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Summary 

1. The polymorphic phase behaviour of aqueous dispersions of phosphatidyl- 
ethanolamines isolated from human erythrocytes, hen egg yolk and Escherichia 
coli have been investigated employing 31p NMR techniques. All species exhibit 
well defined, reversible bilayer to hexagonal (Hi l) phase transitions as the tem- 
perature is increased. The temperatures at which these transitions take place 
(10, 25--30 and 55--60"C for erythrocyte, egg yolk and E. coli phosphatidyl- 
ethanolamine, respectively) are sensitive to the fatty acid composition, 
occurring at a temperature up to 10°C above the high temperature end of the 
hydrocarbon phase transition as detected by differential scanning calorimetry. 
In some cases the bilayer to hexagonal (Hll)transit ions may also be detected 
employing calorimetric techniques. 

2. The addition of equimolar concentrations of cholesterol to these naturally 
occurring phosphatidylethanolamines does not dramatically affect the bilayer- 
hexagonal (H11)transition temperature, producing changes of  up to 10°C. 

3 .18  : l t /18  : It phosphatidylethanolamine undergoes the bilayer to hexa- 
gonal (H~) phase transition as the temperature is increased through the interval 
50--55°C. Alternatively, hydrated 12 : 0/12 : 0 phosphatidylethanolamine 
remains in the bilayer phase at temperatures up to 90°C (50°C above the hydro- 
carbon phase transition temperature). 

4. The presence of 100 mM NaC1 or 10 mM CaCI2 in aqueous dispersions of 
egg yolk phosphatidylethanolamine does not  alter the temperature-dependent 
polymorphic phase behaviour significantly. However, at 40°C, increasing the 
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p2H above 8.0 results in progressive inhibition of the hexagonal (/t~j) phase and 
the appearance of a phase possibly of  cubic structure at p2H 9.0. At p:H 10.0 
the bilayer phase is preferred. 

5. It is suggested that in biomembranes containing phosphatidylethanol- 
amine as a majority species (such as that of  E. coli) the fat ty acid composit ion 
may primarily reflect the need to maintain bilayer structure. Alternatively, it 
is pointed out  that in mammalian membranes such as that of the erythroeyte ,  
phosphatidylethanolamine tends to destabilize bilayer structure. The resulting 
possibility that transitory non-bilayer lipid configurations may occur may be 
directly related to many important  properties of biological membranes. 

Introduct ion 

Phosphatidylethanolamines are a major const i tuent  of  most  mammalian and 
bacterial cell membranes. It is therefore remarkable that  the physical proper- 
ties of  phosphatidylethanolamines and their relation to the structure and func- 
tion of biological membranes has received little attention. It has been known 
for some time that phosphatidylethanolamines from natural sources [1--3] 
of ten assume non-bilayer configurations such as the hexagonal (Hl~) phase at 
physiological temperatures and pH values, but  the influence of  such details as 
fat ty  acid composit ion,  ionic strength as well as the possible effects of  high 
concentrations of  'non-bilayer'  lipid in biological membranes has been largely 
ignored. More recently, however, it has been shown that unsaturated synthetic 
[4] and naturally occurring [5] phosphatidylethanolamines undergo bilayer to 
hexagonal (H~I) phase transitions at temperatures which appear sensitive to the 
fat ty acid composit ion.  Further,  it has been pointed out  that non-bilayer 
phases such as the hexagonal (H~I) phase may be intimately involved in such 
processes as transbilayer 'flip-flop' [5] and membrane fusion [6] phenomena. 

In this context  it is clearly important  to characterize the physical properties 
of  phosphatidylethanolamines,  with particular emphasis on the polymorphic 
phase behaviour and factors which may influence it, as a first step in under- 
standing the roles they may play in biological membranes. Such studies are 
described here for phosphatidylethanolamines isolated from the (human) 
erythrocyte ,  (hen) egg yolk and Escherichia coli as well as two species of  phos- 
phatidylethanolamine of  synthetic origin. 31p NMR techniques are employed 
which, as indicated elsewhere [5], provide a most  convenient method for 
investigating the polymorphic phase behaviour of phospholipids in model  [4,5, 
7,8] as well as biological [6,9] membranes.  

Materials and Methods 

Phosphatidylethanolamine was isolated from the total lipids of human 
erythrocytes,  egg yolk  and E. coli employing silicic acid column chromatog- 
raphy followed by carboxymethyl-cellulose column chromatography [10],  
resulting in phosphatidylethanolamine that was at least 99% pure as indicated 
by thin-layer chromatography.  1,2-Dilauroyl-sn-glycero-3-phosphorylethanol- 
amine (12 : 0/12 : 0 phosphatidylethanolamine) and 1,2-dielaidoyl-sn-glycero- 
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3-phosphorylethanolamine (18 : l t / 1 8  : It  phosphatidylethanolamine) were 
synthesized as described previously [4]. Cholesterol was obtained from Fluka 
(Buchs, Switzerland). 

Hydrated dispersions of  lipid were obtained from 50 to 100 mg phospholipid 
dissolved in chloroform, where the chloroform was removed by evaporation 
under nitrogen and subsequent overnight storage under vacuum. The lipid was 
then hydrated in 0.7 ml 2H20 (2 mM EDTA/25 mM Tris-acetic acid, p2H 7.0) 
by exhaustive (up to 0.5 h) vortexing employing a glass agitator in the lipid 
dispersions. The lipid dispersion formed was a particulate precipitate. 

31p NMR spectra were obtained on a Bruker WH-90 Fourier Transform 
spectrometer operating at 36.4 MHz. All spectra were obtained in the pres- 
ence of {20 W) broad band proton decoupling. Accumulated free induction 
decays were obtained from up to 10 000 transients, employing a delay time of 
83 tts, an interpulse time of 0.17 s and a 45 ° radio frequency pulse. 

Differential scanning calorimetry experiments were performed as described 
elsewhere [ 11]. 

Results 

The 31p NMR spectra obtained as a function of  increasing temperature for 
erythrocyte  phosphatidylethanolamine, egg phosphatidylethanolamine and 
E. coli phosphatidylethanolamine are illustrated in Fig. la,  Fig. l b  and Fig. lc ,  
respectively. Employing previous identifications of  the 31p NMR lineshape with 
the polymorphic phase adopted by the phospholipid [4--8] these results indi- 
cate a bilayer to hexagonal (H1~) phase transition for erythrocyte  phosphatidyl- 
ethanolamine in the region of  10°C, for egg phosphatidylethanolamine in the 
region of 25--30°C and for E. coli phosphatidylethanolamine in the region of 
55--65°C. All these transitions were fully reversible with a hysteresis of no 
more than 5°C. 

The calorimetric properties of  aqueous dispersions of  these three naturally 
occurring phosphatidylethanolamines are illustrated in Fig. 2. It may be noted 
that the bilayer to hexagonal (H~I) transition is observable for egg and erythro- 
cyte phosphatidylethanolamine, particularly in the cooling scans. The bilayer 
to hexagonal transition is not  resolvable employing calorimetric techniques for 
E. coli phosphatidylethanolamine however as the hydrocarbon phase transi- 
tion occurs at the same temperature. 

The observation of  the bilayer-hexagonal (HI~)transi t ion by calorimetric 
techniques for these naturally occurring phosphatidylethanolamines is in strong 
contrast to the behaviour observed for 18 : l c /18  : lc phosphatidylethanol- 
amine [11], for which no calorimetric transition is observed. This disparate 
behaviour must be related to the very heterogeneous fat ty acid composit ion of  
the natural phosphatidylethanolamines (cf. Table I) and indicates increased 
disorder of  the acyl chains in the hexagonal (H~)  phase. 

The fat ty  acid composit ion of  erythrocyte,  egg and E. coli phosphatidyl- 
ethanolamine are given in Table I. The high hydrocarbon transition tempera- 
ture of  the E. coli phosphatidylethanolamine employed in this s tudy is seen to 
result from the large proport ion of  cyclopropanecarboxylic fat ty  acids present, 
due to harvesting in the late exponential phase [ 12]. The increasing saturation 
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eig. 1. 36.4 MHz 3 t p  NMR spectra  of  aqueous  d ispers ion  of (a) h u m a n  e r y t h r o c y t e  p h o s p h a t i d y l e t h a n o l a m i n e ;  (b) hen egg yolk phospha t idy l~ : thano laminc :  (c) 

~. co l i  p h o s p h a t i d y l e t h a n o l a m i n e .  All dispersions c on t a ine d  2 5  m M  Tris-acet ie  acid ( p 2 H  7 . 0 )  and 2 m M  E D T A .  
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Fig. 2. Ca lor imet r ic  scans of  a q u e o u s  dispers ions  of  h u m a n  e r y t h r o c y t e  p h o s p h a t i d y l e t h a n o l a m i n e ,  egg 
yo lk  p h o s p h a t i d y l e t h a n o l a m i n e  and E. coli  p h o s p h a t i d y l e t h a n o l a m i n e .  A hea t ing  and  cool ing  ra te  of  5 ° C/ 
ra in was  e m p l o y e d .  All dispers ions  c on t a ine d  25 raM Tris-acet ic  acid ( p 2 H  7.0)  an d  2 m M  E D T A .  The  
e r y t h r o c y t e  p h o s p h a t i d y l e t h a n o l a m i n e  p r e p a r a t i o n  also co n t a in ed  30% b y  wt .  e t h y l e n e  glycol.  The  
do ub l e -headed  a r rows  ind ica te  the  m i d p o i n t  o f  the  b i l aye r -hexagona l  (H I 1 ) P o l y m o r p h i c  phase  t rans i t ion  
as d e t e c t e d  b y  31 p NMR (see Fig. 4). PE, p h o s p h a t i d y l e t h a n o l a m i n e .  
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Fig. 3. 36 .4  MHz 31p NMR spec t ra  of  a que ous  dispers ions  of  18 : l t / 1 8  : 1 t p h o s p h a t i d y l e t h a n o l a m i n e .  
The  dispers ion con ta ined  25 m M  Tris-acetie acid ( p 2 H  7.0)  and  2 m M  EDTA.  

Fig. 4. T e m p e r a t u r e - d e p e n d e n t  p o l y m o r p h i c  phase be ha v iou r  of  var ious  species of  p h o s p h a t i d y l e t h a n o l -  
amin e  of  na tu ra l  and  syn the t i c  origin. ×, soya  bean  p h o s p h a t i d y l e t h a n o l a m i n e ;  ~, h u m a n  e r y t h r o e y t e  
p h o s p h a t i d y l e t h a n o l a m i n e ;  o, 18 : l c / 1 8  : 1 c p h o s p h a t i d y l e t h a n o l a r a i n e ;  e ,  hen  egg yo lk  phospha t idy l -  
e thanolaznine;  ~, 18 : l t / 1 8  : 1 t p h o s p h a t i d y l e t h a n o l a m i n e ;  A, E.  co l i  p h o s p h a t i d y l e t h a n o l a m i n e .  The  
f rac t ion  o f  lipid in the  b i l ayer  or  hexagona l  (H 11 ) phase was e s t ima t ed  by  cu t t i ng  and weighing the  31 p 
NMR spect ra .  

observed for erythrocyte,  egg and E. coli phosphatidylethanolamine in turn 
corresponds to the progressive increase in the hydrocarbon transition tempera- 
tures as shown in Fig. 2. 

In order to ascertain whether the ability of  phosphatidylethanolamine to 
enter the hexagonal (H11 ) phase is dependent  on the presence of  c/s-unsaturated 
fat ty  acids or branched chain fat ty  acids, the polymorphic phase behaviour of  
18 : l t / 1 8  : It  phosphatidylethanolamine and 12 : 0/12 : 0 phosphatidyl- 
ethanolamine was also investigated. As indicated in Fig. 3 18 : l t / 1 8  : I t  phos- 
phatidylethanolamine enters the hexagonal ( H H )  phase in the interval 
50--55°C, whereas 12 : 0/12 : 0 phosphatidylethanolamine (data not  shown) 
remains in the bilayer phase at temperatures as high as 80°C (50°C above its 
hydrocarbon phase transition temperature as detected by differential scanning 
calorimetry [ 11] ). 

The temperature<tependent  polymorphic phase behaviour of  the various 
species of  phosphatidylethanolamine investigated here and in previous studies 
[4,5] are summarized in Fig. 4. It is to be noted that  the temperature interval 
over which the bilayer to hexagonal (H~)  phase transition occurs is of  the same 
order for phosphatidylethanolamines from natural sources, which have a very 
heterogeneous fa t ty  acid composit ion,  as it is for synthetic phosphatidyl- 
ethanolamines with a single species of  fa t ty  acid components .  This is in some 
contrast to the hydrocarbon phase transition which is markedly broader for 
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Fig. 5. T e m p e r a t u r e - d e p e n d e n t  p o l y m o r p h i c  phase b e h a v i o u r  of  var ious  species of  p h o s p h a t i d y l e t h a n o l -  
amine  in the  p resence  of  e q u i m o l a r  c o n c e n t r a t i o n s  of  choles te ro l :  o 18 : l c118  : 1 c p h o s p h a t i d y l e t h a n o l -  
a m i n e ;  n h u m a n  e r y t h r o c y t e  p h o s p h a t i d y l e t h a n o l a m i n e ;  o, egg yo lk  p h o s p h a t i d y l e t h a n o l a m i n e ;  A, E. coli 

p h o s p h a t i d y l e t h a n o l a m i n e ;  ,~, 18 : l t / 1 8  : i t p h o s p h a t i d y l e t h a n o l a m i n e .  Th e  a m o u n t  of  lipid in the  
b i l ayer  or  h e x a g o n a l  (H l l )  phase was e s t ima t e d  by  cu t t i ng  and  weighing  the  var ious  c o m p o n e n t s  of  the  
3 1p NMR spec t ra .  

phospholipids from natural sources (see, for example, ref. 13) than for well- 
defined synthetic phospholipids [14]. 

In Fig. 5 we summarize the temperature-dependent polymorphic phase 
behaviour of unsaturated phosphatidylethanolamines in the presence of 
equimolar concentrations of cholesterol. On comparing Fig. 5 with Fig. 4 it 
may be observed that  cholesterol appears to have a different influence on the 
bilayer to hexagonal phase transition temperature depending on the fat ty acid 
composition. In the case of  18 : l c /18  : lc phosphatidylethanolamine and E. 
coli phosphatidylethanolamine the transition temperature TBH is lowered by 
approx. 10°C. Alternatively, TBH is either not  significantly affected or slightly 
higher for 18 : l t / 1 8  : l t ,  egg and erythrocyte  phosphatidylethanolamine.  
These results are very difficult to interpret for the naturally occurring phospho- 
lipids, as cholesterol may preferentially associate with particular molecular 
species present. That  such possibilities may produce diverse effects is illustrated 
by the behaviour of  mixed phosphatidylethanolamine-phosphatidylcholine 
systems, where the presence of cholesterol destabilizes bilayer structure when 
unsaturated phosphatidylcholines are present, but stabilizes bilayer structure 
when saturated phosphatidylcholines are introduced [5,7]. It is also possible 
that  not  all of the cholesterol introduced is contained in the phospholipid 
matrix. The clearest indication of the influence of cholesterol on the behaviour 
of different species of phosphatidylethanolamine is therefore available from the 
data obtained for 18 : l c /18  : 1 c and 18 : l t / 1 8  : i t  phosphatidylethanol- 
amine, which would suggest that  cholesterol lowers the bilayer to hexagonal 
(Hll) t ransi t ion temperature for more unsaturated species. This is at variance 
with the observation that  equimolar cholesterol induces the hexagonal (H~I) 
phase in the region 80--90°C for 1 2 : 0 / 1 2 : 0  phosphatidylethanolamine 
{data not  shown), but  such observations are complicated by the much shorter 
chain length of the dilauroyl species which may also encourage the adoption of 
non-bilayer phases. In general the results indicate that  for pure phosphatidyl- 
ethanolamine cholesterol does not  induce dramatic effects on the polymorphic 
phase behaviour, is easily incorporated into the hexagonal (H~I) phase, and may 
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Fig. 6. 36.4 MHz 31 p NMR spec t ra  of  a que ous  dispersions of  egg yo lk  p h o s p h a t i d y l e t h a n o l a m i n e  at  40°C 
as a f u n c t i o n  of  p2H.  a, p 2 H  7.0;  b,  p 2 H  9.0;  c, p 2 H  10.0.  

Fig. 7. 36 .4  MHz 31 p NMR spec t ra  of  egg yo lk  p h o s p h a t i d y l e t h a n o l a m i n e  at  40°C,  d ispersed in 50 m M  
b o r a t e / N a O H ,  100  m M  NaCl (p2H 10.0) .  

lower the temperature somewhat (up to 10°C) at which the hexagonal (H,~) 
phase is first observed. 

The influence of monovalent and divalent cation concentrations and the p2H 
of the aqueous medium on the phase behaviour of phosphatidylethanolamines 
were also investigated, employing the species isolated from egg yolk. It was 
found that  the introduction of up to 100 mM NaC1 or 10 mM CaC12 had no 
appreciable effect on the temperature-dependent  polymorphic phase behaviour. 
Changes in the p2H did, however, have strong effects as detailed in Fig. 6. The 
31p NMR spectra depicted there were obtained at 40°C for a sample initially at 
p~H 7.0, where the p2H was raised incrementally by adding aliquots of 0.1 M 
NaOH while vortexing. At pH 9.0 a component  of the lipid in a phase allowing 
isotropic motional averaging is observed (cubic, rhombic or inverted micellar, 
see ref. 5) as indicated by the narrow spectral component  in Fig. 6b. At pH 
10.0 (Fig. 6c) the hexagonal (HlI )phase  is almost completely inhibited, and a 
substantial fraction of the lipid has adopted the bilayer phase, as indicated by 
the broad spectral component  with a low field shoulder. The preference of egg 
yolk phosphatidylethanolamine for the bilayer phase at these higher pH values 
is particularly obvious when the lipid is initially hydrated at pH > 9.0. As 
illustrated in Fig. 7, the 31p NMR spectra obtained for egg yolk phosphatidyl- 
ethanolamine hydrated in a buffer at pH 10.0 indicates that fully 90% of the 
lipid enjoys the bilayer phase, with a small component  in the phase allowing 
isotropic motional averaging. 
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D i s c u s s i o n  

The major result of this investigation is that  unsaturated phosphatidyl- 
ethanolamines from both natural and synthetic sources undergo well defined, 
coherent bilayer to hexagonal (HI~) phase transitions at a characteristic temper- 
ature which is sensitive to the fat ty acid composition. This transition occurs 
within 15°C of the high temperature end of the hydrocarbon phase transition. 
These observations considerably extend our understanding of the physical 
properties of phosphatidylethanolamines and have direct implications for the 
properties of phosphatidylethanolamines in biological membranes. 

In this regard, one of the motivations for this study was that  the predilection 
of unsaturated phosphatidylethanolamines for non-bilayer phases could not be 
reconciled with bilayer structure of such membranes as the outer membrane of 
E. eoli, where 85% of the membrane lipids are phosphatidylethanolamines 
[15]. The results presented here suggest that  E. coli compensates for the 
tendency of phosphatidylethanolamines to adopt the H~, phase by decreasing 
the degree of unsaturation of the consti tuent fat ty acids, thus raising the 
hydrocarbon phase transition temperature and, concomitantly,  the bilayer to 
hexagonal (H~t) transition temperature. In this context  it is possible that  the 
changes in the fat ty acid compositions of membranes of E. coli grown at dif- 
ferent temperatures [16] do not reflect a need to maintain a certain fluidity 
in the hydrocarbon region, but rather reflect the need to maintain the bilayer 
structure of the membrane, which is of course vital to cellular integrity. 

The observed polymorphic phase behaviour of the two phosphatidylethanol- 
amines isolated from mammalian sources also have important  implications. The 
most obvious of these is that  at physiological temperatures these components 
prefer non-bilayer (hexagonal H~ phase) structure, and will therefore tend to 
destabilize bilayer structure. The situation in the erythrocyte  membrane, where 
the phospholipid species are asymmetrically distributed across the bilayer [17], 
is of particular interest. At physiological temperatures the inner monolayer,  
which is comprised of  49% phosphatidylethanolamine,  25% phosphatidylserine, 
12% phosphatidylcholine and 12% sphingomyelin [16] must be considered to 
be somewhat unstable. The additional observation that  Ca 2+ can trigger iso- 
thermal bilayer to hexagonal (H~) transitions in mixtures of phosphatidyl- 
ethanolamine and phosphatidylserine (see reference 26) further suggests 
that  this instability is likely to be expressed when the intracellular concen- 
tration of Ca 2+ is raised, which may occur either as a result of ATP depletion or 
by introducing Ca 2+ ionophores. Thus it may be immediately speculated that  
the 'blebbing off '  of small vesicles from erythrocytes on ATP depletion [ 18] as 
well as simultaneous pronounced changes in erythrocyte morphology [19] may 
arise because of the tendency of the lipids in the inner monotayer to adopt 
non-bilayer configurations. In this regard the occurrence of intramembrane 
inverted phases as depicted in Fig. 6c of ref. 5 may serve as nucleation points 
for formation of the ejected vesicles, as well as serving to reduce the number of 
lipids actually comprising the inner monolayer,  thus producing the observed 
morphological changes. A related point is that  the appearance of phosphatidyl- 
ethanolamine in the outer monolayer of ATP-depleted erythrocytes [20] may 
correspond to an enhanced 'flip-flop' rate, via the model suggested elsewhere 
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[ 5], arising from the facilitated formation of intramembrane inverted lipid con- 
figurations. These possibilities are currently under active investigation. 

The results presented here show clearly that the presence of  at least trans 
mono-unsaturated liquid crystalline acyl groups are required to enable phos- 
phatidylethanolamines to adopt  the hexagonal (Hi j) phase. The requirement 
for the liquid crystalline state is fully consistent with early X-ray studies [21] 
where it is pointed out  that gel state phospholipids are always found in the 
bilayer configuration, presumably due to packing constraints in the hydro- 
carbon region. Similarly, the requirement of  a minimal degree of unsaturation 
is consistent with previous considerations [5] that the lipid molecule must  
exhibit a dynamic 'wedge'  or 'cone'  shape {where the polar region is at the 
smaller end of the cone) in order to assume such 'inverted' phases as the hexa- 
gonal (HI~). Finally, the observation that  cholesterol is easily incorporated into 
the hexagonal H ~  phase and may encourage its formation confirms previous 
studies [5,2] indicating cholesterol has a similar cone shape. However, the 
results presented here and elsewhere [5,7] show clearly that cholesterol exerts 
its most  dramatic effects in mixed lipid systems containing unsaturated phos- 
phatidylethanolamines and phosphatidylcholines, where it very actively 
promotes  the formation of  alternative phases such as the hexagonal (H1~) 
phase. 

The influence of  pH on the polymorphic phase behaviour of  egg phospha- 
t idylethanolamine clarifies some of  the rather confused literature concerning 
the behaviour of  phosphatidylethanolamines in model membrane systems. In 
particular, the observation that  the bilayer phase is stabilized at pH values 
above 9 is consistent with an ability to form liposomal multibilayer structures 
at such pH values [23] as well as the small unilamellar sonicated vesicles [24]. 
In this regard the observation of  an intermediary phase on raising the pH 
through 9.0, which is characterized by the possibility of  isotropic motional 
averaging is very similar to behaviour observed elsewhere [5,7] for lipids pro- 
gressing from an hexagonal H~I Configuration to the bilayer phase or vice-versa 
as the temperature is varied. X-ray studies [21] also report  the presence of  such 
intermediary phases, which may have cubic, rhombic or tetragonal [21] struc- 
ture, and also show that the area per lipid molecule at the hydrocarbon-water  
interface increases as the phospholipid assumes the hexagonal, ' intermediate' ,  
and bilayer phases in turn. Thus increasing the pH corresponds to increasing the 
area/molecule in the polar region, which would be entirely consistent with 
previous suggestions that  higher pH values eliminate the possibility of transi- 
tory intermolecular hydrogen bonding between the polar headgroups of  phos- 
phatidylethanolamines [23].  

In summary,  phosphatidylethanolamines have remarkable properties, the 
most dramatic being their tendency to adopt  the hexagonal (Hll) phase when 
in the liquid crystalline state. Such behaviour provides new insight into the 
dynamic structural and functional properties of  lipids in biomembranes.  In 
cases where phosphatidylethanolamines are a majority species it would appear 
that  the fat ty acid composit ion is adjusted to obtain maximal fluidity while 
ensuring the bilayer phase is maintained. Alternatively, in mammalian mem- 
branes phosphatidylethanolamines are a member  of  a class of  lipids which act 
to destabilize bilayer structure and promote  the formation of  alternative 
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phases. The occurrence and modulat ion of  such phases could lie at the heart of 
many biomembrane properties, ranging from fusion [6] to 'flip-flop' [5] to 
the action of  anaesthetics [26]. 
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