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SUMMARY 

The structural preferences of saturated and unsaturated species of 
phosphatidylglycerol in isolat ion and in mixed systems with unsaturated 
(HTT ohase) phosphatidylethanolamine have been investigated employing 
31 . . . .  P NMR techniques. I t  is shown that equimolar (with respect to change) 
Ca2 + induces a " r ig id  la t t i ce"  (no motion) s i tuat ion in the phosphate 
region of the polar headgroup for a saturated species, but not for unsatur- 
ated species. Further, phosphatidylglycerol can s tab i l ize a bi layer organ- 
ization in the presence of phosphatidylethanolamine which would otherwise 
assume the hexagonal (HII) phase, and structural bilayer-HTl trans- 
i t ions can then be triggered in these systems by the addition of Ca2 +. 

Recent investigations (for review, see ref.  i )  suggest that individual 

l ip id  species found in biological membranes belong to either of two major 

classes--those which assume a bi layer organisation on hydration, and those 

which prefer the hexagonal (HII)  phase. In the case of eukaryotic cel l  

membranes i t  is remarkable that certain major l ip id  species, such as phos- 

phatidylethanolamines prefer the hexagonal HII arrangement at physio- 

logical temperatures, which has led to suggestions [ i ]  that "non-bilayer" 

l ip ids and thei r  associated structures may play functional roles which are 

not related to maintaining the membrane bilayer envelope. 

For prokaryotic cel l  membranes, questions regarding the structural 

roles of l ip ids are equally int r iguing.  In the case of E. co l i ,  for 

example, phosphatidylethanolamines commonly const i tute 8~ of the membrane 

phospholipid [2 ] .  This does not necessarily indicate a predisposit ion of 

E. col i  membranes for non-bilayer arrangements, however, as the re la t i ve ly  

saturated nature of E. col i  phosphatidylethanolamine can raise the temper- 
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ature at which th is  l i p i d  adopts the hexagonal HII phase well above 

growth temperature [3 ] .  

The poss i b i l i t y  that non-bi layer l i p i d  conf igurat ions can occur in E. 

col i  membranes is,  however, supported by recent observations [4] that 

model systems composed of to ta l  l i p i d  extracts of E. col i  exh ib i t  HII 

phase components and " l i p i d i c  pa r t i c le "  [5] structure at 37°C. This would 

suggest that the presence of E. col i  l i p i d  species (other than phospha- 

t idylethanolamine) in these mixed systems can induce non-bi layer a l terna-  

t ives.  Given that phosphatidylglycerol is the next most abundant phospho- 

l i p i d ,  i t  is of obvious in terest  to invest igate the polymorphic prefer -  

ences of mixed phosphatidylethanolamine-phosphatidylglycerol model 

systems. The resul ts of such studies are presented here. We show that 

saturated and unsaturated phosphatidylglycerols exh ib i t  31p NMR spectra 

consistent with a b i layer  organisat ion, and that phosphatidylglycerol 

s tab i l i zes  a b i layer  organisation in the presence of non-bi layer (HII 

phase) phosphatidylethanolamine. Further, in these l a t t e r  systems Ca 2+ 

can t r igger  isothermal b i layer  to HII polymorphic phase t rans i t ions .  

MATERIALS AND METHODS 

(Egg) phosphatidylglycerol ,  dimyristoyl phosphatidylglycerol and soya 
phosphatidylethanolamine were a l l  prepared from the corresponding species 
of phosphatidylcholine employing the base exchange capacity of phospho- 
l ipase D [6 ] .  E. co l i  phosphatidylglycerol was isolated from a to ta l  
l i p i d  extract  of f reeze-dr ied E. col i  (Sigma, St. Louis) employing car- 
boxymethyl cel lu lose column chromatography. Al l  l i p ids  isolated were more 
than 99 pure as evidenced by th in - layer  chromatography. The sodium sal t  
of the phosphatidylglycerols was obtained as detai led elsewhere [7 ] .  

Samples for  31p NMR studies were prepared from 50 ~mol tota l  phos- 
phol ip id (unless indicated otherwise) in 1 ml chloroform, which was placed 
in a 10 mm NMR tube. The chloroform was evaporated under a stream of 
ni trogen, and the sample was subsequently placed under high vacuum for at 
least 1 hr. Subsequently the l i p i d  was dispersed in 0.8 ml of a 10% D20 
buffer containing 100 mM NaCI, I0 mM Tris-HCl (pH = 7.4) and 2 mM EDTA 
employing a vortex mixer. Divalent cations were added in appropriate 
amounts from a 100 mM stock solut ion.  

31p NMR experiments were performed on a Bruker WP 200 Fourier t rans- 
form NMR spectrometer operating at 81.0 MHz. Accumulated free induction 
decays were obtained from up to I000 transients employing an 11 ~sec 90 ° 
pulse, a 0.8 sec interpulse time, a 20 KHz sweep width and gated proton 
decoupling. An exponential mul t ip icat ion corresponding to a 50 Hz l i ne -  
broadening was performed except where otherwise noted. 
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RESULTS AND DISCUSSION 

In order to understand the behaviour of phosphatidylglycerol in mixed 

l i p i d  systems, as well as the inf luence of Ca 2+ on these systems, i t  is 

necessary to characterize the st ructura l  preferences of phosphatidyl- 

glycerol alone in the presence and absence of Ca 2+. Such information i s  

given in Fig. I which presents the 31p NMR spectra obtained from d i f -  

ferent  species of phosphatidylglycerol under varying condit ions of hydra- 

t ion and Ca 2+ content. Three conclusions may be drawn. F i rs t ,  in the 

anhydrous sodium sal t  form, " r i g id  l a t t i ce "  (no motion) 31p NMR spectra 

are observed which are quant i ta t i ve ly  s imi lar to those observed for anhy- 

drous phosphatidylcholine [8 ] ,  sphingomyelin [9] and phosphatidylserine 

[7 ] ,  consistent with a simi lar headgroup conformation in the phospate 

region for  these d i f fe ren t  phospholipid species. Secondly, in the pres- 

ence of excess aqueous buffer at 30°C, asymmetric 31p NMR spectra with a 

low f i e l d  shoulder and high f i e l d  peak separated by approximately 40 ppm 

are observed, which are charac ter is t i c  of l iqu id  c rys ta l l i ne  phospholipids 

in a lamellar organisation. This is with the exception that a narrow 

spectral component, superimposed on the bi layer lineshape, is observed for 

the dimyristoyl phosphatidylglycerol dispersion. Similar spectral com- 

ponents indicat ing that a port ion of the phospholipids experience iso- 

t ropic motional averaging are observed for  saturated phosphatidylcholine 

[10] and sphingomyelin [9]  and would be consistent with a population of 

small lamellar vesicles, which have been shown to occur in sphingomyelin 

dispersions [11].  A f ina l  point is that the addit ion of Ca 2+ to obtain 

a Ca ?+ to phosphatidylglycerol molar ra t io  of 0.5, (which resul ts in 

immediate prec ip i ta t ion  of the l i p i d  dispersions) resul ts in spectral 

changes which are sensi t ive to the f a t t y  acid composition. In the case of 

the unsaturated (egg and E. co l i  phosphatidylglycerol) species, the spec- 

t ra broaden somewhat but maintain a "b i layer"  31p NMR lineshape. This 

contrasts with the behaviour of the Ca2+-dimyristoyl phosphatidyl- 
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Figure I .  81,0 MHz 31p NMR spectra of egg, E. co l i  and dimyr istoyl  
phosphat idylglycerol  at 30°C in the anhydrous (so--6~Tum sa l t )  form, in the 
presence of excess aqueous buf fer  and in the presence of excess aqueous 
buf fer  a f te r  addi t ion of su f f i c i en t  CaCl 2 to obtain a Ca2+Iphospha- 
t i dy lg l yce ro l  r a t i o  of 0.5 mol/mol. The spectra of the anhydrous phospho- 
l i p i ds  (and the hydrated DMPG in the presence of Ca2+) were obtained 
from 200 umol phospholipid employing a 50 KHz sweep width, a 20 sec i n te r -  
pulse time, reasonably high power (-5 G) proton decouplings and correspond 
to 200 t ransients.  An exponential mu l t i p l i ca t i on  corresponding to i00 Hz 
l inebroadening was also appl ied. In a l l  other cases spectra were obtained 
from 1000 t ransients employing 50 umol phospholipid, a 20 KHz sweep width, 
a 0.5 sec interpulse time and a 50 Hz l inebroadening funct ion.  The 
aqueous buffer contained I00 mM NaCI, I0 mM Tris-HCl (pH = 7.0),  2 mM EDTA 
and 10% D20. 

g l y c e r o l  p r e c i p i t a t e ,  which r e v e r t s  to  the r i g i d  l a t t i c e  l i neshape charac-  

t e r i s t i c  of  anhydrous p h o s p h o l i p i d s .  A concomi tant  increase n the spin 

l a t t i c e  r e l a x a t i o n  t ime from 0.8 • .2 sec to  15 ± 2 sec (as measured by a 

s a t u r a t i o n - r e c o v e r y  techn ique)  was a lso  observed. 
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Figure 2. 81.0 MHz 31p NMR spectra of 50 ~mol hydrated dimyristoyl 
ph--~atidylglycerol (DMPG) in the presence of 25 umol Ca 2+ , as a func- 
tion of temperature. All spectra were obtained from 1000 transients 
employing identical conditions as those noted for the hydrated prepara- 
tions of Fig. I .  

The 31p NMR behaviour of d imyr istoyl  phosphatidylglycerol in the 

presence of Ca 2+ is very s imi la r  to that oberved for (egg) phosphatidyl- 

serine [7 ] .  Combined f reeze-f racture and d i f f e ren t i a l  scanning ca lo r i -  

metry studies [12] reveal that s imi la r  condensed "cochleate" l i p i d  struc- 

tures are obtained, which undergo a melting t rans i t ion  to normal liposomes 

in the region of 80°C. This t rans i t ion  is also ref lected in the 31p NMR 

character is t ics ,  as a l iqu id  c r ys ta l l i ne  lamellar 31p NMR spectrum is 

obtained above 80"C as shown in Fig. 2. I t  may be noted that this resul t  

contrasts with a recent report [13] suggesting the presence of HII phase 

organisation for  the ether analogue of dimyr istoyl  phosphatidylglycerol 

under s imi la r  experimental condit ions. 

Previous work has revealed, as may be l og i ca l l y  expected, that phos- 
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Figure 3. 81.0 MHz 31p NMR spectra arising from aqueous dispersions of 
mixtures of (egg) phosphatidylglycerol and soya phosphatidylethanolamine 
at 30°C where the amounts of phosphatidylglycerol present correspond to O, 
5, 15, 20, 30 and 50 mol % of the total phospholipid. Sample preparation 
and spectral conditions as for Fig. 1 (hydrated samples). 

phol ipids such as phosphatidylcholine [14] ,  sphingomyelin [9] and phos- 

phat idylser ine [15,16] which adopt a b i layer  organisation in iso la t ion are 

also able to s tab i l i ze  a b i layer  organisation in the presence of an HII 

phase l i p i d  such as unsaturated phosphatidylethanolamine. Phosphatidyl- 

glycerol displays a simi lar a b i l i t y  as indicated in Fig. 3 for mixtures of 

(egg) phosphatidylglycerol with soya phosphatidylethanolamine. Clearly,  

the presence of 20 mol % or more phosphatidylglycerol causes the vast 

major i ty of the phospholipid to assume bi layer  st ructure.  The narrow 

spectral components pa r t i cu la r l y  v i s ib le  at low phosphatidylglycerol con- 

tents could arise from a var ie ty  of sources, including small lamellar ves- 

ic les as indicated above. Given that increasing the amount of phospha- 

t idy lg lycero l  e f fects  a hexagonal (HII)  to b i layer phase t rans i t i on ,  

however, we suggest that these components may l i k e l y  arise from ( i n t ra -  
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bi layer) inverted micellar structures which can occur as intermediaries 

between lamellar and HII phase organisation [17]. Such structures would 

also be expected to give r ise to narrow 31p NMR resonances character- 

i s t i c  of isotropic motional averaging [18]. 

A feature of mixed l i p id  systems where a bi layer organisation is stab- 

i l i zed by acidic (negatively charged) phospholipids such as phosphatidyl- 

serine [16] or cardio l ip in [19] is that isothermal bi layer to hexagonal 

(HII) polymorphic phase transi t ions may be triggered on addition of div- 

alent cations such as Ca 2+. Such phenomena are of obvious interest with 

regard to the regulation and control of non-bilayer structure, which is of 

course v i ta l  i f  such structures are to be funct ional ly useful. As shown 

in Fig. 4, Ca 2+ also displays a simi lar a b i l i t y  to generate HII phase 

structure in the mixed (egg) phosphatidylglycerol soya phosphatidyl- 

ethanolamine systems. There are two aspects of these results that we wish 

to emphasize. F i rs t ,  in analogous systems where bi layer organisation is 

stabi l ied by phosphatidylserine or card io l ip in ,  equimolar (with respect to 

charge) amounts of Ca 2+ are suf f ic ient  to t r igger apparently complete 

HII phase formation. In the case of the phosphatidylglycerolphospha- 

tidylethanolamine mixture, however, this is c lear ly not the case, 

par t icu lar ly  for higher phosphatidylglycerol contents. This presumably 

ref lects both a lower a f f i n i t y  of phosphatidylglycerol for Ca 2+ as well 

as the fact that Ca2+-(egg) phosphatidylglycerol complexes s t i l l  prefer 

a bi layer organisation (c . f .  Fig. I ) .  Secondly, consistent with results 

obtained for phosphatidylglycerolphosphatidylcholine mixtures [20] there 

is no evidence for a lateral  segregation of phosphatidylglycerol by 

Ca 2+. This is supported by the spectra obtained for the 30 mol % phos- 

phatidylglycerol system, where excess Ca 2+ induces apparently complete 

HII phase formation, with no evidence of 30% of the phospholipid remain- 

ing in the bi layer phase. This shows that the phosphatidylglycerol is 

d i rec t ly  incorporated into the HII phase matrix in this system. This 
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Figure 4. 81.0 MHz 31p NMR spectra ar ising from aqueous dispersions of 
mixtures of soya phosphatidylethanolamine and 15, 30 and 50 mol % of egg 
phosphatidylglycerol in the presence of varying amounts of Ca2+. The 
ra t io  R refers to the molar ra t io  of Ca 2+ to egg phosphatidylglycerol. 
A l l  other experimental conditions are identical to those employed for the 
hydrated preparations of Fig. 1. 

behaviour cont rasts  w i th  phosphat idy lse r ine  con ta in ing  systems, where 

Ca 2+ induces l a t e r a l  segregat ion of the phospha t idy lse r ine ,  a l low ing  the 

phosphat idy lethanolamine to reve r t  to the hexagonal HII  phase s t ruc tu re  

i t  prefers  in i s o l a t i o n  [ 15 ] .  

In summary, phospha t idy lg l yce ro l  assumes a b i l a y e r  o rgan isa t ion  on 

hyd ra t ion ,  and is able to s t a b i l i z e  b i l a y e r  s t ruc tu re  in the presence of 

unsaturated (HI I  phase) phosphat idy le thanolamine.  The in f luence  of 
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Ca 2+ on pure phosphatidylglycerol systems is sens i t ive  to the f a t t y  acid 

composition, and 31p NMR spectra ind ica t ive  of condensed c r ys ta l l i ne  

"cochleate" [21] s t ructure are only observed for saturated species in the 

presence of Ca 2+. F ina l l y ,  in mixed phosphat idy lg lycerolphosphat idy l -  

ethanolamine systems Ca 2+ can t r igger  b i l aye r -H l l  t rans i t i ons .  In 

such s i tua t ions ,  the phosphat idylglycerol  ac tua l ly  enters the HII phase 

matr ix.  
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