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SUMMARY 

1. The 129 MI-Iz (non-proton decoupled) and 36.4 MHz (proton decoupled) 
31p NMR spectra arising from unsonicated aqueous dispersions of well defined 
species of phospholipid have been investigated. The phospholipids emlzloyed (and 
the, parameters varied) include phosphatidylcholine (temperature), phosphatidyl- 
ethanolamine (temperature), phosphatidic acid (temperature and p2H) and phos- 
phatidylglycerol (temperature, p2H and Ca 2 + (or Mg 2 +)) concentration. 

2. At p2H = 7 the 31p NMR spectra arising from saturated species of phos- 
phatidylcholine, phosphatidylethanolamine and phosphatidylglycerol become pro- 
gressively broader as the temperature is reduced below the phase transition, demon- 
strating reduced motion in the phosphate region of the polar headgroup. 

3. In the liquid crystalline state at p2H = 7 the molecular dipolar order param- 
eters obtained for saturated species of phosphatidylcholine, phosphatidylethanol- 
amine and phosphatidylglycerol are very similar, and are independent of the acyl 
chain length for species derived from lauric and myristic acid. Thus the motion in 
the methylene-phosphate-methylene region is similar for these different liquid crystal- 
line phospholipid species. 

4. The 31p NMR spectra of aqueous dispersions of 14 : 0/14 : 0 phosphatidic 
acid display anomalous temperature and p2H dependences. The effective chemical 
shift anistropy (AVcsA EFF) at 5 °C varies from 71 ppm at p2H = 8.5 to 38 ppm at p2H 
= 2.5. Further, the motion in the phosphate region is relatively insensitive to the gel 
or liquid crystalline nature of the hydrocarbon chains. 

5. The addition of 40 mol ~ Ca 2+ (or Mg 2+) to saturated species of phos- 
phatidylglycerol causes an increase of approx. 20 °C in the hydrocarbon phase tran- 
sition temperature as indicated by 31p NMR. Equimolar concentrations of Ca 2+ 
increase the transition temperature by approx. 70 °C, and no 31p NMR signal could 
be observed for the very condensed precipitate formed below th.is temperature. In the 
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liquid crystalline state the motion in the phosphate region of the polar headgroup is 
not significantly affected by the presence of Ca 2+ or Mg 2+ 

6. The 31p NMR spectra obtained from 18 : 1c/18 : lc phosphatidylethanol- 
amine are consistent with. a phase transition from a lamellar to an hexagonal (H.)  
phase in the region 10-15 'C. 

7. The observed narrowing of the 3 ~p N MR spectra of aqueous dispersions of 
phospholipids as the temperature is raised toward the hydrocarbon transition tem- 
perature is discussed in terms of the "pretransition" observed in calorimetric studies. 

INTRODUCTION 

3~p NMR is a powerful technique in the study of model and biological mem- 
branes. Relatively narrow 31p NMR spectra may be obtained from sonicated phos- 
pholipid vesicles [1-4], where the fast isotropic tumbling of the small vesicles is the 
dominant line narrowing mechanism [5]. The high resolution nature of these vesicle 
31p NMR spectra, in conjunction with. appropriate shift reagents, allows the deter- 
mination of vesicle sizes and the distribution of phospholipids across the vesicle 
bilayer membrane [1-3]. Further, effects due to hydrocarbon phase transitions may 
also be observed [4-5]. 

Alternatively, the much broader 31p NMR spectra arising from unsonicated 
phospholipid "liposomes" may be studied. In these systems isotropic averaging 
mechanisms due to tumbling and lateral diffusion of the phospholipid in the plane of 
the membrane are not effective, and the spectra obtained reflect only the local aniso- 
tropic motions in the phosphate region of the polar headgroup [5]. It has been shown 
that equimolar concentrations of cholesterol eliminate phase transition effects in 
phosph.atidylcholine and that the motion of the phosphate group is then similar to 
that observed in the normal liquid crystalline state [6]. Further, for phosphatidyl- 
choline in the liquid crystalline state the motion in the phosphate group region is 
insensitive to the fatty acid composition [6]. Below the hydrocarbon phase transition 
the motion of the methylene-phosphate-methylene region is progressively restricted, 
with attendant increase in the 31p NMR linewidth and changes in lineshape [5-7]. 

Membrane fragments obtained by osmotic lysis of biological membranes are 
of similar size as liposomes and would therefore be expected to show similar alp 
NMR spectra if the lipids are in a bilayer configuration. Such similarities are observed 
[7, 8]. In the case of membrane preparations obtained from Acholeplasma laidlawii 
B grown on elaidic acid phase transition effects analogous to those observed in lipo- 
somes are observed [8], and it may also be concluded that the motion in the phosphate 
regions of the bulk of the two phosphorus-containing lipids in this membrane are not 
influenced by the presence of the membrane proteins [8]. 

It is therefore established that 31p NMR is capable of giving detailed motional 
information on the phosphate region of the polar headgroup, and that in the region of 
the phosphate group at least these motions are similar in liposomes and biological 
membranes. Previous liposome studies have been confined to phosphatidylcholine, 
however, whereas biological membranes may contain a variety of phospholipids. In 
this study we have therefore systematically investigated, using 31p NMR, unsonicated 
aqueous dispersions of a variety of well defined phospholipids, differing both. in the 
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fatty acyl constituents and in the nature of the polar headgroup. In particular, as it 
is well established that the packing properties of acidic phospholipids are strongly 
dependent upon the ionic environment [9-14] we have also investigated the effect of 
pH and divalent ions on the 31p NMR spectra of various acidic phospholipids. 

MATERIALS AND METHODS 

Lip/'ds 
(i) Phosphatidylcholines. 1,2-Dilauroyl-sn-glycero-3-phosphorylcholine (12 : 0/ 

12 : 0 phosphatidylcholine) and 1,2-dimyristoyl-sn-glycero-3-phosphorylcholine 
(14:0 /14:0  phosphatidylcholine) were synthesized as described previously [15]. 

(ii) Phosphatidylethanolamines. 1,2-Dilauroyl-sn-glycero-3-phosphorylethanol- 
amine (12:0 /12:0  phosphatidylethanolamine), 1,2-dimyristoyl-sn-glycero-3-phos- 
phorylethanolamine (14 : 0/14 : 0 phosphatidylethanolamine), 1,2-dipalmitoleyl- 
sn-glycero-3-phosphorylethanolamine (16 : lc/16 : lc phosphatidylethanolamine) 
and 1,2-dioleoyl-sn-glycero-3-phosphorylethanolamine (18 : 1 c~ 18 : lc phosphatidyl- 
ethanolamine) were synthesized from the corresponding phosphatidylcholines via 
the base exchange reaction with partially purified cabbage phospholipase D [16]. 
2 g of phosphatidylcholine dissolved in 25 ml diethyl ether were vigorously shaken 
at room temperature with 50 ml 4 M ethanolamine/acetic acid (pH 5.5) and 50 ml 
phospholipase D solution [18] containing 50 mM CaClz. The reaction was stopped as 
soon as the first traces of phosphatidic acid were formed. The diethyl ether was re- 
moved by evaporating under reduced pressure. The lipids were isolated from the 
from the resulting aqueous phase by Bligh and Dyer extraction [17]. Phosphatidyl- 
ethanolamine was isolated by column chromatography (column length 30 cm, 
width 3 cm) over silica gel (Merck, Darmstadt, Germany) by first eluting stepwise 
with 100-ml portions of chloroform containing 0, 1, 2, 3, 4, 5 and 6 % (v/v) methanol. 
Thereafter the column was eluted with a linear gradient of 6-30 % (v/v) methanol in 
chloroform. Chromatographically pure phosphatidylethanolamine was obtained 
from the fractions containing 10-15 ~o (v/v) methanol. The final yield of phosphatidyl- 
ethanolamine was 40-60 %. 

(iii) Phosphatidylglycerols. 1,2-Dilauroyl-sn-glycero-3-phosphatidyl-l-sn-glyc- 
erol (12:0 /12:0  phosphatidylglycerol), 1,2-dimyristoyl-sn-glycero-3-phosphatidyl- 
1-sn-glycerol (14 : 0/14 : 0 phosphatidylglycerol), 1,2-dioleoyl-sn-glycero-3-phos- 
phatidyl- 1-sn-glycerol (18 : 1 c/18 : lc phosphatidylglycerol) and egg phosphatidyl- 
glycerol were prepared from the corresponding phosphatidylcholines by treatment 
with partially purified phospholipase D [16] in the presence of glycerol as described 
by Papahadjopoulos et al. [19]. The purified phosphatidylglycerols were finally con- 
verted to their sodium salts [20]. 

(iv) Phosphatidic acid. 1,2-Dimyristoyl-sn-glycerol-3-phosphate (14:0/14 : 0 
phosphatidic acid) and egg phosphatidic acid were prepared from the corresponding 
phosphatidylcholines by the action of partially purified phospholipase D from cab- 
bage [16, 18]. Phosphatidic acid was converted to its disodium salt by Bligh and Dyer 
extraction [17] of the lipids with 100 mM Naz-EDTA and 1 M NaCI present in the 
aqueous phase. All lipids were pure as evidenced by thin-layer chromatography and 
were stored as dry materials at --20 °C (under a Nz atmosphere). The synthetic phos- 
phatidylcholines and phosphatidylglycerols were a kind gift of the Biomembranes 
group of the Department of Biochemistry, Utrecht. 
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Chemicals 
2H20 was obtained from, Ryvan, Southampton, U.K. All other chemicals were 
analytical grade. 

Methods 
Preparation of lipid dispersions. A chloroform solution containg 50 100 #tool 

phospholipid was dried down under a stream of N 2 SUCh that a film of lipid was 
formed on the wall of the glass vial. Residual traces of chloroform were removed by 
storing the sample overnight under high vacuum. The lipids were dispersed in 1.0 ml 
2H20 containing 0.2 mM EDTA and 25 mM Tris/acetic acid buffer at the desired p2H 
by agitating for 5 rain on a Vortex mixer at a temperature approx. 5 °C above the 
lipid phase transition temperature. In some cases varying quantities of NaCI, CaC] 
or MgC12 were added to the buffer prior to dispersing the lipids. 

Nuclear Magnetic Resonance. Two 31p NMR spectrometers operating in the 
Fourier transform mode were used in this study. Both spectrometers were interfaced 
with Nicolet B-NC-12 computers and were equipped with temperature control and 
field stabilisation via a deuterium lock. The higher frequency (129 MHz) spectrom- 
eter was constructed in this laboratory [21 ] and had quadrature detection facilities 
but no proton decoupling. The lower frequency (36.4 MHz) machine was a Bruker 
WH-90 which was equipped with broad band proton decoupling (maximum power 
input 20 W). Accumulated free induction decays were obtained from 5000 to 50 000 
transients with an interpulse time of 0.2-0.5 s and a pulse angle of 45". On the 129 
MHz spectrometer a delay time of 20 l~S was employed, whereas a delay time of 100 
/ts was used on the 36.4 MHz spectrometer. 

Two parameters may be obtained from the "solid state" .~lp NMR spectra 
observed for phospholipid liposomes, the effective chemical shift anisotropy AVcsA EH: 
(the frequency separation between the main peak and the low field shoulder) and the 
width at half height Av~. As explained previously [6], it is often difficult to measure 
A VCSA EFv in situations where proton decoupling is not employed. The parameter A VCSA ~-w 
may be accurately measured from proton-decoupled spectra, however, as is indicated 
in Fig. 3 for proton-decoupled spectra of 18 : lc/18 : Ic phosphatidylethanolamine. 
As proton decoupling was not available on the 129 MHz instrument, but was on the 
36.4 MHz spectrometer, we have therefore obtained most measures of AVcsA EvF from 
36 4 MHz proton-decoupled 3~p NMR spectra. Alternatively, as the 129 MHz spec- 
trometer was of significantly greater sensitivity than the lower frequency machine, 
all measures of Av~ were obtained from non-decoupled 129 MHz 31p NMR spectra. 

RESULTS 

Phosphatidylcholines 
The 31p NMR spectra of unsonicated aqueous dispersions (liposomes) of 

phosphatidylcholines have a characteristic "solid state" lineshape with a low field 
shoulder, which arises because of the chemical shift anisotropy of the phosphate phos- 
phorus [5]. The two parameters which may be measured from these spectra, the ef- 
fective chemical shift anisotropy AVcsA Evv and the width at half height A v½, may be used 
to obtain the chemical shift anisotropy order parameter Scs A [7] and the dipolar order 
parameter SD~ P [6], respectively. The temperature dependence of AVcsA Evv and Av~ for 
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Fig. 1. Temperature dependence of a~p N M R  spectral parameters for 14 : 0/14 : 0 phosphatidyl- 
choline, a, width at half height (obtained from non-decoupled 129 MH.z spectra) and b, effective 
chemical shift anisotropy (obtained from 36.4 MHz proton-decoupled spectra). 

for 14 : 0/14 : 0 phosphatidylcholine is shown in Fig. 1. It is observed that AVCSA EFF 

increases gradually at lower temperatures and no marked effect is observed at or near 
the gel-liquid crystalline phase transition temperature of 24 °C [22]. This may be 
contrasted with the temperature dependence of the width at half height Av~, which 
increases strongly below 24 °C. 

In order to ascertain whether A VCSA EFF for phosphatidylcholine was dependent on 
the p2H of  the aqueous medium, proton-decoupled spectra at 50 °C of 12 : 0/12 : 0 
phosphatidylcholine liposomes were obtained at p2H = 7.0 and 1.5, for which it was 
found that AVcsA EvF = 43 and 44 ppm, respectively. Since the pKof the  phosphate group 
for phosphatidylcboline is approx. 2 [11 ], this result demonstrates that AVcsA E~F is not 
affected by the presence or absence of a deuterium atom on the phosphate group. 

The reader is referred to ref. 6 for an extended study of the effects of chain 
length and degree of unsaturation on the 31p NMR liposome spectra of phosphatidyl- 
choline. 

Phosphatidylethanolamines 
Saturated molecular species. The 31p NMR spectra obtained from 1 2 :0 /  

12 : 0 and 14 : 0/14 : 0 phosphatidylethanolamine show similar lineshapes and tem- 
perature-dependent behaviour as observed for corresponding species of phosphatidyl- 
choline. In the liquid crystalline state both molecular species exhibit very similar 
lineshapes and linewidth. The values of Avcsa EFF obtained for 12 : 0/12 : 0 and 14 : 0/ 
14 : 0 phosphatidylethanolamine in the liquid crystalline state are approx. 5 ppm 
smaller than Avcsa r-rF for liquid crystalline phosphatidylcholines (see Figs. 1 and 2) 
whereas Av½ is approximately the same for both phospholipid species (see Fig. 1 and 
ref. 6). 
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Fig. 2. Tempera tu re  dependence o f  31p N M R  spectral  parameters  for 12 : 0/12 : 0 and  14 : 0/14 : 0 
phospha t idy le thano lamine ,  a, width at ha l f  height  (obtained f rom 129 M H z  non-decoupled  spectra)  
and  b, effective chemical shift an iso t ropy  (obtained f rom 36.4 M H z  proton-decoupled  spectra).  

Calorimetric studies on aqueous dispersions of 14 : 0/14 : 0 and 16 : 0/16 : 0 
phosphatidylethanolamine reveal transition temperatures of 50 [27] and 64 °C [25], 
respectively, which are approx. 23 °C higher than the transition temperatures of the 
corresponding phosphatidylcholines [22, 24, 25]. Thus the transition temperature of 
12 : 0/12 : 0 phosphatidylethanolamine may be estimated to be approx. 30 °C. 

The 31p N M R  spectra obtained reflect the gel-liquid crystalline phase tran- 
sitions in a fashion similar to that observed for 14 : 0/14 : 0 phosphatidylcholine. 
Below the respective transition temperatures the linewidths (Ave) increase strongly 
for 12 : 0 / 1 2 : 0  and 14 : 0/14 : 0 phosphatidylethanolamine, whereas AYcsA EFF is much 
less sensitive to temperature (see Fig. 2). It is interesting to note that the temperature 
interval AT over which line-narrowing effects are observed for Av~ is much smaller 
(approx. 15 °C)for  1 4 : 0 / 1 4 : 0  phosphatidylcholine than for 12:0/12 : 0 and 14 :0 /  
14 : 0 phosphatidylethanolamine, where AT >1 50 °C. 

Unsaturated molecular species. As shown in Fig. 3, the 36.4 MHz proton- 
decoupled alp NMR spectra of 18 : 1c/18 : lc phosphatidylethanolamine show 
several interesting features. Below 5 °C the spectra is similar to that obtained for the 
saturated phosphatidylethanolamines in the liquid crystalline state. As the temper- 
ature is raised to 10 °C a peak midway between the original main peak and low field 
shoulder is observed, the relative intensity of which increases as the temperature is 
raised further. Finally, above 20 °C a single spectral feature is observed which has 
the characteristic solid state shape associated with chemical shift anisotropy, but where 
AVcsAEFFhas a different sign and is reduced by a factor of 2 as compared to the lower 
temperature ( <  5 °C) situation. Identical effects were observed for the 129 MHz 
a 1p NMR  spectra of 18 : lc/18 : I c phosphatidylethanolamine. 
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Fig. 3.36.4 MHz proton-decoupled a~p NMR spectra obtained from aqueous dispersions of 18 : lc/ 
18 : 1 c phosphatidylethanolamine. 

X-ray diffraction experiments [26] indicate that dispersions of unsaturated 
phosphatidylethanolamines in excess water undergo a transition at approx l0 °C 
from a lamellar to an hexagonal H n phase which consists of long "pipes" of phos- 
pholipid where the polar headgroups surround an inner aqueous channel. The 3zp 
N MR  results obtained for 18 : lc/18 : lc phosphatidylethanolamine are fully con- 
sistent with such a phase change. In the liquid crystalline lamellar phase the rapid 
rotation of  the phospholipid molecule about its long axis produces an axially sym- 
metric chemical shift anisotropy tensor, where the axis of symmetry is perpendicular 
to the plane of the bilayer (ref. 7 and Cullis, P. R., McLaughlin, A. C. and Hemminga, 
M. A., unpublished). If  an additional mechanism allowing averaging about an axis 
perpendicular to this axis of rotation is present, it is easy to show that a change in 
sign and reduction by a factor of 2 of ZVCSA EFv would be expected. Sucll an additional 
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averaging mechanism would be supplied by rapid lateral diffusion of the phospholipid 
around the long pipes of the hexagonal phase. 

Aqueous dispersions of 16 : I c /16  : lc phosphatidylethanolamine show quite 
different 31p NMR spectra. Below 50 <:C a spectrum was observed with a broad solid 
state component and a narrow component similar to that shown in Fig. 8 t\3r 18 : lc 
18 : Ic phosphatidylglycerol in the presence of CaCI,. Above 50 C only the narrow 
component is observed. The broad component is interpreted as due to a fraction of 
the sample in a lamellar phase, whereas the narrow line reflects a non-lamellar phase 
where the lateral diffusion of the phospholipid produces fast isotropic averaging. 
It should be noted that the narrow line does not arise from a component of the phos- 
pb_atidylethanolamine in small vesicular or micellar forms free in solution as the 
lipid: 2H20 dispersion formed a visible two-phase system consisting of the hydrated 
lipid and aqeuous phase, respectively. Vesicles, oil the other hand, form a homoge- 
neous translucent mixture. 

Phosphatidic acid. The phosphate group of phosphatidic acid has two pK 
values which are given by pK L = 3 and pK 2 = 8.5 [28]. It has been shown that the gel- 

pZH=8"5 / / ~  129 MHz. without proton 

p2H=7.0 j( 

~---100ppm i 
H 

Fig. 4. 129 MHz 31p NMR spectra obtained from aqueous dispersions of 14 : 0/14 : 0 phosphatidic 
acid (at 5 °C) for various p2H values. 
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liquid crystalline phase transition temperature for 14 : 0/14 : 0 phosphatidic acid is 
30 °C for the singly protonated form and 50 °C for the doubly protonated form [11 ]. 
At 5 °C it might therefore be expected that the 3Zp NMR spectra of aqueous dis- 
persions of 14 : 0/14 : 0 phosphatidic acid would progressively broaden as the pZH 
is lowered (reflecting more restricted motion in the phosphate group region for lipids 
further below the phase transition temperature). As shown in Fig. 4, however, such 
broadening is not observed. A marked decrease ofAVcsA Evv is apparent on reducing the 
p2H from 8.5 to 2.5, but it may be calculated that the dipolar order parameter Sol P 
[6] does not change significantly as the values of Av, are approximately the same at 
all p2H values. It may therefore be concluded that AvcsA EFF is very sensitive to the state 
of protonation of the phosphate group in phosphatidic acid. 

As shown in Fig. 5 the 31p NMR spectra of 14 : 0/14 : 0 phosphatidic acid at 
various p2H values show anomalous temperature dependences over the interval 0- 
60 °C. in particular Av~ decreases only slightly as the temperature is raised to 40 °C 
and, at p2H 8.5 and 7.0, Av½ subsequently increases at higher temperatures. This be- 
haviour may be contrasted to that observed for A VCSA Evv (Fig. 5) which decreases strong- 
ly as the temperature is raised for p2H 8.5 and 7.0. At pZH 2.5 both AvcsA EFF and Av:~ 
are relatively insensitive to temperature. This behaviour is in strong contrast to that 
observed for saturated species of phosphatidylethanolamine (Fig. 2) and phosphati- 
dylcholine (Fig. 1 and ref. 6). 

It may be calculated that Sow increases at temperatures higher than 40 °C for 
14 : 0/14 : 0 phosphatidic acid at p2H = 8.5 and 7.0. This indicates that the motion in 

14:0 /14 :0  Phosphat idic  acid 

7o! 
4 0  o p 2 H - - 8 ' 5  . , 

13 p2H=7'O |aJ o 

~ pZH=2'S "~ 6C 

30~-o. ~ _ _ o "  
. . . . . . . .  . . . .  

IC 

3C 

I I I I I I I I I 1 I I 
JO 20 30 40 50 60 0 I0 20 30 40 50 60 

Tempera ture  (°C) 

31 Fig. 5. Temperature dependence of  P NMR spectral parameters obtained from 129 MHz asp N M R  
spectra of  aqueous dispersions of 14 : 0]14 : 0 phosphatidic acid at various p2H values; a, width at 
half height and b, effective chemical shift anisotropy. 
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the phosphate group region actually decreases as the temperature is increased above 
the phase transition temperature, which is again in strong contrast to the behaviour 
of other saturated phospholipids. Further, at p2H 2.5 Smw changes b3' less than 

o /  J,, over the temperature interval 0-50 "C. 
There are a variety of possible explanations for the above observations. Firstly. 

it should be noted that the spectra of Fig. 4 strongly resemble spectra obtained for other 
species of liquid crystalline phospholipids, i.e. where rapid rotation about the long 
axis of the phospholipid molecule is allowed [6]. In the case ot' 14 : 0/14 : 0 phospha- 
tidic acid in the gel state similar lineshapes would arise from (1) rotation of the whole 
lipid molecule, or (2) rapid rotation about the C-C bond between the nearest methylene 
group to the phosphate group and the rest of the glycerol backbone. Both of these ef- 
fects would be consistent with the small size of the polar headgroup for phosphatidic acid 
and consequently reduced steric hindrances to motion. The large changes in AVcsA I~FF a s  

the pZH is changed would then correspond to changes in the angle between the 
director of the chemical shift anisotropy tensor and the axis of rotation (i.e. a change 
in orientation of the phosphate group region with respect to the rest of the molecttle). 
If explanation (2) is more correct, the large decrease in AVcsA Evv for 14 • 0/14 • 0 phos- 
phatidic acid at pZH : 8.5 on heating from 0 to 50 °C (while Stop remains relatively 
constant) would correspond to a reorientation of the phosphate group toward that 
obtained at lower pH values. 

Alternatively, the large changes in A VCSA Evv may arise from changes in A Vcs A, the 
rigid lattice chemical shift anisotropy, due to changes in the chemical shielding on 
changing the net charge of the phosphate group. 

Phosphatidyl 9 lycerol 
The effects of the ionic environment upon the packing properties of phosphati- 

dylglycerol in monolayers and liposomes have been well studied [10, 12-14, 29]. The 
mean molecular area is reduced on decreasing the pH below the pK value of approx, 
4.5 [10] and a corresponding small increase in the hydrocarbon phase transition 
temperature has been observed [12]. The addition of up to 50 mol °/o Ca 2+ or Mg 2+ 
brings about a strong condensation of the phosphatidylglycerol molecules which 
leads to an increase of approx. 20 °C in the gel-liquid crystalline phase transition 
temperature [10, 12-14, 29]. At higher concentrations of C a  2+ o r  Mg 2+ the bilayers 
precipitate and form cylindrical structures with very tight lipid packing where the 
transition temperature is increased by about 70 °C [12, 13, 29]. 

The effects of changing the pZH and adding various concentrations of Ca 2 + 
on the 31p NMR spectra of 1 4 : 0 / 1 4 : 0  phosphatidylglycerol in the temperature 
range 0-60 ~C are summarized in Figs. 6 and 7. It has been shown that in the presence 
of 100 mM NaCI the gel-liquid crystalline phase transition for 14 : 0/14 : 0 phosphati- 
dylglycerol occurs at 23 °C when the pZI-[ =- 8.0 [29]. As noted in Fig. 6 a corre- 
sponding increase in both Av~ and AvcsA rvv occurs below this temperature, indicating 
that the motion in the phosphate region of the polar headgroup is reduced in the gel 
state. This is in accord with results obtained for ph.osphatidylcholine and saturated 
species of phosphatidylethanolamine. On decreasing the p2H to 3 however Av~_ is 
significantly decreased below the phase transition whereas AvcsA ~vv is not much affected. 

On adding 40 tool 0/o Ca2+ (or Mg 2+) to 14 : 0/14 : 0 phosphatidylglycerol 
the phase transition temperature is increased to 37 °C [29]. This increase in the tran- 
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Fig. 6. Temperature dependence of the a~p N M R  spectral parameters for 14 : 0/14 : 0 phosphatidyl- 
glycerol at different pZI-{ values and in the presence and absence of  40 mol % Ca 2 +. a, the width at 
half height (obtained from non-decoupled 129 MHz spectra) and b, the effective chemical shift aniso- 
tropy (obtained from proton-decoupled 36.4 MHz spectra). 

sition temperature on adding Ca 2+ is also observable by 31p NMR, as shown in 
Fig. 6. Below approx. 45 °C Av~ and AVcsA Evv increase, in accord with the usual phase 
transition behaviour of the azp NMR liposome spectra. It is surprising that in the 
liquid crystalline state where the presence of the divalent cation still strongly affects 
the molecular packing [10], the effects on Av¢ and AVcsA try are negligibly small. It may 
be noted that completely equivalent effects were obtained on the addition of 40 tool 

MgC12 to the 14 : 0/14 : 0 phosphatidylglycerol preparations. 
The addition of higher concentrations of divalent cations results in the precipi- 

tation of the 14 : 0/14 : 0 phosphatidylglycerol and the disappearance of the 31p NMR 
signal (see Fig. 7). As the high frequency (129 MHz) spectrometer is capable of  
detecting signals from similar quantities of anhydrous 1 6 : 0 / 1 6 : 0  phosphatidyl- 
choline (Arcs n -- 170 ppm) [5], it may be concluded that for the Ca 2 +-phosphatidyl- 
glycerol precipitate AVcsA EFF 1> 170ppm. No signal could be observed even on heating 
the sample to 70 °C (20 °C below the phase transition temperature [29]). 

The effects of p /H and divalent cations on the alp NMR spectra of aqueous 
dispersions of 12 : 0/12 : 0 phosphatidylglycerol were very similar to those observed 
for 14 : 0/14 : 0phosphatidylglycerol. The only major differences were caused by the 
20 °C lower phase transition temperature of 12 : 0/12 : 0 phosphatidylglycerol [12, 
13]. In particular, the cylindrical bilayer structures formed on the addition of equi- 
molar quantities of Ca 2÷ melt at 70 °C [12, 13]. At this temperature a 31p NMR 
signal was observed which corresponded very well with the 14 : 0/14 : 0 phosphatidyl- 
glycerol spectra shown in Fig. 7 for R = 0.4. At lower temperatures no signal could 
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Cae+/Phosphatidylglyccrol ~ 129 MHz without proton 

R ~ I  

i IOOppm ----I H ,, 

Fig. 7. 129 MHz 31p NMR spectra obtained from aqueous dispersions of 14 : 0/14 : 0 phosphatidyl- 
glycerol (p2H : 8.0) at 50 °C for varying concentrations of Ca 2+. The spectra shown tbr Ca 2+ 
phosphatidylglycerol ratios R 0 and 0.4 were obtained from 40 000 transients whereas the spec- 
trum shown for R --- 1 was obtained from [000 000 transients. 

be obtained. Again, this result s trongly suggests that  A VCSA EFF is very markedly increased 
in the cylindrical gel phase formed by th.e Ca 2+ (or Mg2+)-phosph.atidylglycerol 
complex. 

The 36.4 M H z  proton-decoupled spectra o f  liquid crystalline 12 : 0/12 : 0 and 
1 4 : 0 / 1 4 : 0  phosphatidylglycerol  liposomes showed a narrower  line at the position 
o f  sonicated vesicles on top o f  the normal  chemical shift anisotropy solid state spec- 
trum. The fact that  a similar narrow line was not  observed on the higher frequency 
129 M H z  machine indicated that  this effect is due to the smaller value o f  AVcsA Evv rela- 
tive to the dipolar coupling at 36.4 MHz.  It may  also be noted that the 129 M H z  31p 
N M R  spectra o f  egg phosphatidylglycerol  in water at p H  8.0 and 3.0 showed identical 
spectra to those observed in 2H20.  This indicates th.at the pro tona t ion  of  the phos- 
phatidylglycerol phosphate  has no effect on the static dipolar interactions experienced 
by the phosphate  phosphorus.  

The 129 M H z  31p N M R  spectra o f  aqueous dispersions o f  18 : I c/18 : l c phos-  
phatidylglycerol showed very different characteristics f rom the saturated phosph.ati- 
dylglycerol species. A single narrow (A% approx.  600 Hz) symmetrical line was ob- 
served (see Fig. 8) bo th  at p H  3.0 and 8.0 over the entire temperature range 0-60 °C. 
Similar nar row lines (Av~ ~ 80 Hz)  were obtained at 36.4 MHz  in the presence of  
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i 50ppm ~ H - - . . ~  

Fig. 8. 129 MH.z azp N M R  spectra o f  aqueous dispersions o f  18 : lc/18 : lc  phosphatidylglycerol 
(p2I-[ = 8.0) at 50 °C. a, in the absence o f  Ca 2+ and b, in the presence o f  40 mol ~ Ca 2÷. 

proton decoupling. On the addition of 40 tool ~ Ca 2+, however, a broad solid state 
component appeared, as shown in Fig. 8. The narrow lines would be consistent with 
a non-lamellar phase in which the lateral diffusion of the phospholipids produced 
isotropic averaging. The addition of Ca 2 ÷ may then be thought to decrease the charge 
density and induce a bilayer configuration. Alternatively, these results would be 
consistent with the formation of 18 : lc/18 : lc phosphatidylglycerol into large vesicles, 
which are aggregated on addition of Ca 2 +. 

DISCUSSION 

As shown in this and other recent work [5-7] the large phospholipid liposomes 
(which consist of many layers of concentric bilayers) exhibit characteristic "solid 
state" 31p NMR spectra, which have a low field shoulder. For phospholipids in the 
liquid crystalline state, this type of lineshape is associated with lipids which experience 
rapid rotation about the long axis of the molecule, but which have relatively restricted 
motion about axes perpendicular to this axis of rotation (ref. 7 and Cullis, P. R., 
McLaughlin, A. C. and Hemminga, M. A., unpublished). Obviously, such motional 
characteristics are consistent with phospholipids in a bilayer configuration, and the 
observation of the solid state type of 31p NMR lineshape may therefore be taken to 
indicate bilayer structure. It should be noted, however, that the dimensions of the 
liposomes must be large enough to make isotropic averaging mechanisms such as 
liposome tumbling and lateral diffusion of the phospholipid ineffective. In the case of 
the much smaller "vesicles" obtained by sonicating liposomes for example, fast iso- 
tropic tumbling produces high resolution 3~p NMR spectra [5]. 

It is interesting to extend these considerations to phospholipids which may 
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exhibit hexagonal or other non-lamellar phases in addition to th.e standard bilayer 
phase. The clearest effect observed concerns the transition of 18 : I c/18 : I c phospha- 
tidylethanolamine from a liquid crystalline lamellar phase to a hexagonal phase 
consisting of long "pipes" of phospholipid, as shown in Fig. 3. The small diameter 
of the pipes [30] and the fast lateral diffusion of the liquid crystalline phosphatidyl- 
ethanolamine combine to introduce averaging over a direction perpendicular to the 
long axis of the molecule, i.e. around the pipe. This is reflected by the change in sign 
and reduction by a factor of 2 ofAVcsA rvv. The fact that no significant averaging along 
the length of the phospholipid pipe is observed implies that the constituent pipes are 
fairly long (1> 500 A. if it is assumed that the lateral diffusion rate Dt ~ 1 - 10 -8 cm2/ 
s). In the case of 16 : lc/16 : lc phosphatidylethanolamine the 3,p NMR spectra 
reflect a phase characterized by a very narrow 31p NMR line (Av 400 Hz) which is 
produced by an isotropic averaging mechanism due to lateral diffusion of the phos- 
pholipid. If the (unknown) phase observed for 16 : I c/l 6 : 1 c phosphatidylethanolami ne 
is also hexagonal, the 31 p NMR results show th.at the constituent pipes are appreciably 
shorter than in the case of 18 : lc/18 : lc phosphatidylethanolamine (~< 100 A for 
D t = l • 10-8 c m Z / s ) .  In general it should be noted that 31p NMR is a very sensitive 
indicator for phases where fast isotropic averaging by tumbling or lateral diffusion is 
possible. 

The effective chemical shift anisotropy (A VCSA Evv and the width at half height (A v~) 
of the normal "solid state" 3~p NMR liposome spectra may be employed to obtain the 
chemical shift anisotropy order parameter Scs A - =  AVcsAEFF/AVcsA [7] (where AVcsA ~vv 
is the rigid lattice chemical shift anisotropy) and the dipolar order parameter SDW 
[6], respectively. Unfortunately it is difficult to relate these order parameters to the 
detailed motion in the methylene-phosphate-methylene region of the polar headgroup 
as such. details are sensitive to the particular model of molecular motion chosen. In 
the case of Scs A the situation is complicated by the fact tb.at the orientation of the 
main director of the rigid lattice chemical shift anisotropy tensor is not as yet known. 
31p NMR studies of anhydrous 16 : 0/16 : 0 phosphatidylcholine suggest that the 
rigid lattice chemical shift tensor is approximately axially symmetric, and that 
AYes A ~ 170 ppm, but also show that the sign of Arcs A is different to that observed 
for AVcsA Evv in hydrated phosphatidylcholine bilayers [5]. There is also a possibility (as 
indicated in this study for charged phospholipids) that Avcs A may be sensitive to the 
pH or the presence of divalent cations. In this work we have therefore only reported 
the values of AvcsA Evv obtained, and the changes in AVcsA Evv observed may arise 
from changes in motion, orientation, or AYes A itself. 

The dipolar order parameter SD~ ~ is calculated from the width at half height 
(Av~) of the non-decoupled 3~p NMR spectra under the assumption th.at only the 
two nearest neighbour methylene groups contribute to the observed dipolar broaden- 
ing and tb.at the contribution of these two groups is equal [6]. Interpretation of So~ P 
in terms of local motion is complicated by the fact that SD~ P is then the square root 
of the sum of squares of four separate order parameters, and is therefore sensitive to 
a wide variety of local motions and orientations. Thus the fact that the number ob- 
tained for Sow for liquid crystalline 16 : 0/16 : 0 phosphatidylcholine (SDI P 0.13 
[6]) is similar to values obtained for 2H order parameters [27] of the two nearest 
neighbour methylene groups is probably fortuitous. SD~ e is most validly employed as 
an indicator of changes, in that changes in SDW show changes in either the local 
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T A B L E  I 

D I P O L A R  O R D E R  P A R A M E T E R S  F O R  L I Q U I D  C R Y S T A L L I N E  P H O S P H A T I D Y L -  
C H O L I N E S ,  P F I O S P H A T I D Y L E T H A N O L A M I N E S  A N D  P H O S P H A T I D Y L G L Y C E R O L S  

Dipolar  order  parameters  for 14 : 0/14 : 0 phosphat id ic  acid in the  gel state are included to illustrate 
the s t rong  p2H dependence ofAVcsA EFF for cons tan t  values o f  SDw. 

Lipid Temperature p2I~ LJVCSA EFF SDI P 

(°C) (ppm)  

14 : 0/14 : 0 phosphat idylchol ine  60 
12 : 0/12 : 0 phospha t idy le thano lamine  52 
14 : 0/14 : 0 phospha t idy le thano lamine  61 
12 : 0/12 : 0 phosphat idylglycerol  20 
14 : 0/14 : 0 phosphat idylglycerol  47.5 
14 : 0/14 : 0 phosphat idylglycerol-F40 mol ~ Ca 2+ 60 
14 : 0/14 : 0 phosphat id ic  acid 5 
14 : 0/14 : 0 phosphat id ic  acid 5 
14 : 0/14 : 0 phosphat id ic  acid 5 

7.2 45.5 0.13 
7.0 39 0.145 
7.0 41 0.145 
8.0 31 0.16 
8.0 30.5 0.15 
7.0 30 0.16 
8.5 71 0.40 
7.0 50.5 0.40 
2.5 38 0.40 

motion in the methylene-phosphate-methylene region and/or changes in the local 
orientation of the methylene group(s) with respect to the phosphorus atom. 

Table I shows representative values of AVcsA EFF and SDw for various saturated 
phospholipids in the liquid crystalline state. There are several important conclusions 
which may be drawn from this data. Firstly, in accord with previous work [6] similar 
values of Sow and Arcs EvE are observed for the phospholipids which differ only in chain 
length. Thus the motional properties observed in the phosphate region of the polar 
headgroup are independent of chain length in the liquid crystalline state. Secondly, 
the values obtained for SD~ P are remarkably similar for the saturated species of phos- 
phatidylcholine, phosphatidylethanolamine and phosphatidylglycerol. Only 14 : 0/ 
14 : 0 phosphatidic acid forms an exception. These results show that the motion in the 
methylene-phosphate-methylene region of the polar headgroup is very similar for 
these different liquid crystalline phospholipid species. It is to be noted that AVcsA ErE 
varies slightly between the different species, but, as previously indicated, this may arise 
from different orientations of the polar headgroup in the phosphate group region, or 
from different values of the rigid lattice chemical shift anisotropy tensor. A third con- 
clusion is that the motion of the phosphatidylglycerol polar headgroup is not affected 
by the presence of divalent cations, as long as the phospholipid is in the liquid crystal- 
line state. The only effect of Ca z + observed in this study is that the phase transition 
temperature as detected by the phosphate group is increased by 20 °C in the presence of 
approx. 50 mol ~ Ca z +, and by about 70 °C for Ca z +/phosphatidylglycerol ratios of 
approx. 1, in complete agreement with previous differential scanning calorimetry exper- 
iments [29 ]. This result is also in full accord with previous results obtained for isolated 
membranes and derived liposomes ofAcholeplasma laidlawii B, (for which 40 ~ of the 
lipid is phosphatidylglycerol) where it was observed that the addition of equimolar 
quantities of Ca 2+ does not materially affect the motional properties of the polar 
headgroup in the phosphate group region [8]. It may thus be concluded that the de- 
crease in the available area per molecule on the addition of Ca 2 + [10] does not affect 
this motion. This result is in agreement with a previous study [6] which shows that 
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changes in the available area per liquid crystalline phosphatidylcholine molecule also 
had little effect on the motion in the phosphate group region. 

The effects of changes in pZH on the 31p NMR spectra of acidic phospho- 
lipids are very marked, in the case of 14 : 0/14 : 0 phosphatidic acid the large changes 
in AVCSA EFF (but constant values of SDip) on changing the p2H suggest changes in the 
orientation of the phosphate group, or that the rigid lattice chemical shift anisotropy 
tensor is sensitive to the protonation of the phosphate group. The fact that a similar 
pZH dependence of A VCSA EFv is not observed for 14 : 0/14 : 0 phosphatidylglycerol (see 
Fig. 6) or phosphatidylcholine implies that a change in the orientation may be the 
more correct interpretation. Further work on orientated systems is in progress to 
clarify this point. It may also be observed for 14 : 0/14 : 0 phosphatidic acid that the 
motion in the phosphate region is much less sensitive to the gel or liquid crystalline 
nature of the hydrocarbon chains than for other saturated phospholipids, and further- 
more, that this motion is increasingly restricted above the transition temperature. 
These effects are not as yet understood, but could possibly arise due to different hy- 
dration characteristics of phosphatidic acid. In the case of 14 : 0/14 : 0 phosphatidyl- 
glycerol the large decrease in Av~ on changing the p2H from 8.0 to 3.2 shows a corre- 
sponding increase in the motion available to the methylene-phosphate-methylene 
region of tb.e polar headgroup when the polar headgroup is uncharged. This could be 
accounted for by a change in the hydration shell, as a negatively charged phosphate 
group must have considerably more "bound"  water than a neutral phosphate group. 
At lower pH values the size of the hydration shell might be reduced enough so that 
the motion in the phosphate group region increases, even though there is a reduction 
in the mean molecular area due to the charge neutralization. 

In the gel phase the behaviour of the 31p NMR liposome spectra of saturated 
species of phosphatidylethanolamine and phosphatidylglycerol is similar to that ob- 
served for various species of phosphatidylcholine. As the temperature is increased 
toward the transition temperature the spectra become progressively narrower, re- 
flecting less restricted motion in the phosphate group region until at, or a few degrees 
below the transition temperature the spectrum is similar to that observed in the liquid 
crystalline state. This is in accord with previous work, where it is shown that the main 
cause of the narrowing is the onset of rapid axial rotation of the phospholipid mole- 
cule (ref. 7 and Cullis, P. R., McLaughlin, A. C. and Hemminga, M. A., unpub- 
lished). The fact that most of the observed narrowing occurs well below the phase 
transition temperature shows that relatively fast rotation (rR ~ 10-4 S) may occur 
well below the transition temperature. It should be noted that there are quantitative 
differences between the observed narrowing for the different phospholipids however. 
In particular, the temperature interval over which the narrowing takes place is much 
less (AT ~ 15 '~C) for 14 : 0/14 : 0 and 16 : 0/16 : 0 phosphatidylcholine [6] than for 
12 : 0/12 : 0 and 14 : 0/14 : 0 phosphatidylethanolamine (AT >1 50 '~'C) and 14 : 0/ 
14 : 0 phosphatidylglycerol (AT ~ 30 °C). In th.e case of 14 : 0/14 : 0 and 16 : 0/16 : 0 
phospb.atidylcholine most of tb, e narrowing takes place in the region of the "pretran- 
sition" often noted in differential scanning calorimetry studies [31 ], and it is therefore 
tempting to associate this pretransition with the onset of rapid axial rotation, as 
has been previously suggested [32]. The relatively small values of AT observed for 
the phosphatidylcholines (with the exception of 18:0/18 : 0 phosphatidylcholine 
[6]) might be attributed to the formation of the p[f  phase [33] at the pretransition 
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[34] in which the molecules  become rapid ly  immobi l ized  due to s t rong in te rmolecular  
in terac t ions  between the po la r  headgroups .  The sa tura ted  phospha t idy le thano lamines  
and  phospha t idy lg lycero ls  do  not  form a pf l '  phase  but  remain  in the no rma l  lamel la r  
gel phase  be low the h y d r o c a r b o n  phase  t rans i t ion  t empera tu re  (ref. 23 and  Verkley,  
A. J., unpub l i shed)  and have no  detectable  p re t rans i t ion  [24, 25, 29]. The large d T  
values ob ta ined  for  these l ipids may  then reflect (1) that  no s t rong in te rmolecular  
in terac t ions  (such as m a y  be ob ta ined  in the pfl '  phase)  occur,  and  thus the mo t ion  
is more  gradual ly  restr ic ted below the phase  t rans i t ion  or  (2) tha t  the pre t rans i t ion  o f  
phospha t idy le thano lamines  and phosphat idylg lycero ls  is much  b roade r  than  for  
phospha t idy lcho l ines  and thus cannot  be resolved by  ca lor imetr ic  techniques.  
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