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We have used lipid mixing, contents mixing and contents-leakage assays to characterize the divalent cation-mediated 
interactions of vesicles composed of various headgroup-modified analogues of phosphatidylethanolamine, PE (N- and 
C-2-alkylated derivatives, and analogues with increased separations of the phosphoryl and amino groups) together with a 
low mole percentage of phosphatidylserlne (PS). Vesicles containing different structural analogues of PE exhibit 
marked differences, both in the threshold divalent cation concentrations that are required to initiate veslcle-vesicle 
interactions and in the rates of contents mixing and leakage observed at snprathresholds divalent cation concentrations. 
The efficiencies of divalent cation.promoted contents leakage, and to a slightly lesser extent tltose of contents mixing, 
for P S / P E  (analogue) vesicles show a marked inverse correlation with the lamellar-to-hexagonal Ii  transition 
temperature ( I n )  of the PE (analogue) component. However, the destabi!ization kinetics for such vesicles show no 
abrupt changes over the temperature range around the equilibrium T H value measured for the vesicle lipids. Vesicles 
combining PS with different PE analogues exhibit divalent cation thresholds for aggregation that are not correlated with 
the Tn values of the PE (analogue) components but appear instead to be correlated with the equilibrium interbilayer 
separations measured in multilamellar dispersions of these species. We have identified headgroup-medified analogues of 
PE that can be used to prepare vesicles that fuse more rapidly under a given set of conditions, or that show a better ratio 
of fusion-to-contents-leakage rates, than do PE-containing vesicles. These results may be useful both for understanding 
better the bases for the high fusion-supporting ability of PE and for the preparation of lipid vesicles '~ailored' for 
particular waetieal applications. 

Introduction 

Of the neutral phospholipids commonly found in the 
membranes of higher organisms, PE is exceptional in its 

Abbreviations; ANTS, 8-aminonaphthalene-l.3,5-trisulfonic acid, dis- 
odium salt; DPX, N,N'-p-xylylenebi~pyridinium bromide); DEPB, 
dielaidoylphosphatidyl-4-amino-l-butanol; DEPE. dielaldoylphospha- 
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temperature. 
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tendency to favor the destabilization and fusion of 
bilayer lipid membranes. This property of PE has been 
exploited in the construction of various type~ of PE-rich 
lipid vesicle, including immunoliposomes [1-3], pH-sen- 
sitive liposomes [4-13] and cationic liposomes [14,15], 
which have been used to dehver hydrophilic bioactive 
molecules to animal cells. 

The relatively weak hydration of the PE hcadgroup 
[16] and the ability of unsaturated PEs to form non- 
lamellar structures under near-physlological conditions 
[17-19] have been suggested to be important physical 
determinants of the strong fusion-supporting activity of 
this lipid [16-26]. The relative importance of these (and 
possibly additional) factors in determining the overall 
fusion-promoting ability of PE remains to be fully 
assessed. The specific structural features of the PE 
headgroup that determine the fusion-supporting proper- 
ties of this lipid have also so far not been definitively 
assigned. Among factors of possible importance in this 
regard are the relatively small size of the PE headgroup, 
the high hydrogen-bonding capacity of the amino group, 
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and an optimal spacing of the amino and phosphoryl 
groups that may facilitate the formation of cooperative 
networks of hydrogen bonds among neighboring lipid 
molecules [27]. 

We have recently characterized the physical proper- 
ties of a variety of PE analogues with modified 
headgroup structures [28,29]. The results of these stud- 
ies have helped to define better the structural bases for 
some of the distinctive physical properties of PE, in- 
eluding its relatively weak surface hydration and its 
propensity to form nonlamellar structures. In the pre- 
sent study, we have examined the fusion-supporting 
abilities of a variety of PEs and headgroup-modified PE 
analogues by measuring the cation-regulated interac- 
tions of LUVs that combine these species with low mole 
fractions of anionic lipids. The results of these experi- 
ments help to define better the physical and structural 
features of PE that constitute the primary determinants 
of its strong fusion-supporting abilities. Through this 
work, we have identified certain PE analogues that can 
be used to prepare lipid vesicles that show higher 'fu- 
sion competence' than do vesicie~ containing the corre- 
sponding PE. These analogues of PE may be useful in 
the construction of liposomes that offer enhanced rates 
of fusion and/or destabilization under particular condi- 
tions for specific practical applications 

Materials and Methods 

Materials 
Derivatives of PE in which the ethanolamine moiety 

is replaced by 3-amino-l-propanol, 4-amino-l-butanol, 
DL-2-amino-l-propanol, l~L-2-amino-l-butanol, N- 
methylethanolamine or N-ethylethanolamine were pre- 
pared from the corresponding phosphatidylcholines 
(obtained from Avanti Polar Lipids, Birmingham, AL) 
by phospholipase-D-mediated transphosphatidylation as 
described previously [30,31]. Phosphatidylserines, phos- 
phatidyl 2-amino-2-methyl-l-propanols and phosphati- 
dyl 2-amino-3-methyl-l-butanols were synthesized from 
the corresponding phosphatidie acids as described 
elsewhere [28,29,32]. N-Palmitoyl-2-aminopalmitic acid 
was synthesized as described previously [11]. N-NBD-PE 
was obtained from Avanti Polar Lipids, and N-Rho-PE 
was synthesized from transphosphatidylated egg PE as 
described elsewhere [33]. 

ANTS and DPX were obtained from Molecular 
Probes (Eugene, OR) and used as received. Diethyl 
ether used in the preparation of reverse-phase evapora- 
r~on vesicles was twice washed with distilled water and 
then redistilled before use. All other solvents used in 
lipid preparations were redistilled before use. All in- 
organic chemicals and buffers were of at least reagent 
grade. 

Methods 
LUVs were prepared by reverse-phase evaporation 

and filtration through 0.1 ~tm pore-size Nucleopore 
membranes as described by Wilsehut et al. [34]. Vesicle 
encapsulated volumes were determined by measuring 
trapping of either carboxyfluorescein [34] or 
ANTS/DPX [5]. Lipid mixing between vesicles was 
assayed by the procedure of Struck et al. [33], using 
vesicles labeled with 1 tool% NBD-PE and 0.35 mol% 
N-Rho-PE together with a 9-fold excess of unlabeled 
vesicles. Mixing and leakage of vesicle contents was 
assayed by the procedures of Ellens et al. [5,9], using 
vesicles loaded in the former case with either 90 mM 
DPX or 50 mM ANTS, and in the latter case with 45 
mM DPX plus 25 mM ANTS. All solutions used in 
vesicle preparations contained 0.1 mM EDTA plus 2 
mM histidine and 2 mM Tes (pH 7.4) and were ad- 
justed with NaCI to an osmolarity equivalent to that of 
150 mM NaCl/2 mM Tes/2 mM histidine/0.1 mM 
EDTA (pH 7.4). Vesicle phosphofipid concentrations 
were assayed by the procedure of Lowry and Tinsley 
[35], with the modification that samples were digested 
for at least 4h. 

Lamellar-to-hexagonal II phase transition temper- 
atures of PE (analogne)/PS mixtures were determined 
using a Microcal MC-1 differential scanning calorimeter 
as described previously [32]. Samples containing 10 
#mol of phospholipid were dispersed in 0.8 ml of 140 
mM NaCI/20 mM Tes (pH 7.4), then mixed with 
calcium or magnesium chloride to a final concentration 
of 20 mM and incubated for 2 h at 30°C (for POPE- 
containing samples) or 0 °C (for DOPE-containing sam- 
ples) and finally incubated overnight at 0°C. Sample 
thermograms were recorded at a heating rate of 24 
C° /h .  

Results 

Fusion-supporting ability of head-group modified DEPE 
analogues 

In Table I are shown the structures of the alkanola- 
mine moieties of the headgtoup-modified analogues of 
PE that were examined in this study. All of these PE 
analogues could be used to prepare reverse-phase 
evaporation vesicles when combined with 25 tool% PS. 
After filtration through 0.1 /~m Nucleopore filters, the 
trapped volumes of such vesicles, measured by their 
retention, of carboxyfluorescein, were very similar (typi- 
ca!!y 2.5-3 #l/btmol lipid), regardless of from which PE 
analogue they were prepared. All of the experiments 
described in this paper were carried out using vesicles 
prepared in this manner. 

In Fig. 1 are shown time-courses of calcium-induced 
lipid mixing, contents mixing and leakage, measured as 
described in Materials and Methods, for LUVs pre- 
pared from DEPE, or one of three headgroup-modified 



TABLE l 

Structures of the alkanolamine groups of the PE analogues examined 

Abbreviation Alkanolamine group 

+ 
PE - -O--CHz--CHz--NH 3 

+ 
PP --O--CH2--CH2--CH2--  NH:~ 

PB --O--CHa--CH2--CH2--CH2--NH 3 
+ 

N-Methyl PE --O--CH~--CH2--NH2--CH 3 
+ 

N-Ethyl PE --O--CH~--CH2--NH~--CH2--CH ~ 
+ 

C-2-Methyl PE - -O- -CH2--CH--NH 3 

CH3 
CH3 
I + 

C-2-Dimethyl PE - -O- -CH2--CH--NH 3 

CH3 
+ 

C-2-Ethyl PE - - O - - C H 2 - - ? H - - N H  3 

CHz--CH 3 
+ 

C-2-lsopropyl PE - -O- -CH2- -~H- -NH 3 

/ C I t  
CH~ ~CH 3 
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Fig. l. Time-courses of lipid mixing ( - - ) ,  contents mixing 
(-- -- --) and contents leakage ( . . . . . .  ), measured by fluorescence 
assays as described in Materials and Methods, when vesicles combin- 
ing 25 tool% DEPS with DEPE, DEPB. dielaidoylphosphatidyl 2- 
amino-l-butanol (C-2-ethyl) or dielaidoylphosphatidyl-H-ethyl- 
ethanolamine (N-ethyl), were exposed at zero time to calcium at a 
concentration equal to roughly twice the threshold concentration. The 
curves shown were recorded at 4, 5, 7.5 and 30 mM calcium, respec- 
tively, for the vesicles containing DEPE. DEPB, C-2-ethyl DEPE and 
N-ethyl DEPE. All assays were performed at 45 o C, using a total lipid 
concentration of 30/~M, For the lipid.mixing assay, a 1:9 ratio of 
labeled to unlabeled vesicles was used, while for the contents-mixing 
assay, a 1:4 ratio of" ANTS-containing to DPX-containing vesicles 
was used. Other experimental details were as described in Materials 

and Methods. 

183 

~_ 2OO 

~x 

,00 

8 

C2-ETHYL " 
• /  

DEPE o 

ETHYL 

/.~ . . . . . . . .  ~ 7 ' - - '  
I 0 20  50 

CALCIUM (mM) 

Fig. 2. Initial rates of contents mixing, measured by the ANTS/DPX 
assay, when vesicles combining 25 mol% DEPS with DEPE (o), 
DEPB (IlL dielaidoylphosphc.tidyl 2-amino-l-butanol (@) or di- 
elaidoylphosphatidyl N-ethyl ethanolamine (a) were mixed at zero 
time with calcium chloride at the indicated concentrations. Details of 
the contents-mixing assay were as described in the legend to Fig. l. 

analogues, together with 25 mol% DEPS. For  each of  
these types of  vesicle, the initial rate of  l ipid mixing is 
substant ial ly  faster than that  of  contents  mixing or of 
contents  leakage *. The effective reaction order for the 
l ip id-mixing process (determined by varying the vesicle 
concentrat ion) was nearly 2,0 for all of  these prepara- 
t ions of  vesicles at either high or low concentrations of  
divalent  cat ions (results not  shown), indicat ing that  the 
process is rate-l imited by vesicle aggregation [36]. By 

contrast,  the effective reaction orders for the mixing and 
leakage of  vesicle contents were in most  cases substan- 
tially lower, indicat ing that these processes were not 
strictly aggregation rate-limited. 

In Fig. 2, the init ial  rates of  contents mixing mea- 
sured for the four vesicle preparat ions described above 
are shown as a function of the added calcium con- 

* Under our experimental conditions, a single round of interactions 
between simple pairs of vesicles would produce roughly 457o of the 
maximum possible fluorescence change in the lipid-mixing assay, 
roughly 8n% of the maximum in the contents-mixing assay and 
100% of th~ maximum in the contents-leakage assay. To avoid 
excessive (and, to some extent, model-dependent) corrections to the 
primarj data presented in this paper, the initial rates presented in 
the figures and tables have not been corrected for the above effect. 
However, this factor should be taken into account in comparing the 
results of the different types of assay in Tables il and IlL particu- 
larly in comparing measured rates of lipid mixing to those mea- 
sured for mixing and leakage of aqueous eonrems. 
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centration. Each type of vesicle preparation exhibits a 
characteristic threshold concentration of calcium, only 
above which is contents mixing observed. Essentially 
identical threshold coneentratiors of calcium were re- 
quired to produce detectable lipid mixing, contents mix- 
ing or contents leakage for vesicles of a given composi- 
tion (data not shown). For simplicity, in the remainder 
of this paper we will refer to this quantity simply as the 
'calcium threshold' for a given type of vesicle. Since the 
calcium threshold varies considerably for vesicles with 
different compositions, it is inappropriate to compare 
the interacticr.:, of different types c,f vesicle at a single 
fixed concentration of calcium. Instead, as a more uni- 
form measure of the 'fusion competence' of different 
types of vesicle, we define a quantity termed the 'ef- 
ficiency' of contents mixing, which corresponds to the 
rate of contents mixing at a calcium concentration equal 
to twice the threshold [32]. Analogous quantities are 
defined in the same manner for the processes of lipid 
mixing and contents leakage. 

In Table II we compare the divalent-cation thresholds 
and the efficiencies measured at 42°C  for the calcium- 
and magnesium-induced interactions (lipid mixing, con- 
tents mixing and leakage) of LUVs prepared from vari- 
ous DEPE analogues together with DEPS (75:25 
mol/mol).  The lirid-mixing effieieneies measured for 
such vesicles generally vary less dramatically with the 
headgroup structure of the PE analogue component 
than do the efficiencies of contents mixing and leakage. 
This result probably reflects the fact that lipid mixing 
between such vesicles is largely aggregation-limited un- 
der our experimental conditions; it was not technically 

feasible in most cases to overcome this limitation by 
working at much higher vesicle concentrations [36]. It 
appears that the rate constant for vesicle aggregation in 
these systems is in general a less sensitive function of 
the vesicle composition than are the rate constants for 
subsequent fusion and destabilization of the vesicles. 

As is illustrated in Table II, replacement of the PE 
component in DEPE/DEPS  vesicles by a headgroup- 
modified analogue can strongly alter both the efficien- 
cies of divalent cation-promoted vesicle fusion and de- 
stabilization and the divalent-cation thresholds mea- 
sured for these processes. Different types of modifica- 
tions of the PE headgroup produce distinct patterns of 
effects on these quantities. Vesicles containing N-alkyl 
derivatives of DEPE, for example, exhibit much higher 
divalent-cation thresholds, and show generally lower 
efficiencies of fusion, than do similar vesicles containing 
DEPE. Interestingly, while vesicles containing N-ethyl 
DEPE exhibit much higher divalent-cation threshold 
than do vesicles containing N-methyl DEPE, the ef- 
ficiencies of contents mixing measured for DEPS/N-  
ethyl DEPE vesicles are comparable to or greater than 
those measured for DEPS/N-methyl  DEPE vesicles. 
This result illustrates the general finding that the ef- 
ficiencies measured for the fusion (or destabilization) of 
vesicles combining PS with different analogues of PE 
show no clear and systematic relationship to the diva- 
lent-cation thresholds measured for these vesicles (see 
Tables I and II  and Fig. 2). 

In contrast to the behavior of DEPS/N-alkyl DEPE 
vesicles, vesicles that combine DEPS with C-2-alkylatod 
derivatives of DEPE show substantially higher efficien- 

TABLE n 

ThreshoM divalent-cation concentrations and efficiencies measured for the ¢atcmm- and magneMum-promoted interactions of DEPS/DEPE (Analogue) 
vesicles 

Neutral lipid Calcium Efficiency of calcium-promoted Magnesium Efficiency of magnesium-promoted Ttt ( ° C) t, 
component threshold l i p i d  conten ts  leakage a threshold lipid contents leakage a 

(raM) (mM) mixing mixing a mixing a mixing a 

DEPE 1.7 107 32.6 3.2 3.0 76 1,*.1 1.7 63.5 
DEPP 2.0 143 15.1 0.9 3.5 93 6.5 0.46 88.5 
DEPB 2.0 152 9.3 0.45 4.2 89 6.4 0.14 > 95 
N-Methyl DEPE 7.0 t60 15.6 1.45 11.0 118 5.3 0.24 > 95 
N-Ethyl DEPE 18.2 54.1 52.1 1.35 23 28.7 5.2 0.06 > 95 
C-2-Methyl DEPE 4.0 267 47.7 24 7.3 179 18.9 5.2 57.5 
C-2-Dimethyl DEPE 5.O 181 145 78 9.5 158 70 39 55.5 
C-2-Ethyl DEPE 4.8 175 181 23 9.5 180 242 10 < 47.8 ¢ 
C-2-lsopropyl DEPE 4.0 122 122 73 7.0 200 162 67 < 62.0 c 
Dipalmitelaidoyl PE 1.9 154 10.6 1.75 3.0 143 8.1 0.45 92.5 

a All rates were determined at 42°C and are presented as a percentage of the maximum possible fluorescence change per minute. Other assay 
conditions were as described in the legend to Fig. 1. 

b From Refs. 29 and 39. 
c Values listed are for a direct transition of a dehydrated gel phase to the hexagonal It phase. Since the liquid-crystalline phase is metastable with 

respect to the dehydrated gel phase at all temperatures below this transition, a direct transition from the liquid-crystalline lamellar phase to the 
hexagonal It phase could not be observed for these species. However, the temperature of this transition (T• as defined for the other species listed 
in this table), if it could be observed, would have to lie below the value listed in the table. 



185 

TABLE Ill 

Threshold divalent-cation concentrations and efficiencies raeasured for the calcium- and magnesium-promoted tntera~Wons o[ vesicles combining DOPS 
with cis.unsaturated PE analogues 

Neutral lipid Calcium Efficiency of calcium-promoted Magnesium Efficiency of magnesium-promoted TH( o C1 h 
component threshold lipid contents leakage ~' threshold lipid contents Ieakage J 

(raM) mixing a mixing (raM) mixing " mixing a 

DOPE 1.8 70 43 40 3.0 39 13.8 43 8 
DOPP 2.0 87 15.7 9 .2  3.5 90 10.0 7.4 35 
DOPB 2.0 115 17.6 7.4 3.5 131 12.7 2.9 80 
N-Methyl DOPE 9.0 43 35 24.5 13 21 g.3 5.6 70 
N-Ethyl DOPE 17.0 193 66.4 31 22 139 l 1.9 3.4 71.5 
C-2-Methyl DOPE 5.0 218 n.d. c 107 9 128 n.d. ~ 130 < 5 
C-2-Dimethyl DOPE 7.5 325 n.d. ~ 322 10 174 n.d. ~ 221 < 5 
C-2-Ethyl DOPE 9.5 134 69.2 96 11 106 38.9 197 < 5 
Dipalmitoleoyl PE 1.8 - a a 17.0 3.0 a a 4.5 43.5 

POPE 1.8 85 5.3 1.33 3.0 41 .l 4.3 0.65 69.0 
POPP 1.8 49 - a 0.22 3.0 32.4 _ a 0.15 > 95 
N-Methyl POPE 10 27.5 _ a 0.35 13.5 14.8 _ a 0.24 > 95 
C-2-Mcthyl POPE 4.5 154 4.5 7.0 68.4 1.15 62.3 

a Initial rates were determined at 25°C and are presented as percentages of the maximum possible fluorescence change per minute. Other reaction 
conditions were as described in the legend to Fig. I. 

b From Refs. 29 and 39 and unpublished calorimetric observations. 
c n.d. The maximum fluorescence change for these samples was too small, and the initial rate of the fluorescence signal change was too rapid, to 

permit accurate quantitaticn of the rate of contents mixing. 
a Not determined. 

cies of  divalent-cat ion-mediated fusion and leakage than 
do  similar vesicles conta ining DEPE.  This  effect is more  
p ronounced  for vesicles that  conta in  D E P E  analogues 
with more  extensive modif icat ions at C-2 of  the 
e thanolamine  group (see Table  I1). In general,  replace- 
men t  of  the PE componen t  in D E P E / D E P S  vesicles by 
C-2-alkylated PE leads to a greater  enhancemen t  in the 
efficiency o f  divalent-cat ion-induced contents  leakage 
than  in the efficiency of  contents  mixing. Interest ingly,  
however,  vesicles conta ining the C-2-ethyl derivat ive of  
D E P E  exifibit a large enhancemen t  in fusion (contents  
mixing) efficiency when  compared  to D E P E / D E P S  
vesicles, without  a greatly d ispropor t ionate  increase in 
their  rates of  contents  leakage in the presence of  ei ther  
calc ium or  magnes ium.  Vesicles composed  of  D E P S  
plus  C-2-alkylated derivat ives of  DEPE,  even though 
they show higher  efficiencies of  fusion than do  
D E P S / D E P E  vesicles, nonetheless require  substantial ly 
higher  threshold concentra t ions  of  divalent  cations to 
elicit vesicle fusion than  do  D E P S / D E P E  vesicles. 

Modificat ion of  the D E P E  headgroup  by addi t ion of  
extra  methylene residues be tween the phosphoryl  and  
amino  groups produces  a different  pa t te rn  of  changes  in 
the fusion-support ing ability of  this lipid. Vesicles com-  
bining DEPS with D E P P  or  DEPB exhibit  divalent-  
cat ion thresholds comparab le  to those measured  for 
D E P E / D E P S  vesicles. Moreover ,  the efficiencies of  di- 
valent-cat ion-mediated lipid mixing are  somewhat  highec 
for vesicles containing D E P P  or  DEPB than for vesicles 
containing D E P E  itself. How~.ver, the efficiencies of  

contents  mixing and contents  leakage measured for 
such vesicles decline progressively as the D E P E  compo-  
nent  is replaced successively by its 3-amino- l -propanol  
and 4--amino-l-butanol  analogues. 

I t  can  be concluded from the da ta  in Table  11 that,  
while the fusion-support ing ability of  a given D E P E  
analogue is clearly affected by the s tructure of  the polar  
headgroup,  the bases for these effects are  relatively 
complex and do not  rest on such simple features of  the 
headgroup  s tructure ,~s the size of  the polar  moiety.  
Some aspects of  the fusion-supporting abilities of  vari-  
ous D E P E  analogues can be  more  simply correlated 
with their lamellar- to-hexagonal  II  phase transition 
temperatures ,  T n, which are listed in the final co lumn 
of Table  II.  Specifically, the efficiencies of  calcium- and 
magnes ium-promoted  contents  mixing and contents  
leakage for different  types of  D E P E ( a n a l o g u e ) / D E P S  
vesicles show a s t rong inverse correlat ion with T H. By 
contrast ,  the efficiencies of  lipid mixing measured  for 
such vesicles show only a weak  correlation, and the 
divalent-cat ion thresholds show no clear correlation, 
with the T H value of  the neutral  lipid component .  

Ef fec t s  o f  a c y l  chain  composi t ion  

Previous studies [17-19,21,22,25,37,38] have shown 
that  the po lymorphic  phase behavior  and.  to some 
extent,  the fusion-support ing propert ies of  a given type 
of  PE depend  significantly on  its acyl chain composi-  
tion. T o  generalize the results described above concern-  
ing the effects of  headgroup  s tructure on  the fusion-sup- 
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porting abilities of DEPE analogues, we therefore ex- 
amined also the divalent-cation-mediated interactions 
of vesicles tha'~ contained PE or PE analogues with 
other types of acyl chain. In Table Ill we summarize the 
results of a series of measurements of the divalent- 
cation-mediated interactions of vesicles that combine 
various cis-unsaturated PEs, or their headgronp-mod- 
ified analogues, with DOPS. The divalent-cation 
thresholds measured for such vesicles are generally quite 
comparable to those measured for similar vesicles con- 
raining the corresponding dielaidoyl lipids (see Table 
If). By contrast, the effieieneies of divalent-cation-in- 
duced contents mixing and leakage for such vesicles 
depend strongly on their acyl chain composition. More- 
over, the relative rates of lipid mixing, contents mixing 
and leakage measured for vesicles containing PE or a 
particular PE analogue also depend strongly on the 
lipid fatty acyl composition. For example, vesicles con- 
taining analogues of DOPE typically show much greater 
rates of divalent-cation-promoted contents leakage, rel- 
ative to their rates of lipid and contents mixing, than do 
vesicles containing the corresponding analogues of 
DEPE or POPE. 

While the fusion-supporting ability of a PE (or PE 
analogue) clearly varies with its fatty aqyl composition, 
a given structural modification to the headgroup of a 
'parent" PE modifies its fusion-supporting properties in 
a generally consistent manner regardless of the fatty 
acyl composition of the parent species. As can be seen 
from Table III, N,alkylatious, or the addition of extra 
methylene residues, to the ethanolamine moiety of 
DOPE affect the fusion-supporting ability of this species 
in a manner very similar to that observed when DEPE 
is similarly modified (Table II). C-2-alkylated deriva- 
tives of DOPE, like the corresponding derivatives of 
DEPE, give vesicles that show considerably greater ef- 
ficiencies of leakage in the presence of divalent cations 
than do similar vesicles containing the parent PE. Ap- 
parently because of this fact, vesicles combining DOPS 
with C-2-methyl or -dimethyl DOPE showed only a 
very limited extent of contents mixing under our experi- 
mental conditions, precluding accurate determination of 
contents-mixing rates for these vesicles. However, 
vesicles prepared from DOPS plus C-2-cthyl DOPE 
showed substantial contents mixing under our assay 
conditions, with an efficiency significantly greater than 
that observed lot DOPS/DOPE vesicles. At least 
qualitatively, therefore, the effects of C-2-alkylations on 
the fusion-supporting ability of DOPE are comparable 
to those observed when DEPE is similarly modified. 

As was observed for the DEPE analogues described 
above, the efficiencies of divalent-cation-induced con- 
tents mixing and leakage for the vesicle preparations 
listed in Table IIl show a strong inverse correlation with 
T~ of the neutral lipid component (.indicated in the last 
column). This correlation, while highly significant, is 

not perfect: vesicles containing N-ethyl DOPE, for ex- 
ample, show a significantly higher efficiency of contents 
mixing than do vesicles containing N-methyl DOPE, 
even though the two N-alkyl PE species show very 
similar T H values by calorimetry [29]. 

A particularly interesting observation regarding the 
effects of acyl chain composition on the 'fusion com- 
petence' of PE-containing vesicles concerns the effect of 
the PE acyl chain length. As shown in Table III, vesicles 
composed of dipalmitoleoyl PE plus DOPS (75:25 
mol/mol) show significantly lower efficiencies of diva- 
lent-cation-induced destabilization (contents leakage) 
than do similar vesicles containing DOPE. A similar 
result is obtained with vesicles containing the corre- 
sponding trans-unsaturated species (Table II): vesicles 
containing dipalmitelaidoyl PE exhibit significantly 
lower efficiencies of divalent-cation-promoted contents 
mixing and leakage, but higher effieiencies of lipid 
mixing, than do vesicles containing DEPE. These results 
can be correlated with the fact that 7". values for the 
9-cis- and 9-trans-hexadecenoyl PEs are significantly 
higher than those for the corresponding octadecenoyl 
PEs [17,29,39]. This result contrasts with the frequent 
observation that isolated vesicles composed of shorter- 
chain lipids are more prone to disruption than a r e  

vesicles composed of longer-chain lipids [40,41]. 

Effects of temperature 
As noted above, the efficiencies of destabilization of 

PE(analogue)/PS vesicles in the presence of divalent 
cations show a strong inverse correlation, at a fixed 
temperature, with T H of the neutral phospholipid com- 
ponent. To explore the basis for this correlation in more 
detail, we examined as a function of temperature the 
rates of calcium- and magnesium-induced destabili. 
zation for three preparations of vesicles (DOPE/DOP$, 
DOPP/DOPS and POPE/DOPS), whose constituent 
lipids exhibit lamellar-to-hexagonal II transitions in bulk 
dispersions at quite different temperatures. 

In [zig. 3 are plotted the rates of destabilization 
(contents leakage) measured for DOPE/DOPS, DOPP/ 
DOPS or POPE/DOPS vesicles at various temperatures 
in the presence of 10 mM magnesium, a concentration 
well above the threshold for all three types of vesicle. 
For clarity, the data in Fig. 3 are presented as Arrhenius 
plots (of In(leakage rate) vs. l / T ) ,  although the overall 
process of vesicle leakage is of course more complex 
than the single-step reactions for which such plots are 
rigorously appropriate [5,36]. The Arrhenius plots ob- 
tained for POPE/DOPS and DOPP/DOPS vesicles are 
linear over the full temperature range 5-60°C, while 
the curve obtained for DOPF./DOPS vesicles almost 
levels off above 35 ° C. The apparent activation energies 
measured for the destabilization of all three vesicle 
preparations are very similar at. lower temperatures (1~, 
20 and 22 keal. mol- 7, respectively, for DOPE/DOPS, 
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Fig. 3. Temperature-dependence of the initial rates of contents leakage. 
measured by the ANTS/DPX assay, when vesicles composed of 
25 : 75 DOPS/DOPE (o). 25 : 75 DOPS/dioleoylphosphatidyl-3- 
amino-l-propanol (11) or 25 : 75 DOPS/POPE (o) were mixed with 10 
mM magnesium. Samples were incubated at a lipid concentration of 
30 #M; the temperature in the cuvette was recorded after each run 
Arrows indicate the Tt= values measured for these lipid mixtures in 
the presence of magnesium; the Ta measured for POPE/DOPS 
dispersions under these conditions falls above the temperature rant: 

shown in this figure. 

DOPP/DOPS and P O P E / D O P S  vesicles). For none of 
these three vesicle preparations does the rate of contents 
leakage show any sharp change in its temperature-de- 
pendence at or near the e.quifibrium T n value, which 
was measured by calorimetry for the same fipid mixture 
in the presence of magnesium (arrows). Parallel mea- 
surements of the leakage of contents from these pre- 
parations of vesicles in the presence of 20 mM mag- 
nesium or 10 mM calcium (data not shown) led to the 
same conclusion. 

Proton-induced desmbilization of vesicles containing PE 
analogues and a protonatable amphiphile 

In all of the above experiments, the abilities of 
different PE analogues to support bilayer destabili- 
zation and fusion were evaluated through measurements 
of the interactions of PE(analogue)/PS vesicles in the 
presence of divalent cations. To test our conclusions 
from these experiments, we also examined the proton- 
induced destabilization of vesicles that combined POPE, 
or two headgroup-modified analogues, with PAP, a 
protonatable amphiphile that converts from an anionic 
to a neutral form at weakly acidic pH [11]. In Fig. 4 are 
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shown the initial rates of contents leakage measured 
when these different types of vesicles, prepared at pH 
7.8, were abruptly exposed to citrate buffers with the 
indicated pH values. It can be seen that vesicles con- 
taining N-methyl POPE require a higher threshold con- 
centration of protons to elicit vesicle destabilization 
than do vesicles containing POPE. and that the rate of 
contents leakage for the former vesicles is considerably 
slower than that for the latter, even at proton con- 
centrations well above the threshold (note the 10-fold 
difference in scales for these two curves in Fig. 4). 
Vesicles containing C-2-methyl POPE require a 
threshold proton / , r :en t ra t ion  for destabilization that 
is intermediate hetwt~en those measured for POPE- and 
for N-methyl POPE-containing vesicles. However, the 
rate o~" contents leakage from vesicles containing the 
C-2-methyl species is considerably higher, at proton 
concentrations well above the threshold, than that mea- 
sured for the other two types of vesicle. The relative 
thresholds and efficiencies measured for the proton-in- 
duced destabilization of these three types of vesicle thus 
follow exactly the same pattern that we observe if we 
compare the analogous quantities for the divalent- 
cation-promoted destabilization of vesicles that eom- 

IOC 

5 0  

~ C2-METHYL 

5.0 6.0 

p H  
Fig. 4. Initial rates of contents leakage, measured by the ANTS/DPX 
assay, when vesicles composed of 25 molt~ Nooleoyl-2-aminopalmitic 
acid together with POPE (@). C-2-methyl POPE (11) or N-methyl 
POPE (o) were abruptly exposed to a weakly acidic pH at zero time. 
Note that the curve plotted for vesicles containing N-methyl POPE 
has been scaled up by a factor of 10 for clarity. Samples of vesicles 
prepared at pH 7,8 and suspended in 150 mM NaCI/I raM Tes/0.l 
mM EDTA (pH 7.8) were mixed at zero time with concentrated 
citrate buffer solutions to give the final pH values shown, Measure- 
ments were carried out at 25 ° C using a total lipid concentration of 30 

ttM (phospholipid concentration of 22.5 ~.M). 
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bine POPE, C-2-methyl POPE or N-methyl POPE with 
DOPS (see Table Ill). 

Discussion 

A number of previous studies [15,31-34,37,38] have 
reported that lipid vesicles that are rich in PE show a 
much higher fusion competence than do similar vesicles 
containing N-methylated derivatives of PE, including 
phospha,idylcholine. We have observed previously [31] 
that evea a single N-methylation of PE sharply reduces 
the ability of this lipid to support the calcium-mediated 
interactions of vesicles in which it is combined with PS. 
However, previous studies have not clearly established 
whether the reduced fusion-supporting abilities of N- 
methylated PEs can be attributed to their larger 
headgroup volumes, to their diminished hydrogen-bond 
donating capacity, or to perturbation of some still more 
specific feature of the PE headgroup structure. 

The results obtained in the present study indicate 
that two specific structural features of the PE hcadgroup, 
namely the absence of substituents on the amino group 
and an apparently optimal separation of the phosphoryl 
and amino groups, are the primary determinants of the 
high fusion-supporting ability of this lipid. If we com- 
pare the fusion-supporting abilities of PE analogues in 
which both the phosphoryl-to-amino group separation 
and the number of N-alkyl substituents are held con- 
stant, we can further observe that the fusion-supporting 
ability of a PE analogue increases as we increase the 
extent of alkyl substitution of the ethanolamine group. 
This result suggests a general contribution of the 
headgroup "hydrophobic bulk' to the fusion-supporting 
ability of the PE analogues studied here, in addition to 
the more specific effects described above. The small size 
of the PE headgroup per se thus does not appear to be 
an important factor in determining the fusion-promo- 
ting ability of this lipid. 

Since the fusion-supporting ability of a given PE 
derivative shows a rather complex dependence on the 
detailed structure of the headgroup, it is appropriate to 
ask whether this functional property can be correlated 
more directly with some physical property or properties 
of the PE analogues examined here. As discussed above, 
information about Trl for a given PE analogue provides 
a reasonably useful basis on which to predict the ability 
of that lipid species to support vesicle fusion and desta- 
bilization. This correlation is strongest when e.,e com- 
pare the fusion-supporting abilities of a series of PEs or 
PE analogues that differ either in their headgroup struc- 
tures or in their acyl compositions while tile other 
structural feature is held constant. Taking as a reference 
a specific diacyl PE, we find that modifications of either 
the ethanolamine group or the acyl ci)ains that increase 
or decrease Tii typically diminish or enhance, respec- 

tively, the ability of the modified derivative to support 
contents mixing and destabilization of lipid vesicles. 

The rates of divalent-cation-induced destabilization 
(contents leakage) measured for DOPE/DOPS,  D O P P /  
DOPS and POPE/DOPS vesicles showed no abrupt 
changes in their temperature-dependence at or near the 
TH values measured for the vesicle lipids at equilibrium. 
This result contrasts with the findings of Ellens et al. 
[21] and of Bentz et al. [22], who reported that the rate 
of proton-triggered destabilization of vesicles composed 
of pure PEs or N-methyl PEs showed a pronounced 
change in its temperature-dependence in the region of 
T H. Our present findings may seem surprising in view of 
these results and our observation that the T H value for 
a given PE (analogue) is an important determinant of its 
ability to support vesicle fusion and destabilization. 
However, the fusion and destabilization of lipid vesicles 
are kinetic rather than equilibrium phenomena, which 
presumably occur through local fluctuations in the 
organization of vesicle bilayers. Such fluctuations may 
occur at temperatures well below those at which the 
system adopts a nonlamellar organization at equi- 
librium, and they should evolve much more gradually as 
a function of temperature than would a true nonlamel- 
lar phase [21-26]. It would appear that the structural 
and physical factors that favor the ability of a given 
lipid or lipid mixture to form nonlamellar phases at 
equilibrium also promote its ability to exhibit local 
fluctuations from a lamellar geometry, such as those 
implicated in the fusion and contact-dependent desta- 
bilization of lipid vesicles, even at temperatures well 
below the equilibrium T H [24,26]. 

While the T H values for different PEs and PE ana- 
logues appear to be significant determinants of the 
abilities of these species to support lipid vesicle fusion 
and destabilization, other physical properties may also 
play a role in determining the 'fusion competence" of 
lipid vesicles that contain these compounds. For exam- 
ple, vesicles containing N-monoalkylated PEs show sig- 
nificantly higher efficiencies of divai,mt-cation-media- 
ted fusion and leakage than one would predict simply 
on the basis of their TH values. This result may reflect 
the fact that these species, in contrast to the PE ana- 
logues with unsubstituted amino groups, readily form 
localized nonlamellar structures at temperatures as much 
as 50 ° C  below those at which they form the hexagonal 
II phase itself [22,29,31,42]. Ellens et al. [21,22] and 
Siegel [23,24,26] have suggested that the ability of a 
lipid vesicle to undergo fusion, as opposed to collapse 
and leakage of contents, may rest on its ability to form 
localized nonbilayer structures that do not propagate to 
cause destabilization of the vesicle as a whole. In the 
light of this suggestion, it is also noteworthy that vesicles 
containing N-alkylated PEs show higher efficiencies of 
contents mixing, relative to contents leakage, than do 
vesicles containing PE itself. By contrast, vesicles con- 



taining C-2-alkylated derivatives of PE, which form the 
hexagonal II phase per se more readily than does PE 
[29], show lower ratios of contents mixing to contents 
leakage efficiencies than do vesicles containing the cor- 
responding PE. 

While the efficiencies of divalent-cation-mediated fu- 
sion of vesicles containing PE analogues can be corre- 
lated with the abilities of these analogues to form 
nonlamellar structures, no similar correlation can be 
drawn between the latter property and the divalent- 
cation thresholds measured for such vesicles. The 
calcium (or magnesium) thresholds observed for one 
representative series of PS/PE(analogue)  vesicles, for 
example, vary with the structure of the neutral lipid 
component  in the order PE < phosphatidyl-3-amino-1- 
propanol  = phosphatidyt  4-amino- l -butanol  << phos- 
pha t idy l -2 -amino- l -p ropanol  << N-methyl  PE. The 
threshold proton concentrations required to induce de- 
stabilization of vesicles combining OAP with POPE, 
N-methyl POPE or C-2-methyl POPE also fall in the 
above sequence. This sequence of threshold values can- 
not be deaf ly  correlated with the efficiencies of fusion 
(or leakage of contents) for these preparat ions of 
vesicles, or  with the 7"8 values of their PE (analogue) 
components.  It is moreover highly unlikely that the 
above sequence can be related to variations in the 
affinity of PS for divalent cations in vesicles containing 
different types of PE analogue; PS has been shown to 
bind calcium (or magnesium) with essentially equal 
affinity when it is combined with neutral phospholipids 
as different as PE and  PC [43,44]. 

Another  physical property of various PE analogues 
may be more reliably correlated with the divalent-cation 
thresholds that are measured for vesicles that  combine 
these analogues with PS. We have recently found that 
fully hydrated multibilayers, formed from a series of PE 
analogues with the fatty acyl composit ion of egg PC, 
show lamellar spacings that vary with the structure of 
the lipid headgroup in a sequence identical to that  given 
above for the divalent-cation thresholds of vesicles that  
combine different PE analogues with PS (Silvius, J. and 
Rand,  R.P., unpublished results). This correlation may 
be more than purely coincidental. The equilibrium sep- 
arat ion of two bilayers composed of a given PE ana-  
logue, in the presence of excess water, will depend on 
the balance of Van der Waals" at tractions and steric and  
'hydrat ion" repulsions between the two lipid surfaces 
[16]. These same forces will be of key importance in 
determining how completely the surface charge must be 
titrated in order to permit aggregation of two vesicles 
that  combine a given PE analogue with a given propor-  
tion of charged lipids [16,44,45]. We are currently 
pursuing further experiments to explore the extent and 
the basis of  this correlation in more detail. 

The results presented in this paper  demonstrate  that  
different types of modification to the PE headgroup can 
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produce different patterns of effects on the ability of 
this species to promote the fusion and destabilization of 
lipid vesicles. As noted previously, the efficiencies of 
fusion of vesicles containing various PEs and PE ana- 
logues (as monitored by contents-mixing assays), as well 
as the relative efficiency of fusion vis-b.-vis leakage of 
contents for these vesicles, are strongly affected by the 
structures of both the lipid acyl chains and the polar 
headgroup. By contrast,  the threshold ionic conditions 
that determine the range of pH,  divalent-cation con- 
centrations, etc., in which vesicles containing a PE 
analogue will be stable or unstable depend mainly on 
the structure of the analogue headgroup. These proper- 
ties of vesicles containing different PE analogues appear  
to be predictable, to a useful level of approximation, 
from the knowledge of a few basic and measurable 
physical properties of these compounds (e.g., their T u 
values and their equilibrium bilayer separations in mul- 
tilamellar dispersions). These findings should be useful 
in the design of lipid vesicles, such as those currently 
under  investigation as carriers of bioactive molecules to 
animal cells [1-14], that show optimal stability under 
one range of conditions and yet become highly prone to 
efficient fusion a n d / o r  destabilization under another. 
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