ‘water absorbs (H-O-H stretching; 1610 to 1790 em~ Ty
Wong and Mantsch,ﬁin press) but this assignment has been.ruled
out for a number of reasons. - )

Firstly, the ratio of the intensities of the 3240-3400 cm™'
baﬁd (which contéins contributions from CH-OH as well as water)
and the 1660 cn~! band ia too low to assign the latter band to
assoclated gaﬁer. Seécondly, the low frequency of the 3240 -3460
cn~! band indicates that the moleties contributing to this
absor?ance are hydrogen-bonded. This is inconsistent with the
assignment of the 1660 en~1 band to water as the bandwidth is
narrow, perticularly for PGP-KoH and -K3 (approximately 50 cm“1){

Thirdly, a 40 cm™' decrease in the Vg PO,™ band of DPPC

between anhydrous end completely hydrated samples heas been

reported (Wong andﬂManthh, in press).” 4 similar shift is seen
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. L
for PGP-E,H which decreases from 1247 en~1 to 1221 cm‘1'(26 em=1)
on hydration (see Table 111.21). | _

‘The absence of a frequency shift in the Uy gy P(OX)o/P(0X), °
wagglng overtone from PGP-H3 (1660 é;'1), in which the P-COH
groups gré éhought to be hydrogen bon&ed, to PaP-KZH and "KB nay
indicate that the P-OH bands in these compounds are also

hydrogen-bonded.

be3.5 Inter- or Intramolecular Hydrogen bonding

In ofde¥ to differentliate between inter- and'intramoleculaf
hydrogen bonding in dPGP and PGP, spectra from sollids,
solutidns (in CCl, or CHGlB) and aqueous disperaiéns wére‘
compared. .The results of both solfd and 'solution samﬁ&ea wore
then compared with reaulﬁa &etermined from aqueous dihpe?aione of
PGP to ascertain whether there were any gross conformational
changes between solid and bilayer_pamﬁles (Sea Tatle TII.é1j.

In the DR-IR spectra of.PA-Kz, the P(0X), band was found at’
1252 co~! and is not obaq;vablé in either PA-K, or PA-KH because
of the strong P-0OH in-planevdeféfmation mod?; The frequency of
this band indicates‘the‘presencelof hydro%en bonding of the P-0H
- groups. In PA, this interaction must be intermolecular due to
the absence of ﬁny-other potentiai hydrogen bondiég groups.

The frequency of the P(0X), band in solid PGP (1247 en-1) waé
significantly higher than dPGP or PA, indichting the absence of
strong hydrdgen bonding in thé solid (Wong and Mantsch, in
press). fhe band did not shift in frequency for concentratéd

CCl, solutions (60 mg/ml)cpﬁi did decreese to 1213.cm™) for

]

~ “
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Table III.21 - i

Comparison Qf FTIR data for solid, solutlion and
aqueouadiéperaiona of diphytanylglycerol

phoapholipida'

FTIR frequency (cm™')

L A - [ —

compound : - aqueous

.solid solution” dieperaionsb
conc.  dilute 10°C 40°C
¢

PA-K, : 1252

dPGP-(NH, ) H - 1209 1207

PGP—KEH, —(NH4)2 ' 1247 1247 1213 1209 1212

3240 3200

a. Concentrated solutions were approximately 60 mg/ml; dilute.
solutions were approxipately 5-10 mg/ml in CCl, or CHCl,.
b. Agqueocus diapefsiona were approximately 25 mg/ml.

1



—(NH,)-H was 1209 em™
472
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dilute aoluﬁ}ons_¥5-10 mg/ml). Again, the relatively low
frequency of the P(OX)2 band in dilute solutions is indicative of
hydrogen bénding-of the P-0H gfoups. This value,ﬁas conparable
to the values for aqueous sclutions of PGP at 10°C (1209 cm"1)
and 40°C (1212 Fm"1). The virtual absence of e frequency change
with increasing temperature (3 cm'1 over‘30°G) (which.would bé
expected to affect primarily infermolecular hydrogen bonds)
implies that the headgroup structure of PGP in aqueous
dlepersions ip‘stabilized_primarily via'th? intramolecular
hydrogen bonde, poseibly with i}ngr contributipns from
intermolecular bonding. * |

This is further supported by the results of the deoxy
analogue. The frequency of the corresponding band in dPGP-
1, which is also indicative of strong P-0H
hydroggn bonding. When dAPGP ‘was dissolved in CClA at a
concentration of 5-10 mg/ml, this band shifted-to a slightly
lower frequency (1207 cm-1). The presence of this shift
indicates that the interaction may have intermolecular
contributions; however, the magnitude of the shift (2 cm“j)
indicates that intramolecular rather than intefmolécular hydrogen
bonding predominates. Therefore, steric hinderance introduced
from the hydroxy group of the glycerol moiety in PGP prevents
intramolecular hydrogen bonds from forming.

The proposed picture of inter- and intramolecular hydrogen
'bonding in PGP 18 consistent with the frequenéy shift seen in the

headgroup CH-OH (from 3240 ~' in the solid to 3200 cm™! in cC1,).

/o
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The CH-OH group coull be hydrogen—bonded.to water in the solid
phase since elemental analysis shows the presence of onse water of
hydration per PGP molecule and it is unlikely that dissolving the
PGP in CClA would leamad to =& Bugstanxial increase in this
interaction.- However, the presence of a water molecule does not
seem to be reflected in the DR-IR spectra. Thus, the hydrogen-
bonded CH-OH band, together with ghe 1a;ga freq%znby shift in the
P(OX)2 band, indicates stronger intramolpcu;a;‘hydfogen bonding
between the P-0X and CH-OH ba;ds of PGP in 0014 and aqueous

dispersions than 1s present in the sollds.
4eo4 Summary

Evidence for intramolecular hydrogen bonding has been shown

.
previouslf by FTIR in studies of n-acyl PE (Sen et al., 1n
press). .

The ,spectra of protonated or ﬁartially lonized PGP and
analogues such as dPGP and PA exhibit bands characteristic of
inter- and intramolecular hydrogeﬁ bonding igvolving the
phosphate group(s). -

The spectra of PA-H, anq‘ -KH ahow evidence of hydrogen bonded
P-OH at 2500-3300 cm™1, 1205-15 cm‘1 (P-OH in plane deformation)
and 2318-2372 cm'1 (overtone: of:-P-OH in-plane deformatlon and P-
0-C bandj. These- bands are absent in the specirum of PA-K, since
there 1s no possibility for P-OH hydrogen bonding.

_The P(0X), band at 1243 cm™' for proPG and dPG is shifted to a

substantiallly lower wavenumber (1209 en~1) for dPGP, indicating

the formation of stronger hydrogen bond involving the P-OH

oo
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.éroups. The aimila;ity between the 1243 cm'? £hnda in -proPG and
dPG préhaﬁi& indicate th§£fthe hydrogen bonding 1s intermolecular
in both ca;es as no possibility exists in prqu'for
intramolecular interactiona. The'apectrum of dPGP also shows P-
0H/P-0-~C combinetional overtones at 2341 cm—1 sim;}ar to that
seen in PA-H, and -KH. | .

In the methjlated compounds, the P-0OH in-plane deformation
band/;s shifted to & higher frequehcy and i1s narrowver iﬂ
comparison with PGP.

In PGP-HB, the h&drogen bonded P-0H band 1s ssen at 2360 cm'1
.and the C-0H band 1s 9bserved at 3240 en~1, The frequencies of
these bands are indicativg of the formAtion of hyarogen bonds.
For solid PGP-K,H samples, the hydrogen bonded C-OH, together
with the presence of a band at 166b cm'j,'the absence of the band ,
at 2340 cu~! (P-OH/P-0-C overtone) end the absence of a blue
shift in the 1247 en~) band is consistent with the fact that the
P-0OH grﬁupa are hydrogen—bonded to the C-0H group of the
headgroup rather than to other phosphate groups via the
intermolecular interactions.

In comparison with ﬁhe solld samples, CCl, soclutions or
aqueous dispersions of PGP show significant shifts in the
frequency of botﬁ the CH-OH (3240 to 3200 cm'1) and the P(0X),
‘band (1247 to 1213 cn=! in €C1, and 1209 ~ 1212 cn~" in aqueous
"dispersions). These frequency shifts from solid to solutiocn or
dispersion, and the weak temperature dependence of the P(0X),

band in aqueous systems, indicates the presence of strong

intzamolecular hydrogen bonding between the phosphate groups and
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between the phoaphaﬁe apd‘GH—Oﬁ groups in aquebpa dispersions of
PGP-KpH (Figure III.36). ' | R )

The presence of both inter7 and intfamolecuiar hydrogen~
bonding involving the P-0OH and é—OH groups of the fGP headgroup
is neceaeary for the formation of & proton-conductaﬁce pathway
along the surface of the membrane. This pathway would £a\&Iitate
the movement of protons from the PM, where they acoumulate

following light-induced proton translocation, to the red

mwenpbrane, wheré‘¢hey drive the ATPase-catalysed phosphorylation
of ATP. '

Pl



:' 8
Figure III.36

Proposed structures for intramolecular h;ﬂrogen bonding in

PCI’—K2 and dPGP(NHa)z‘

i,
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5. Potentiometric Titrations

5.1 Introduction’ \

degradative and analyticel procedures (Kates et al., 1965) end
aynthesié (Joo et al., “1969) to. be the diphytanylglycerol
analogue of phoaphatidylglycerol phosphate (PGP)

Previous potentiometric titrations of the free acld form of
PGP in 1:1 methanol/water tKates et al., 1965) indicated that the
pK valuwe for two of the three groupalwas 3.25 (2.0 eq/mole
PGP) aJL the third was 7. 95 (0.38 eq/mole PGP). However, the presence
of -three free phosphate groups was demonstrated unambiguoualy by
the. formation of a trimethyl derivative on treatment with
diazomethane (Hancock and Kates, 1971).’ However, the salt of PGP )
' ipolated after titrétion of & chloroform solution of the free
acid with NaOH or KOH to the phenolphghalein end point (pH 8-9)
has & cation to phosphate ratio of 1:1 (Smallbone, 1981).
Furthermore; high reqo;ution and solid state 37p NMR of aqueous
sonicated and unsonicated samples shéwed neither the presence of
a titratable group between pH.A and 8.5 (see PART III, section 2)
nor the presence of s cyclic phosphate éroup.

Therefore, potent&emﬂtric titration of PGP was repeated on
methanol /water solutions as well as sonicated, agueous
disperslons. The deoxy ahalogue'(gg-z,3-diphytanylg1{cerol_1L.
(1,3-propane-diol)-3'-phosphate, dPGP) was also titrated (both in
methanol/wa{er and as sonicated, aqﬁeoue dispersions) and the

results compdfed with PGP, The difference in pK, for PGP and

dPGP wan ahticipated on the basis of diffarent Ry values on TLC
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run in chloroform/methanol/acetic acid (65:35:5) and
éhloroform/methanol/NHAOH (65:35:5). fhe Ry values for PGf are
0.45 and 0.14‘for acid and alkaline, réspecfively but 0.35 and
0.0 for dPGP. This behaviour i1s similar to that of PA which

hes an Ry value of 0.10 in the basic soclvent but significantly

higher in the acldic solvent (Rp= 0.6).

5.2 Experimental

PGP-X, was isoleted and purified as déécribed in section 2.
dPGP was synthesized as described in PART II, section 7. Samples
were éonicatéd in 0.1 N equeous KGCl for.45 minutes (20%Z power) at
room;temperature with a needle tip sonicator (Sonic Dismembrator,
Quigley-Rocheater InéJ The samples were transpargnt over the
period of the experiment, except for dPGP which became
translucent at low pH values. Methanol/water solutions of PGP or
dPGP were prepared by suspending PGP-H3 in mephanol and diluting
with an equal volume of 0.1 N aqueous KCl.

Aliquots (containing 5- 10 mg) were titrated under-z niltrogen
atmosphere with either agueous HC1l or KOH (0.1 - 0.2 N) using a
titration system accurate over the pH range of 2 - 12
(Radiometer, Copenhagen). Following the addition of acld or base,
samples were equilibrated;for 60 seconds prior to obtaining a pH
reading. |

Aliquots of the 0.1 N KC1 solution were also titf&ted and the
titration curveé of the samplés were corrected for the bufferiﬁg

of this solution. Both samples and solvent blanks were titrated
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in duplicate.
5.3 Results and Discussion

The corrected titration curves for PGP and dPGP in sonicated
aqueous dispersons and in methanol/water are shown in Figure
II1.37 and the values of the pK's are given in Table III.22.

In qethanol/water, the lower pK values of PGP and dPGP {pK,,
accounting for two equivalenﬁs of acid) are the same within
experimental error (3.5 and 3.6, respectively} and are comparabie‘
to those previously determined (Kates et' al., 1965). The highest
pK value for PGP (pK,, > 11) is significan£1y higher than for the
deoxy analogue (8.6) indicating an effect of the free headgroup
hydroxyl.

(_‘///In aqueous, sonicated dispera&s?s of PGP the value of pK2 of -
PGP (> 11) i1s again considerably higher than that of aqueous,
sonicated dispersions of dPGP (8.85). The pK, of aqueous,
sonicated dispersions of PGP (pKq=2.4) is slightly lower than
that found for PGP dissclved in methanol/ water (pK1= 3.5). This
may be due, in part, to the high dielectric constant of water, in
comparison with methanol/water, which would stabilize the charged
form and lower the pK. The value of pK, of dPGP could not be
accurately determined as the compound did not remain suspended af

¥
low pH values. ’

The pK values of sonicated dispersions of dPGP (pK2=8.§5)
compare well with the values previously determined for PA (3-4

and 8-9) and PG (3-4) (Boggs, 1984). Boggs attributed the



Figure I1Y.37

Potentiometric'titration curves of PGP and dPGP in
A. methanol/water {1:1)

B. 0.1 M aqueous KCl. —
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Tque IIT.22 -

. Comparison of pK values determined from
potentiometric titrations
of PGP and dPGP

lComﬁound solvent pKy - Ky
PG P& me thanol/water 3.25 7.95
PGEP _ methanol /water 3.8 >11 -
PGEC water 2.4 >11
dPGPP me thanol /water 3.6 8.5
dPGPC water ) - 8. 85
egg PAd water 3.8 8.6
ﬁ—glyéerophosphated water . 3.1 6.6

Kates et al., 1965; methanol/water (1:1)
methanol/0.1 N aqueous KCL (1:1)

0.1 N aqueous KC1

. Abramson et al., 1964.

a0 oe
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abnormally high pk value of the last ionizable group in bilayer
lipids to charged-surface effects. The magnitude of the éffect
caﬁlbe seen from the comparisoﬁ of the pK values of (3—
glycerophosphéte and sonicated vesicles of egg PA (Abranmson et
al., 1964). The pK; values of the compounds are similar: 3;1
for ﬁ-—glycerophosphate and 3.8 for egg PA. However, the pK of
the second groupiof the bilayef lipids is 2 pK units greater than
that of the yater soluble analogue (8.6 and 6.6, respectively).
ho difference is seen between the respective pK, values of PGP
and dPGP in water and methanol/water. This may indicate that the
lipids form micelles in the methanol/water mixture ;here charged-
surface effects would still be evident.

However, the pK, value of PGP is substantially higher than
. that of eithe; PA or dPGP. This increaée may belattributed to
the presence'of hydrogen-bonding between one P-OH group of the
phosphomonoester and either the P=0 of the phosphodiester or the
~C-OH of the headgroup glycerol. Hydrogen-bonding would stabilize

the protonated form, resulting in anhincrease in the pK lue.

Increases in the pK values of groups implicated in hydroggn-
bonding structu?eghhave been reported previously in the field o
protein biochemistry (Ghélis and Yon, 1982; Scheraga, 1963;
Tanford and Wagner, 1954). For example, the formatioﬂ of a
hydrogen-bond between tyrosyl and glutamyl groups résulted in an
increase in ;he ﬁK of the tyrosyl group from 9.6 to 10.6; a
difference of 1.0 pK unit.. Thus, the inc}gaée in pK, of dPGP

to PGP of over 1 pK unit is not unreasonabe.



-240-

L]

Although comparison of* the pK values of Pﬁth the ﬂaoxy
analogue shows that the free hydroxyl group does affect the pK
values, it is not possible to differentiate between these two
possible hydrogep-bonded structures using this technique. The
absence of the headgroup hydroxyl may simply result in =&
conformation_al change which prevents the clese associ;‘tion of the
phosphate groups rather than participating directly in the
hydrogen-bonding. FTIR experiments (PART III, section V) shows

evidence of\ inter- or intrameleculmr—hydrogen-bonding involving

the phosphate groups and the headgroup hydroxyl of PGP.
\ "



=241~

~ 6, Osmometry
6.1 Introduction

Initlal rates of ocsmotle sﬁelligg following the suspension qf
liposomes in hypertonic non-e}gftff}yte solutions, such as urea,
are indicative of the rates of penetration of a&lutes through the
bllayer assuming that the permeability constant of the
penetratiﬁg solute is much lower than that of water (Banghanm,
1967). Liposomes suspended iﬂ hypertonic non-eiectrolytp
solutions first shrink under osmotic”forces then swell due to
movement of the permeable solute (QEE*Efﬁer) across the bllayer.
The initial rate of volume change 18 proportional to the light
scattering measured by the absorbance at 450 nm (1/Agqg) and is

given by "the following equation:

d(1/A600) = ( -1 ) dA
dt a0 dt

where Ay 1s the initiel absorbance value as shown_in Figure
II1.38, It has been found experimentally that the initial
decrease in the absorbance 1is linear with time as shown in
Figure III.38.

Comparison of swelllng £ates for PC liposomes of varying chain
lengths (dimyristoyl, distearoyl, stearoyldecanoyl and
stearoylmyristoyl) (Bittman'et al., 1981) shoﬁéd'that an increase
in chain length considerably reduces the permeiability of solutes
throggh the bilayer. A strong increase in the rate of solute
penetration was also seen with increasing degree of unsaturation

(stearoyloleoyl-, dioleoyl- and dilinoleoylPC) (Demel and De

WA



Figure II1I.38
Changes in the light'scattering of a lipid suspension
following the additionqof a hypertonic urea solution:
i. initial, constant value of 1/A;
ii. shrinking due to initial osmotic pressure; and,
111. swelling due to influx of electrolytes (and water).
The line, X-Y, fitted to the initial, linear portion of
the swelling curve is uSed to measure d(1/A)/dt.
The arrow indicates the time at which 1iposémes are added

¢
to the hypertonic nonelectrolyte solution.
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Kruyff, 1976). Demel and de Kruyff attributed decreased permea-
biiity to tighter packing and decreased mobility of the fatty
'acyl chains.

Furthermore, the preadhce‘of'bholeste;ol causes & strong

reduction in the rate of solute penétration (Bittman et al.,

.1981). Positive correlations have been demonstrated between the

ability of sterols to modify the permeabllity behaviour of
phospholipid bilayers and their ability to reduce the motional

freedom of the fatty acyl chains (Demel and De Kruyff, 19763

‘Jain, 1975)., These studies thus show that a high degree-of'

ﬁermeabilitj}haafbean correlated with highly "fluid" bilayers as
defined By T, (short chains, high degree of unsaturation and low

cholesterol content).

Osmometry has now been appllied to the étudy of

ﬁiphytanylglycerol iipids in order to provide information on

the physical characteristics of the unusual hydrocarbon reglon.
These studles supplement previous osmometric studies of liposomes

prépared-from diphytanylglycerol lipids (Chen et al. 1974) which

L

' measured the initiel rates of swelling rather than steady-state

_values.

-

In the p;esent studies, comparisons were made of the initial
rates of osmotic swelling of liposomes of DPPC, DPPC/cholesterol
mixﬁu:e& and diphytanylgiycerdl lipids from E; cutirubrum.
ﬁtudipe with the polar lipids of H. cutirubrum, in which the
compqpition of the hydrocarbon region is identical for all polear
lipids} should provide information on the extent to which the

hydroéarﬁon chains are influenced by tﬁe packing of the head-

- .-l
~ 0 s
IR - |
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_groups. In addition, the polar 1ipids were- studied in the
presence and absence of varying cdncenﬁrationa of neutral 1lipids,
comprised primarily of squalenes and bacterioruberins, to deter.
mine the influence of the neutral lipids on the packing of the
hydrocarbon region. ,

6.2 Materials and Methods

All swelling experiments were done in collaboration with Dr.

R. Bittman, Unlversity of New York, Flﬁshing, New York. 7
' Lipoaomes were prepared from both individual‘anq.total polar

lipids, as well as #fon DPPC and DPPC/cholesterol (25 mol% chol-

esterol). Lipids were suspended, with vortexing, in buffer (5 mM

Na2HP04 and 60 mM KC1l pH 7.4) to a final concentration of 1.0-1.5

oM. Liposomes (0.5 ﬁl) were‘added rapidly to urea (2.5 ml, 400

mM iq buffer). Experiments were performed at 25°C for diphy-~

tanylgiycerol lipids and 47°C for DPPC and DPPC/cholesterol mix—

tures. The injtial rate of csmotic swelling of the liposomes

(af &r the initial osmotic shrinking), caused by the influx of

8 gi;e and water, was deterimined by spectrophotometric analysis

OE\Iight scattering (Perkin-Elmer Model 320) at 600 nm and is

proportional to d{(1/A)/dt. As described in the introduction,

this rate of change of absorbance is calculated from the product
of d(A})/dt and -1/A21, where dA/dt is the inital rate of
absorbance change due to the swelling of thg liposomes and Ay is

the initial absorbance..

r”‘/\
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Table IIT.23
Osmometry studiea of liposomes of
diphytanylglycerol lipids a

in urea solution

14

Sample 7 ' d(1/A)/dt (x103)
(Bec“1)
PGP . . 61.0 * 2.4 (n=8)

PGP + neutral lipids (w/w)

90:10 78.0 * 4.0 (n=5)
80320 127.0 £ 6.0 (n=4)

PGP/GLS (1:1, w/w) . 11.9 + 0.6 (n=7)

PGP/GLS (1:1, w/w) + neutral lipids (w/w) &hh““
90:10 43.0 £ 3.0 (n=5)
80:20 75.0 £ 5.0 (n=6)

TPL 98.2 t 7.4 (n=5)

DPPG P 94.8 £ 6.2 (n=6)

DPPC/cholesterol (3:1 mol/mol)®  28.8 & 1.6 (n=5)

a. 25°C.

b. 47°C.pPPC and DPPC/cholesterol liposomes contained 4 molZ

dicetyl phosphate.
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6;3 Results and Discuseion

The results of the osmotic experiments are gummarized i? Table
III.23.

All samples examined (PG, PGS, PGP and GLs; alone or in
mixtures) formed closed bilayers in 60 mM KCl as indicated by the
appreclable rate of swelling in 0.4 M ﬁrea. Ehis is in contrast
to previous studles in which PGP was reported to form closmed
bilayers only i; the presence of GLS (Chen et al., 1974).

The initial swelling rate for PGP [(61.0 £ 2.4 x 10-3 aec“1)]
is aignificantly higher than that for a mixture of PGP and GLS
C[{11.9 £ 0.6 x 10-3 sec"1)], indicating that the presence of the
s;lfated glycoli;id leads to substantial decrease iﬁsthe PGP
bilayer permeability. This is particularly interesting ié view
of X-ray diffraction studies of ferritin/avidin/blotin-labelled
PM (Henderson et al., 1978) which showed that the glycolipid is
found exclﬁaively on the outer membran& leaflet. Calculations
using the compositional date given in Table 1 show that the outer
leaflet is 56 mol% glycolipid and 44 mol¥% PGP while the inner
leaflet 18 almost exclusiye}j PéP. {(The other phosphoiipids, PGP -
and PG5, are presumably oriented in a manner similiar to that of
PGP.)

The afdition of 10 or 207 (w/w) neutral lipids (comprised
predomlinantly of mono-,'di—"and tetrahydrosqﬁalene (73 mol%) with
smaller amounts of C5O.bacteriéruberina (16 mol%) and vitamin MK-
8 (8 molZ)) to PGP liposomes leads to a marked increase in the
swelling rate [{78.0 £ 4.0) x 10-3 and (127.0 £ 6.0) x 10~3 gec™

1)]. The same trend is seen for PGP/GLS liposomes although the
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this is unlikely, since the neutral lipids would have to be
present in concen?rationa greater than 20% to aécount for the
observed values. .

. The permeability value for PGP has been compared with t%:/7
values from the corrasponding n-acyl phospholipid. The value for
PGP [(61 * 2.4) x 10~3 gec~1] is substantially lower than that
for DPPC [(94.8:t6.2)x 10'3-300'1], indicating & marked effect
of the branch methyl groups and/or the anionic ﬁeadgroupa on the
bilayer.permeability characteristics. This difference 1ie
particularly significant in view of the differaent reduced
temperatures at which the llpids were studied. Ideally,
comparison of the values derived from.diphytanylglycerol lipids
and n-acyl lipids should be done at the same redﬁced temperﬁture,

f# , defined by = (T - Tc)/Tc (Seelig and Browning, 1978);

however, there is no detectable phase transition temperature for
diphytanylglycerol lipids in the temperature range -120 to 120°C
(Chen et al., 1974; Jackson and Sturtevant, 1978; Hiraki et al.,
1981, Ekiel et al., 1981)." However, the transition, if present,
is expected to be low as shown by studies of lipids containing
iso— and anteiso-branch methyl groups where there is a reduction
in the phase transition tenperature of 16- 23°G in comparison
with the corresponding streight chain lipids (Keough and Davia;
.1984). Thus, the temperature at which the diphytanylglycerol:
lipids were studied (25°C) is considerably higher than the
f;;;;tive gel to liguid-crystalline phase transition temperature

whereas the n-acyl lipids were studied at only 3 6°G above the

phase transitfion temperature, T.= 41-449C. Based on DSC studies,

the branched chain liplds should therefore be in & more fluid
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values are lower overall than for PGP liposomes [{PGP/GLS, (12.0
£1.,0) x 1073 sec™1; plus 10Z neutral lipids, (43.0 % 3.0) x 1073
sec™1; plus 20% néutral lipiﬁs, (75.0 * 5.0) x 10~2 sec™1)1.
These results are consiet;nt with previous fluoréadénce
studies of total lipids and TPL of H. cutirubrum (Lanyi ét al.,
1974) which indicated a higher value for the rotation relaxation
time of perylene in TPL (4.5 ns) than in total lipids (0.9 ns).
In addition, studies of 8-anilinonaphthalenesulphonic acid in
vesliclee prepared from elther total liplds or TPL suggeat that
the presence oﬁ.the neutral liplds ailow for_ the penetration of
more water molecules into tﬁe hydrophobic region of the bilayer.
Lanyl attributes thesé_effects to the fact tha} although the
neutral lipids a¥e aggumed to span the bilayer, the length of a
bacterioruberin molecule (28 E) is shorter than that of a bilayer
comprised of the diphytanylglycerol polar lipida (38'1). Tﬁéa
difference may result'in local perturbations as Fhe bilayer
accomodates the neutral lipids. B
The value for TPL, which is essentially & binary mixture of

L

PGP and GLS (3:1, mol/mol), then seems anomalously high [(98.2 #

7.4) x 10-3 Bec_1)]. * Klthough the presence of PG, PGS a
y
swelling

other

minor components could be responsible for the higﬁ‘
rates, this 1s not likely becausk of their loﬁ co eﬁtrations
(see Table 1). According to Table III.23, the prefsence of neu-
tral lipids leads to an increase in the rates of spelling of the
lipid bilayers. It is also possible that the prejsence of trace
neutrel lipid impurities in the polar 1lipid sample might be

responsible for erroneously high permeability valhes; however,

=
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state than thé corresponding straight chaln lipids. Thie
contrasts markedly with osmometric, data which indicate that the
bilayers compriséd of diphytanylglycercl phospholipids are less
permeable than-%hose of n-acyl phospholipids. 7

Because - the swelling experiments were done at 47°C for n-acyl
lipids which ig well abové the gel to liquid-crystalline phase
transition temperatures (T,) for DPPC (To=41-43°C), the addition
of cholesterol to DPPC would be expected to have an ordering
effect on the phoapholipid chains. (Dufourc et al., 1987), thereby
reducing the degree of water penetration. This is reflected in a
decrease 1n the initial\rates of shrinking of DPPC in the

presence of cholesterol [(94.8 £ 6.2) x 10-3 sec=! for DPPC;

(28.8 + 1.6) x 10~3 sec™! for DPPC/cholesterol) (See Table
L]

III.23).

The permeability value of PGP b¥1ayera yo urea 1s therefore
comparable to that of DPPC/bilayers containing approximately 10-
15%Z cholesterol. (This 1s an approximate va{ue only,
extrapolated from data in Table III,Z23, ﬁssuming a linear

relationship between permeability and cholesterol content).

6.4 Summary

As discussed above, golute permeability through 1lipid bi}ayers
has been aétributed to the formation of transient defects in the
hydrocarbon region due to the'formation of gauche-trens lsomers
and has been correlated with a high degree of permeabillity hase

been correlated with highly "fluid" bilayers as defined by T,.
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were measured et only 3-6°C above the T,

Thus, the.combination of branch methyl groups and polaf heads
capable of stabilizing the membrane through intermolecular
hydrogen-bonding results in the formation of a 1lipid bilayer
which 18 relatlvely non-permeable to urea. _

These results contrast with *H NMR studies of synthetically
and blosynthetically labelled diphytanyiglycerol phospholipids
(see PART III, Bection 1) which indicate that thg
diphytanylglycerol phospholipids are more disordered than DPPC,
althéugh the rates of motions are much lower. This implies that

.
it is the rates of motions of the hydrocarbon chains rather than
the extents of motions which determine the biléyer permeabllity
" (see General Discussion).

The cause of the apparent discrepancy between the swelling
‘values for the total polar 1lipids and mixtures of PGP and GLS 1s

unknown and additional studles are underway.
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PART IV

General Discussion

The aim of this project was to apply the physical techniques
of NMR and FTIR to the study of diphytanylglycerol phospholipids
in order to obtailn inform;tion on their molecular conformation
and dynamics. A combinatlion of technigues was necessitated by
tHe ablility of each-of the techniques to probe 1imites reglons
within the phospholipid molecule. 3P NMR and FTIR have been
used to study the headgroup region and 2H NMR the hydrocarbon
regions. The use of bopgwifiig/ﬁnd headgroup analogues alded in
the interpretation of the data and allowed for comparison with

previously published data for other lipid types.

"Fluidity"

A major problem with interdisciplinary fields such as
biophysics 1s correlating a physical concept, such as 2K NMR
order parameters or spin-lattice relaxation times, with
bidlogically relevant molecular characteristice such as
~conform;tion and, dynamics. The temperature dependence of Ty,
for example, provides a measufe_of ch'1, the frequency of motion
which contributes most efficiently to the relaxation of the spin
system following excitation. Physically and mathematically, the

parameter is well defined. In moleculer terms, the value of the

frequency of molecular motion may provide an indicatlon of the .
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. ﬁype of‘motion or motions which the molecule 1s undergoing;

axial rotation, additional motion of the headgroup about the axis
of rotaﬁion etec. However, because this tachniqﬁe nonitors
moiecular motion only’in a limited frequency window, the type of
motion ﬁeaeured may n6£ be the predoeminant motidn.nor the most
iméortant to the membrane's functions.

Another difficulty with data interpretation/;;—;;:;A?olating
from molecular chdrécteristica; such as order and aynamics, to
concepts such as "fluidity" which are commonly used to describe
membrane cheracteristics. This is due, in part, to the fact that
terms such as fluidity, although commonly used, are not,
: we£i>definéd for complex syétems. In isotropic aygtmeﬁi fluidity
ié d fiped as the tendency of a solution to flow (i.e., the
recii;ocal of the viscosity). In non-isotropic systems auchrﬁs
membranes, fluidity is prgdominantly a property , or the ;um of a
number of properties, of‘ths hydrocarbon chaing and is measured,
And therefore operationally defined, by many different techniques
inecluding ESR, NMR, fluorescenée, DSC, leser photobleaching and
osmometry. Clearly, a corrélation exlsts between these different
parameters but the correlation is complex as the techniques
provide information on different regions within the molecule and
on different‘time scales.

The apparent lack of correlation between the results of
differqnt.physico—biochemical studies 1s seen in the comparison
of DSG.Aata with the results of osmometric studies {see Table 23)

and °H NMR studies (see Table III.6) of diphytanylglycerol-
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lipids. Osmometry, which measures the rate of trans-membrane
diffusion of an electrolyte via transient defactb ﬁithin,tha
hydrocarbon region of bilayéra, has been correlated wlth membrane
fluidity in the conventlonal sense of low Te (Keough and Davis,
1984)u'.However, opnometry indlicates that the ﬁilayera composed
of diphytanylglycerol phospholipids are relatively impermeable to
gsolutes [(61.0 £ 2.4) x 10-3 pec-1], comparable to DPPC bilayers
containing significant amounts of cholesterol‘[DPPC, (94.9 £ 6,2)
x 103 sec—!, DPPC/cholesterol, 3:1, (28.8 + 1.6) x 10-2 soc=1].
Although 2H NMR has shown that the degree of order of these two
systems (diphytanylglycerol phospholibids and DPPC/cholesterol)
1s markedly differént, the dynemics ‘are similar as the
temperature dependence of the spin-lattice relaxation times for
both labelled phytanyl chains and cholestercl ahow a minimum
above 0°C (see Figures IIT.15 end III.16). |

Therefore, the molecular dynamics, rather than Bélely'the
molecular crder, must play a role in determination of the bilayef
permeability charscteriftics.

The phase transition temperature has traditicnally been used
as an indicator of the fluidity of 1ipid bileyers (Boggs, 1984;
Keough and Davis, 1984) and.the fluidity is thoughf to increase
(s reflected by a decrease in T,) with decreasing chain lengta
and/or increasing degrge of unsaturation. The phase transition
temperature of isobranched and anteisobranched lipids 1s lowered
by 13 and 23°C, respectively, from the corresponding n-acyl

1ipids (DPPC, T,= 41°C) (Keough and Davis, 1984) In contrast,

<ol
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diphytanylglycerol phospholipids, which presumably have allow
'phase transition temparature-due'to the presence of multliple
branch methyl groups, have been shown by 2H NMR to be more
disordered (Dq <24 kHz for all labelled positions) (see Table
I11.6) and to undergo lower frequency motion (¥, = 3.5 x 10-%
sec) (see Figure III.15) than n-alkyl or n-acyl lipids.

These results may be rationalized by comparison of DSC and 2y
NMR data from saturated and unsaturated 1;pi 8. Comparison of
the “H NMR molecular order parameter pfofile for the saturated
systems (DPPC, T,.= 41-44°C) with the more "fluid" cis-unsaturated
system {(DOPC, T.= -99C) shows that the degree of molecular order
actually increases slightly for unsaturated lipides at the
position of the double bond,\but there is a decrease in the rates
of motlons in this reglon as measured by T1‘a. These results are

congistent with the hypothesis that fluidity is determined by a

combination of both molecular order &and dynamics.
Structure-Function Relationship in Diphytanylglycerocl Lipids

Once the moleculer and macromolecular chara;teristics of the
Aiphytanylglycerol lipid bilayers have been determined, the
‘questiﬁn still remains as to the relationship between the
structure end dynamics of the 1ipids and their function in the
menbranes of Archaebacteria such as H. cutirubrum. Perhaps a
clue to the structure-function rélationsh;p lies in the
similarity between the characteristics of the diphytanylglycerol
lipids and of cholesterol in cholesterol-phospholipid mixtures

(Dufourc and Smith, 1986).
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One similarity is that the frequencies of motions which the
molecules undergo is significantly lower than for the n-acyl
1ipids alone . Both TPL Tabelled in the phytanyl chains and
[2,2,3,4,4,6—%H6]cholaaterol exhibit a minimum in the temperature
dependence of the spin-lattice relaxation times at 46.5 MHz,
corresponding to effective correlation times of 3.5 x 10~? gec
(see Figure III.15 and III.16)

In comparison, the temperature dependence of the T4 for n-acyl
lipide is linear indicating that the frequency of motion 18 mucﬁ
higher (approximately 10-10 %6 10-11 gec). 1In addition, the T4
values for the first labelled position of n-acyl chalns ({2,2-
2H2]DPPG,‘ 15.14 - 18.61 ms) or n-alkyl chains (18.14 --20.93 ms)
are aign}ficantly higﬁer than those of the first—Ytabelled
position of phytanyl chains ([1,1-%H,]DPhPA, T,=6.06 ns) or the
biosynthetically lsbelled positions (5-18 ms).

Anoth;r similarity between membranes high in cholesterol and
membranes or liposomes comprised of phytanyl lipids is the
absenée of & detectable phase transition in either systenm
(Keough and Davis, 1984; Jackson and Sturtevant, 1973; Ekiel et
al., unpu li?hed)f For the cholesterol-phospholipid system, 1t
E&& been b}égested (Dufourc and Smith, 1986) that the role of
cholesﬁero% is to maintain the membrane in a liquid-crystalline
state in réapoﬁse to externsl perturbations such as temperature
and pfessure gradients. Because the motlon of the cholesterol
molecgle is relatively tamperature-indépendent, it increases the
motion of the ;cyl chaiﬁa below the T, and restricts 1t above the
T,» therefore eliminating the abrupt gel to liquid-crystalline

phase transition.

ikl
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The role of the branched chaina lipids may be similar to that
of choleaterocl in mammalian membranes. The cell membrane of the
lipide (122 w/w) but this is predominantly squalene {9%) and
bacterioruberins {(3%Z) and no cholesterol or cholesterol
analogues. In addition, the c¢ell membranes of the
Archaebacteria are characteristically exposed to harsh
environmental conditions including high salinity (Halobacteria),
extremes of pH and/or temperature (Thermoacidophiles and
Alkelinophiles) and high pressures (Woese and Wolfe, 1985).
Thus, the role of the branched chain lipids may be to maintain
the membrane in the liquid ecrystalline -state in response to

external perturbations in a manner similar to cholesterol.

Headgroup stability

3'p NMR of PGP indicates no change in the value of the
residual chemical shift anisotropy of gither phosphate group of
PGP in response to pH (in the‘phyéfq;qgical range of 7+2 pH
units) (see Figures III.%0-22; Tables.;II.10—13), the nature of
the counterion (see Figure III.23; Table III.14) or the presence
of other polar lipids.(see Figure III.24; Table III.15) .
Bec?use the residual chemical shift anisotropy is indicative of
both the amplitudes of motions and the orientation of the
phosphbrus tensor with respect to the the magnetic field, it is a
sensitive indicator of the state of the phosphate headgroup. The

absence of & change in the CSA of either sub-spectrum in response

to these perturbations indicates the absence of a significant
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chénge in the motions or orientations of the headgroup.

Despite the difference in the size of the phospho- and
glycolipid headgroups (see Figure III.28) and the high
concentration of glycolipid in the membrane, the conformatlon and
dynamics of PGP is virtually Pnaffected by the presence of the
glycolipid. This has been shown by the ‘coinpariaon of the -
quadrupole splittings of biosynthetically deuterated PGP and TFL
(seé Table III.8), comparison of the axis of motlonal averaging
of oriented TPL (see Figures III.26 and III.27; Table II1I1.16)
and by comparison of 31P NMR CSA values of PGP, PGP/GLS and TPL
{see Figure III.24; Table III.15). These techniques, which
report on both theshydrophobic and headgroup regions have shown
that pure PGP and PGP/GLS mixtures are virtually
indistinguishable with respect to conformation and dynamica.

The apparent insensitivity of PGP to the presence of high
concentrations of giycolipids may be due to the inherent
headgroup conformational stability provided by the presence of
intramolecular. hydrogen bonds as has been suggested by FTIR
studies of natural diphytanylglycerol rhospholipids and headgroup
analogues (see PART III, section 4). Both 31p NMR
titrations (Table III.13) and potentiometric titrations (Table
I1I1.22) have confirmed that PGP is in the diionized form over a
large pH range (4.5 to > 11). This may be important in the
maintenance of étruétural integrity of the membranes in response
te the large pH éradient produced on light-induced protoen
translocation (3.5 pH units, Kouyama et al., 1987). =

It therefore apptars thet the structure of both the’phoaphate

headgroup and the phytanyl chains of the major poler lipids of H.
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membrane which is remarkably stable to external perturbations
such as temperature, pH and pressure encountered in the natural

environment of the Archasbacteria such as the hglophiles.
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C. PA
D.r diphytanylglycerol
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glycerol
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