
Biockimim e! Biophysica Acta, 945 (1988) 161-166 161 
Elsevier 

BBA 74204 

Modulation of the bilayer to hexagonal phase transition 

of phOSl~tidylethanolmines by acylglyeerols 

Richard M. Epand, gaquel  F. Epand and C. Roy D. Lancaster 

Department of Biochemistry, McMa~ter Uni, wr, vi~, Hamilton. Ontario (Canada) 

(Received 27 June 1988) 

Key words: Bilayer-hexagonal phase tra~itior,; hexagonal phase; Phosphalidylcthanolamine; Acy|glycerol; 
Dfffermdal scannin$ calorimetry; NMR, ~]P- 

The effect el mono., di. and triaeyiglyeerols on the bilayer to hexagonal phase (1-1 n) transition was studied 
by. differential sc~min 8 calerimetry and StP.NMR spectresce~. The acylglycemls were mixed with either 
d l e l a i d o y l ~ y l e t h a n o l i n e  or with l .pa lmi toy l -2 .o leey l l~ le tbmohmine .  Acylglycerols of 
laurie, olek and shmrte acids were mgized. All el the aeylglyeerols lowered the bilayer to H u phase 
transition ~ .  Diaeylglycerols were much better H n phase promoters than monoacylglycerois while 
~aeylglyee~,~ were the most potent Mlayer plme destabilizers. Fatty acid ~fiea geaer'dly bad less el 
an effect except for the memaeylglyeemb where bilayer d e s t a l ~  inmmsed from monoludn to 
monostezdn to mommlein. 'lee meat marked difference in bebaviom' r e s u l ~  from ckanges in the hay acid 
mnpesition el ee  tcy~ycerol occumd with tristeadn. This was tie only acyl~ycerol wMcb decreased the 
b~ycr to H a phi,,  transition temperature only below a tool fraction el 0.005. Above this reel fraction, 
further addJfion of trlsteadn had no dfect on the bi~yer to H n phase transition. These results suggest that 
the tristearin im  limited solul~ty hi phmphatidylethanolmlne. 

Intmductiun 

Several of the properties of membranes are 
thought to be regulated by their propensity to 
convert from a stable bilayer arrangement of the 
phospholipids to non-bHayer structures [1]. The 
effect of additives on the rate of membrane fusion 
in model systems can often be correlated with the 
effect of these additives on the bilayer to hexago- 
nal (Hn) phase transition temperature [2]. Ad- 
ditives which raise the bilayer to H u phase transi- 
tion temperature generally inhibit membrane fu- 
sion [3]. Several of these bilayer stabilizing com. 
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pounds show antiviral activity [4-8]. Monolaurin 
has antiviral activity [9]. It is not known how 
monoacylglycerols affect the bilayer to H n phase 
transition temperature. The related compounds, 
diacylglycerols, lower the bilayer to H u phase 
transition temperature [10]. Does the extra hy- 
droxyl group on monoacylglycerols make them 
better bilayer stab'dizers than diacylglycerols or 
does the particularly short C~2 chain of laurie acid 
make the molecule a poor H u phase promoter? 

Another correlation exists between H u phase 
promotion and the activity of a membrane-bound 
enzyme. Uncharged and zwitterionic compounds 
which are bilayer stab'dizers inhibit the activity of 
protein kinase C while H u phase promoters are 
activators of this enzyme [11,12]. Diacyiglycerols 
are potent hexagonal phase promoters and are 
activators of protein kinase C in agreement with 
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this generalization. However, there aze fairly 
specific structural requirements for dia~:ylglyeeroi. 
related activators [13]. For example, tri- 
a¢~!glyccrols have tittle effect on the activity of 
this enzyme [14]. How does the effect of tri- 
acylglycerols on the bilayer to HII phase transi- 
tion compare with the effects of diacylglycerols? 

To answer these and other questions, we have 
undertaken a more systematic study of the effects 
of several mono-, di- and triacylglycerols on the 
bilayer to H n phase transition of dielaldoyl- 
phosphatidylethanolamine (DEPE) and 1-palmi- 
toyl-2-oleoylphosphatidylethanolamine (POPE). 
We have used acylglycerols containing laurie 
(12: 0), oleic (18: lc) and stearic (18: 0) acids. 

Materials and Methods 

Materials 
DEPE and POPE were purchased from Avanti 

Polar Lipids, Birmingham, AL. All acylglycerols 
were purchased from Nu Chek Prep. Inc,, Elysian, 
MN. Acyl groups are on position 1 of glycerol for 
the monoacTlglycerols and on positions 1 and 2 
for the diacylglycerols. 

Sample preparation 
The DEPE or POPE was dissolved together 

with an acylglycerol in a solution of chloroform 
and methanol (2:1, v/v), The solvent was 
evaporated with a stream of dry nitrogen so as to 
deposit the fipid as a f'dm on the walls of a glass 
test tube. Last traces of solvent were removed into 
a liquid nitrogen trap by placing the samples in a 
vacuum oven at 40 o C. The apparatus was main- 
tain~ under high vacuum for at least 90 min. The 
lipid film was then suspended in a pH 7.40 buffer 
of 20 mM Pipe, s, 150 mM NaCI, and 0.02 mg/ral 
NaN s. The tube was warmed to about 45 °C and 
vortexed vigorously for about 30 s. The final con- 
centration of DEPE or POPE was 5 mg/ml with 
varying amounts of acylglycerol admixed. The 
buffer and lipid suspensions were degassed under 
vacuum before loaded into the calorimeter. 

Differential scanning calorimetry (DSC) 
Lipid suspension or buffer was loaded into the 

sample or reference cell, respectively, of an MC-2 

high.sensitivity scanning calorimeter (Microcal 
Co., Amherst, MA). A scan rate of 39 K/h was 
generally employed. Second heating scans on the 
same sample were very similar to the first scan. 
Transition enthalpy values for phosphatidy- 
lethanolamine are inaccurate because of the diffi- 
culty in transferring these non-homogeneous sus- 
pensions to the calorimeter cell. Additions of 
acylglycerols did not alter the enthalpy values 
which remained within :t: 205 of the values previ- 
ously reported [15]. 

31P_NMR 
NMR spectra were recorded on a Braker WM- 

250 spectrometer operating at I01.26 MHz. The 
probe temperature was main,:ained to within :i:0.8 
K by a Bruker B-VT 1000 variable temperature 
unit. Temperatures were checked by thermocouple 
measurements. A 10 mm broad band probe was 
used. A vortex plug was inserted above the sample 
in the NMR tube. A spectral width of 29.4 kI-Iz 
was employed with an acquisition time of 0.279 s 
(16 K data points), The 90 o pulse width was 29.0 
~,s with composite pulse proton decoupling. FID's 
were processed using exponential multiplication 
(line broadening 50.0 Hz). Chemical shifts are 
expressed in ppm from an external reference of 
85~ phosphoric acid in 2H20. 

Results 

For each aeylglycerol tested, DSC heating 
curves were measured for a series of 6-8 samples 
with increasing tool fraction of additive. The bi- 
layer to H~I phase transition was fitted to a single 
van't Hoff component for each scan. The transi- 
tion temperature of this component was plotted 
against the tool fraction of acylglycerol in the lipid 
preparation. In general, these plots were linear 
with regression coefficients >i 0.99. Only in the 
case of the triacylglycerols (Figs. 1 and 2) and of 
dioiein (Fig. 3) are the curves markedly non-linear 
at higher tool fraction of additive. For these cases, 
the slope was determined at lower mol fraction of 
additive where the relationship was linear. These 
slopes are somewhat arbitrary since they depend 
on the range of tool fractions included for the 
analysis. They are presented to allow comparison 
with other compounds tested. The values for the 
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Fig. 3. Effect of monoolein ( a ~ a ) ,  diolein ( e - -  - -  - - e )  
and triolein (o - -  - -  - -  o) on the bilayer to H n phase transi. 

tlon temperaIure of DEPE. 

slopes of these plots are given in Table 1. The 
negative slopes indicate that the acylglycerols lower 
the bilayer to H.  phase transition temperature 
and are bilayer destabilizers. 

The effect of additives on the bilayer to H.  
phase transition temperature are generally at least 
an order of magnitude Beater than their effects on 
the gel to liquid crystalline phase transition tem- 
perature. This is also the case for di- and tri- 
acylglycerols. Monoacylgtycerols, however, which 
have relatively weak effects on the bilayer to H.  
phase transition of DEPE have comparable effects 
on the gel to liquid crystalline transition. Mono- 
laurin depresses the gel to liquid cryst',dline transi- 
tion temperature 1.5-times as much as it lowers 
the bilayer to H.  phase transition temperature. 
The extent of the shift in transition temperature is 
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Fig. 2. Effect of triacylglycerols on the bilayer to H ,  phase 
transition temperature of POPE. • a, trilaurin; 

• - -  - -  - - e .  triolein; c3 - -  - -  - -  o,  tristearin. 

dependent on the mol fraction of acylglycerol 
used. Monolein lowers the main transition only 
0.2 as m u c h  as it lowers the H u phase  transit ion.  

In  contras t ,  monos tea r in  which also lowers  the 

b i layer  to  H .  phase  t ransi t ion t empera tu re ,  raises 

the gel to  l iquid crystal l ine t ransi t ion t empe ra tu r e  

b y  0.4-t imes as much.  These  results d e m o n s t r a t e  

that  mono iau r in  can  have  substant ia l  effects  on  

the phase  t ransi t ion proper t ies  o f  D E P E  and  is 

therefore  par t i t ioning  in to  the m e m b r a n e ,  a t  least  

at lower temperatures. The behaviour of mono- 

TABLE l 

EFFECT OF ACYLGLYCEROLS ON THE BILAYER TO 
H .  PHASE TRANSITION TEMPERATURE OF PHOS- 
PHATIDYLETHANOLAMINE 

Additive Slope a DEFE 

Monolaurin - 1 3 ±  1 
Dilaurin -234+ 13 
Trilaurin -889:i: 56 b 

Monoolein - 7 9 +  5 
Diolein -450:~: 39 b 
Triolein - 925 ± 56 b 

Monostearin - 3 ° I  2 
Distearin - 270± 10 
Tristearin - 968 + 32 b 

Slope "0 POPE 

Trilaurin - 740+ 47 
TrioJein - 680 + 41 b 
Trist~rin -1000+200 b 

a Units are degrees/mo] fraction additives (see text). 
b Marked deviation from linearity at higher too| fractions, 
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Fig. 4. Eff=t of triacylglycerols on the 3tP-NMR spectra of POPE as a function of temperature and mol fraction of additive. One 
thousand scans were accumulated for each spectrum. Each sample contained 100 mg POPE in 0.7 ml Pipes buffer. 

stearin is unusual as most hydrophobic or 
amphiphilic compounds lower the gel to liquid 
crystallhe phase transition temperat,re of DEPE. 

The effects of the acylglycerols on DEPE and 
on POPE are similar. For a given fatty acid, 
triacyiglycerols have the greatest negative slope, 
followed by diacylglycerols and then Mono- 
acylglycerols (Fig. 3 and Table I). There is less of 
an effect of different fatty acids, particularly for 
triacylglycerols. However, there is a tendency for 
acylglycerols of oleic acid to have the largest nega- 
tive s!o~, followed by those of stearic acid and 
then the acylglycerols of lauric acid. The be- 
haviour of tristearin is unusual in that although it 
is a potent H.  phase promoter, its effect is mani- 
fested only below mol fractions of 0.005. Above 
this low mol fraction, tristearin has no further 
effect on either DEPE (Fig. 1) or POPE (Fig. 2). 
This is also observed with 31P-NMR spectroscopy 
(Fig. 4). The NMR results show that triolein but 
not tristearin markedly lowers the brayer to H .  
phase transition temperature of POPE between a 
mol fraction of 0.005 and 0.035. The POPE transi. 
lions at higher mol fractions of triolein could not 
be observed by DSC because of the broadness of 
the transition. 

Discussion 

A theory to quantitatively predict the relative 
stability of the h~ayer and H, phases is currently 

being developed. Among the factors which affect 
the position of equilibrium between these phase~ 
are the intrinsic radius of curvature of a mono- 
layer, hydration of the head group and hydro- 
carbon packing constraints [16]. Monoacylglycer- 
ols with two hydroxyl groups would have a larger 
polar region than diacylglycerols and be more 
hydrated. They would therefore tend to favour the 
bilayer phase compared with di- or tri- 
acylglycerols. This predicted relative order is found 
with triacylglycerols being the best H.  phase pro- 
moters and monoacylglycero~'s the worst. There 
may also be a contribution resulting from the 
different molecular weights of the additives. Thus, 
if monoacylglycerols and triacylglycerols were pre- 
sent at equal mol fractions then the tri- 
acylglycerols would be present at a greater weight 
fraction and therefore be able to expand the hy- 
drocarbon phase of the membrane to a greater 
extent. This factor, however, cannot explain the 
larger differences in brayer destabilization that we 
observed among the acyigiycerols (Table I). 

Oleic acid should have much more tendency 
toward hexagonal phase formation than the 
saturated acids since the cis double bond in- 
troduces a kink in the acyl chain leading to expan. 
sion of the center of the bilayer. The di- 
acylglyceroI, 1-oleoyl-2-arachidonyl glycerol has 
been found to be particularly potent in promoting 
H. phase formation [17]. However, this factor 
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does not result in great differences among di or 
triacylglycerols in their effect on the bilayer to H .  
phase transition temperature. Another factor in- 
fluencing the effect of these compounds is their 
partitioning into the pbosphatidyethanolamine. 
rich phase of the membrane. Monolaufin being 
the least hydrophobic and most polar of the com- 
pounds studied may have little effect on the phase 
transition temperature because it does ~ot mix 
well wi~ DEI'E. ilow;;ver, mo~olau~ is capable 
of lowering the gel to liquid crystalline phase 
transition temperature and therefore must parti- 
tion, at least to some extent, into the membrane 
phase. 

Monolaurin has been shown to have antiviral 
activity [9]. This activity is not a result of a potent 
bilayer stab'flizing ability of this compound. 
Neither is monolattrin a Hn phase promoter; its 
lack of substantial effect on fipid polymorphism in 
this model system would not rule out a bilayer 
stabilizing effect in the more complex environ- 
merit of a biological membrane, 

Based on their promotion of H~ phase forma- 
tion, triacylglycerols would be expected to be 
activators of protein kinase C [11,12]. These sub- 
stances have no effect on the activity of protein 
kinase C [14] compared to their H .  phase-promo- 
ting activity. Triacylglycerols are not exceptions to 
the rule which states that uncharged substances 
which affect the activity of protein kinase C will 
be activators if they are H .  phase promoters. 
There is no quantitative relationship between the 
slope of a mole fraction vs. transition temperature 
plot and effects on protein kinase C activity [11,12]. 

Perhaps the most interesting and unexpected 
result of the present study is the marked dif- 
ference between the effects of triolein and tri- 
stearin on the bilayer to Hn phase transition. At 
very low mol fractions below 0.005, both tri- 
acylglycerols affect the phase transitions of DEPE 
and POPE in a similar fashion. As the concentra- 
tion of triacylglycerol in the membrane increases 
above 0,005, triolein continues to lower the phase 
transition temperature while tfistearin has no fur- 
ther effect. It is possible that only a small amount 
of tristearin is soluble in the phosphatidy- 
lethanol~mine membrane and that further ad- 
dition of tristeafin results in the formation of 
tristearin-rich domains. This is consistent with the 

lack of effect of tristearin on the cooperativity of 
the bilayer to H .  phase transition between a mol 
fraction of 0.005 and 0.05. It has recently been 
shown that plasma membranes of some cell fines 
contain substantial amounts of triacylglycerol [18]. 
This triacylglycerol is contained in non.bi]aycr 
domains and may increase membrane permeabil- 
ity [18]. Little is known about the fatty acid com- 
position of this triacylglycerol. It is also interest- 
mg that consumptk,~ of saturated fats is more 
correlated with cardiovascular disease than is the 
consumption of unsaturated fats. If saturated fats 
are more prone to form separated domains in 
phosphatidylethanolamine-rich areas of the mem- 
brane, they may cause more profound changes in 
membrane properties because of the existence of 
phase boundaries between phospholipid-rich and 
triacylglycerol-rich domains. The saturated tri- 
acylglycerols would therefore be more damaging 
to the cell and would be more prone to form 
triacylglycerol-emiched plaques. 
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