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Lipid vesicle:

We have used lipid mixing, mixing and leakage assays to ch the divalent cati diated
ions of vesicles d of various headgroup-modified analogues of phosphatidyleth ine, PE (N- and

C-2-alk ivatives, and with i p of the 'yl and amino groups) together with a

low mole p ge of i ine (PS). Vesicles ining different of PE exhibit

marked differences, both in the threshold divalent cation that are d to initiate vesicle-vesicle
interactions and in the rates of contents mixing and leakage observed at suprathresholds divalent cation concentrations.
The efficiencies of divalent cation-promoted contents leakage, and to a slightly lesser extent those of contents mixing,
for PS/PE (analogue) vesicles show a marked inverse correlation with the lamellar-to-hexagonal H transition
temperature (Ty) of the PE F ', the destabilization kinetics for such vesicles show no
abrupt changes over the (emperature range armmd the equillbmlm Ty 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 T, 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-modified analogues of
PE that can he 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 ané for the preparation of lipid vesicles ‘tailored® for

Introduction tendency to favor the destabilization and fusion of

0‘ the neutral phospholipids commonly found in the bilayer lipid membranes. This property of PE has been

exploited in the construction of various types of PE-rich
of higher  PE is exceptional in its lip‘i’d vesicle, including immunoliposomes [1-3], pH-sen-
sitive liposomes {4-13] and cationic liposomes [14,15},
ANTS, 8 13,5 ic acid, dis- which have been used to deliver hydrophilic bioactive
odium sait; DPX, N, N -p—xylylmehxs(pyndmmm bromide); DEPB, molecules to animal cells.
" C g DEP,F“_ ,A i N The ively weak hydration of the PE headgroup
ol: DEPS, i DEPP' i ine; DOPB, di hosohati [16] and the ability of unsaluraled PEs to form non-
dyl-d-amino-1-butanol; DOPP, di idyl-3. 1-p lamellar under pl )! i condi
panol; DOPE, dioleoylphosphatidylethanolamine; DOPS, dioleoyl- {17-19] have been suggested to be important physical
UV, large vesicle(s); N-NBD-PE, determinants of the strong fusion-supporting activity of
ﬁ-(': i - : z-2-0xa-1,3 ‘; ;-m-, I:E. . i P((;:FF: this lipid [16-26]. The relative importance of these (and
1-palmitoyl-2- i POPP, 1-palmitoyi-2- pcsslbly additional) factors in determining the overall
o phatidyl-3-amino-l. 1. PS, N- p ing ability of PE remains to be fully
Rho-PE, N-(lissami ine B i I The specific structural features of the PE
mine; Tes 2[{2-hydroxy-1,1-bi: i h head:

sulfonic acid, sodium salt; Ty, lamellar-to-hexagonal 11 transition
temperature.

JR. Silvius, De of Bi istry, McGill
Umvcrsny, Montréal, Québec, Canada. H3G 1%\,

p 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 hvdrogen-bonding capacity of the amino group,

0005-2736/89,/303.50 © 1989 Elsevier Science Publishers B.V. (Biomedical Division)



182

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 ct ized the physical proper-

Methods

LUVs were prepared by reverse-phase evaporation
and filtration through 0.1 pm pore-size Nucleopore
membranes as described by Wilschut et al. {34]. Vesicle

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-
cluding 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 1! that can
be used to prepare lipid vesicles that show higher ‘fu-
sion competence’ than do vesicies containing the corre-
sponding PE These analogues of PE may be usel'ul in
the of i that offer enh d rates
of fusion and/or desmbllizatlon under particular condi-
tions for specific practical applications

Materials and Methods

Materials
Denvatlves of PE in which the ethanolamine moiety
is replaced by 3 1-propanol, 4-amino-1-butanol,
DL- Z-ammo -1-propanol, DL-Z-ammo-l butanoi, N-
lamine or N-ethylethano} were pre-
pared from the corresp idylcholi
(obtained from AVA“(I Po]ar Llplds, Blrnungham AL)

1 1 osnk

i 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 mol% NBD-PE and 0.35 moi%
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 NaCl to an osmolarity equivalent to that of
150 mM NaCl/2 mM Tes/2 mM histidine/0.1 mM
EDTA (pH 7.4). Vesicle phospholipid concentrations
were assayed by the procedure of Lowry and Tinsley
[35), with the modification that samples were digested
for at least 4h.

Lamellar-to-}

11 phase temper-
atures of PE (analogue)/PS mixtures were determined
usmg a chrocal MC-1 differential scanning calonmeler
as d iously [32]. Sampl 10
pmol of phosphollpld were dispersed in 0.8 m! of 140
mM NaCl/20 mM Tes (pH 7.4), then mixed wnh
calcium or hloride to a final

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

by phospholi ion as

Fusi ipporting ability of head-group modified DEPE

described p ly [30,31]. Phosphatidylserines, phos-
phatidyl 2 -2-methyl-1-propanols and phosphati-
dyl 2-amino-3-methyl-1-b Is were b d from
the corresponding phosphatidic acids as described
elsewhere [28,29,32]. N-Palmitoyl-2-aminopalmitic acid
was synthesized as described previousty [11). N-NBD-PE
was obtained from Avanti Polar prlds and N-Rho-PE
was hesi: from h, idy 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-
tion 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.

In Table I are shown the structures of the alkanola-
mine moieties of the headgr dified | of
PE that were examined in thl.s study. All of these PE
analogues could be used to prepare reverse-phase
evaporation vesicles when combined with 25 mol% PS.
After filtration through 0.1 um Nucleopore filters, the
!rappt‘d volumes of such vesicles, measured by their
(il in, were very similar (typi-
cally 2.5-3 pl/umol lipid), regardless of from which PE
unalogue 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 ti ses of calci: 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

of carbo:




TABLE 1

Structures of the alkanolamine groups of the PE analogues examined

Abbreviation Alkanolamine group
+

PE —O0—CH,—CH,~NH,
PP —O—CHI—CHZ—CHI—ﬁH,
PB —0——c1-11—A:H,—cn—l,—-cuz——ﬁuJ
N-Methyl PE ~o~cu,—cu,—§u,—cu,
N-Ethyl PE 70~CH14CHI—§H2——CH,vCH,
C-2-Methyl PE —o~cuz—cu—;u,

CH,

CH,

| 7o+
C-2-Dimethyl PE fo\cuz—(‘:ﬂ—nu,
CH,

+
C-2-Ethyl PE —O~—CH,—CH—NH,
—CH,

+
C-2-1sopropyl PE —O~—CH,—CH—N!1;
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Fig. 2. Initial rates of contents mixing, measured by the ANTS/DPX

| assay. when vesicles combining 25 mol% DEPS with DEPE (0.

e DEPB (W), di ino-1-butanol (@) or di-

3 2 N-cthyt (a) were mixed at zero

time with calcium chloride at the indicated concentrations. Details of

DEPE DEPB the contents-mixing assay were as described in the legend to Fig. 1.

analogues, together with 25 mol% DEPS. For each of
these types of vesicle, the initial rate of lipid mixing is
substantially faster than that of contents mixing or of
contents leakage *. The effective reaction order for the
lipid-mixing process (determined by varying the vesicle

N-ETHYL

C2-ETHYL

FLUORESCENCE CHANGE (% MAX)

100 200 300

TIME (SEC)
Fig. 1. 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 mol% DEPS with DEPE, DEPB, diciaidoylphosphatidyl 2-
amino-1-butanol (C-2-ethyl) or dielaidoylphosphatidyl-H-ethyl-
ethanolamine (N-cthyl), were exposed at zero time to calcium at a
concentration equal 10 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-¢thyl DEPE and
N-ethyl DEPE. All assays were performed at 45°C, using a total lipid
concentration of 30 pM. 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.

) was nearly 2.0 for all of these prepara-
tions of vesicles at either high or low concentrations of
divalent cations (results not shown), indicating that the
process is rate-limited 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, indicating that these p were not
strictly aggregation rate-limited.

In Fig. 2, the initial rates of contents mixing mea-
sured for the four vesicle preparations 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 45% of the
maximum possible fluorescence change in the lipid-mixing assay,
roughly 80% of the maximum in the contents-mixing assay and
100% of the maximum in the contents-leakage assay. To avoid
excessive (and. to some extent, model-dependent) corrections to the
primary 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 I and III, particu-
larly in comparing measured rates of lipid mixing to those mea-
sured for mixing and leakage of aqueous cuntents.
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centration. Each type of vesicle preparation exhibits a feasible in most cases 1o overcome this limitation by
istic threshold of calcium, only working at much higher vesicle concentrations [36]. It
above whxch is contents mixing observed. Essentially appears that the rate constant for vesicle aggregation in
iors of calcium were re- these systems is in general a less sensitive function of
quired to produce detectable lipid mixing, contents mix- the vesicle composition than are the rate constants for
ing or contents leakage for vesicles of a given composi- subsequent fusion and destabilization of the vesicles.
tion (data not shown). For simplicity, in the remainder As is illustrated in Table II, replacement of the PE
of this paper we will refer to this quantity simply as the component in DEPE/DEPS vesicles by a headgroup-
“calcium threshold’ for a given type of vesicle. Since the modified analogue can strongly alter both the efficien-
calcium threshold varies consnderal‘ly for vesicles with cies of divalent cation-promoted vesicle fusion and de-
different positi it is inappropriate to p stabilization and the divalent-cation thresholds mea-
the interactic:ns of different types of vesicle at a single sured for these p Di types of modifi
fixed concentration of calcium. Instead, as a more uni- tions of the PE headgroup produce distinct patterns of
form measure of the ‘fusion competence’ of different effects on these quantities. Vesicles containing N-alkyl
types of vesicle, we define a quantity termed the ‘ef- denvauves of DEPE for example, exhibit much higher
ficiency’ of contents mixing, which corresponds to the and show g ly lower
rate of contents mixing at a calcium niu-- equal efficiencies of I'usn:m, than do similar vesicles containing
to twice the threshold [32]. Anal are DEPE. Interestingly, while vesicles containing N-ethyl
defined in the same manner for the processes of lipid DEPE exhibit much higher divalent-cation threshold
mixing and contents leakage. than do vesicles containing N-methyl DEPE, the ef-
In Table I we compare the dival tion threshold ficiencies of mixing d for DEPS/N-
and the efﬁcxenc:es measured at 42°C for the calcium- cthyl DEPE vesicles are comparable to or greater than
and duced ions (lipid mixing, con- those measured for DEPS/N-methyl DEPE vesicles.
tents mixing and leakage) of LUVs prepared from vari- This result illustrates the general finding that the ef-
ous DEPE analogues together with DEPS (75:25 ficiencies measured for the fusion (or destabilization) of
mol/mol). The lipid-mixing efficiencies measured for vesicles combining PS with different analogues of PE
such vesicles g lly vary less d ically with the show no clear and systematic relationship to the diva-
headgroup structure of the PE analogue component lent-cation thresholds measured for these vesicles (see
than do the efficiencies of contents mixing and leakage. Tables I and II and Fig. 2).
This result probably reflects the fact that lipid mixing In contrast to the behavior of DEPS/N-alkyl DEPE
between such vesicles is largely aggregation-limited un- vesicles, vesicles that combine DEPS with C-2-alkylated

der our experimental conditions; it was not technically derivatives of DEPE show substantially higher efficien-

TABLE 11
Threshold divale i and iencies measured for the calcium- and magnesium-promoted interactions of DEPS/DEPE {Analogue)
vesicles
Neutral tipid Calcium _ Efficiency of calcium-p i fciency of P Ta(°O°
component :*";;’“’1" fipid comtents _leakage * "";;‘w“’ contents _ leakage ©
mM) mixing®  mixing ® (mM) mixing ®  mixing *

DEPE 17 107 26 32 30 76 141 17 635
DEPP 20 143 151 09 35 9 65 046 885
DEPB 20 152 93 0.45 42 8 64 0.14 >95
N-Methyl DEPE 70 160 156 145 110 118 53 0.24 >95
N-Ethyl DEPE 182 541 521 135 2 287 52 0.06 >05

-Methyl DEPE 40 267 417 29 7.3 179 189 5.2 57.5

Dimethyl DEPE 5.0 181 145 5 95 158 0 39 555

Ethyl DEPE a8 175 181 23 95 180 242 10 <413°
C-2-1sopropyl DEPE 4.0 122 122 73 70 200 162 67 <620°
Dipatmitelaidoyl PE 1.9 154 106 175 30 143 81 045 925
* Al rates were determined at 42°C and are presented as a of the maximum possible change per minute. Other assay

conditions were as described in the legend to Fig. 1.

® From Refs. 29 and 39.

© Values listed are for a direct transition of a dehydrated gel phase to the hexagonal II 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
liexagonal I1 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 10 lic below the value listed in the table.
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measured for the calcium- and magnesium-promoted interactions of vesicles combining DOPS

Neutral lipid Calcium  Efficiency of calcium-promoted Magnesium  Efficiency of magnesium-promoted  Tyy(°C) *
component lhr'e;hold iip contents  Ieakage * threshold —W

(mM) mixing ®  mixing (mM) mixing *  mixing *
DOPE 18 70 43 40 30 39 138 43 8
DOPP 20 87 15.7 9.2 35 90 100 14 35
DOPB 20 115 176 74 35 131 127 29 80
N-Methyl DOPE 9.0 43 35 245 13 21 83 56 70
N-Ethyl DOPE 170 193 66.4 31 22 139 1.9 34 ns
C-2-Methyl DOPE 50 218 nd.© 107 9 128 nd.© 130 <s
C-2-Dimethyl DOPE 75 325 nd. ¢ 322 10 174 nd.© 21 <5
C-2-Ethyl DOPE 9.5 134 69.2 96 1n 106 389 197 <5
Dipalmitoleoyl PE 18 - - 17.0 30 - -4 45 435
POPE 18 85 53 133 30 411 43 0.65 690
POPP 18 49 -4 0.22 30 324 - 0.15 >95
N-Methyl POPE 10 275 - 035 135 14.8 - 024 >95
C-2-Methyl POPE 45 154 - 45 70 68.4 - 115 62.3
° Initial rates were determined at 25°C and are presented as of the possible fl change per minute. Other reaction

conditions were as described in the legend to Fig. 1.

b From Refs. 29 and 39 and unpublished calorimetric observations.
<

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

cies of divalent-cation-mediated fusion and leakage than
do similar vesicles containing DEPE. This effect is more
pronounced for vesicles that contain DEPE !

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

contents mixing and contents leakage measured for
such vesicles decline progresswely as the DEPE compo-
nent is replaced

with more extensive modifications at C-2 of the
ethanolamine group (see Table 11). In general, replace-
ment of the PE component in DEPE/DEPS vesicles by
C-2-alkylated PE leads lo a grealer enhancemenl in the
efficiency of dival leakage
than in the efficiency of mixing.

P y by its 3-amino-1-propanol
and 4-amino-1-butanol analogues.

It can be concluded from the data in Table 11 that,
while the fusion-supporting ability of a given DEPE
analogue is clearly affected by the structure of the polar
headgroup, the bases for these effects are relatively

however, vesicles containing the C-2-ethyl derivative of
DEPE exhibit a large enh: in fusion
mixing) efficiency when compared to DEPE/DEPS
vesicles, without a greatly disproportionate increase in
their rates of contents leakage in the presence of either
calcium or i Vesicles posed of DEPS
plus C-2-alkylated derivatives of DEPE, even though
they show higher efficiencies of fusion than do
DEPS/DEPE vesu:les, heless require
higher th i of divalent cations !o
elicit vesicle fusion than do DEPS/DEPE vesncles
Modification of the DEPE head p by addition of

plex and do not rest on such simple features of the
headgroup structure «s the size of the polar moiety.
Some aspects of the fusion-supporting abilities of vari-
ous DEPE analogues can be more simply correlated
with their | llar-to-h 11 phase i

temperatures, Ty, which are listed in the final column
of Table 1L Specifi “_y. the efficiencies of i and
mixing and contents
leakage for ‘different types of DEPE(analogue)/DEPS
vesicles show a strong inverse correlation with Ty. By
contrast, the efficiencies of lipid mixing measured ior
such vesicles show only a weak correlation, and the

extra methylene residues between the phosphoryl and
amino groups produces a different pattern of changes in
the fusion-supporting ability of this lipid. Vesicles com-
bining DEPS with DEPP or DEPB exhibit divalent-
cation thresholds comparable to those measured for
DEPE/DEPS vesicles. Moreover, the =fficiencies of di-
valent-cation-mediated lipid mixing are somewhat higher
for vesicles containing DEPP or DEPB than for vesicles
containing DEPE itself. Howcver, the efficiencies of

tion thresholds show no clear correlation,
with the Ty; value of the neutral lipid component.

Effects of acyl chain composition

Previous studies {17-19,21,22,25,37,38] have shown
that the polymorphic phase behavior and. to some
extent, the fusion-supporting properties of a given type
of PE depend significantly on its acyl chain composi-
tion. To generalize the results described above concern-
ing the effects of headg on the fusi

p:
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porting abilities of DEPE analogues, we therefore ex-
amined also the divalent-cation-mediated interactions
of vesicles that contained PE or PE analogues with
other types of acyl chain. In Table 111 we summarize the
results of a series of of the dival
cation-mediated interactions of vesicles that combine
various cis-unsaturated PEs, or their headgroup-mod-
ified analogues, with DOPS. The divalent-cation
thresholds measured for such vesicles are generally quite
comparable to those measured for similar vesicles con-
taining the corresponding dielaidoyl lipids (see Table
11). By contrast, the efficiencies of divalent-cati

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 Ty 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 111, vesicles
composed of dipalmitoleoyl PE plus DOPS (75:25
mol/mol) show significantly lower efficiencies of diva-

duced contents mixing and leakage for such vesicles
depend strongly on their acyl chain composition. More-
over, the relative rates of lipid mixing, mixing

lent-cation-induced destabilization (contents leakage)
than do similar vesicles containing DOPE. A similar
result is obtained with vesicles containing the corre-

and leakage measured for vesicles PE or a

ponding # species (Table II): vesicles

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 leakage, rel-
ative to their rates of lipid and contents mlxmg, than do
vesicles ing the corresponding of
DEPE or POPE.

While the fusion-supporting ability of a PE (or PE
analogue) clearly varies with its fatty agyl composition,
a given structural i ion to the headgroup of a
“parent’ PE modifies its fusion-supporting properties in

i} i dless of the fatty

a manner
acyl composition of the parent species. As can be seen

di yl PE exhibit sngmflcamly
lower ei’ﬁ of dival
mixing and leakage, but hxgher efﬁclencnes of lipid
mixing, than do vesicles containing DEPE. These results
can be correlated with the fact that Ty 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 are
vesicles composed of longer-chain lipids [40,41].

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

fmm Tahla 111, N-alkylations, or the addition of extra

id to the ethanol 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

PE(anal PS vesicles in the presence of divalent
cations show a strong inverse correlation, at a fixed
temperature, with Ty of the neutral phospholipid com-
ponent. To explore the basis for Ihls correlation in more
detail, we ined as a fi of p the
rates of calci and duced destabili-
zation for three preparations of vesicles (DOPE/DOPS,
DOPP/DOPS and POPE/DOPS), whose constituent

with C-2-methyl or -dimethyl DOPE showed only a
very limited extent of contents mixing under our expen-
mental di P determi of
contents-mixing rates for these vesicles. However,
vesicles prepared from DOPS plus C-2-ethyl DOPE
showed substantial contents mixing under our assay
conditions, with an efficiency significantly greater than
that observed for 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 divall tion-induced con-
tents mixing and leakage for the vesicle preparations
listed in Table 111 show a strong inverse correlation with
Ty, of the neutral lipid component (indicated in the last
column). This correlation, while highly significant, is

llplds exhibit lamellar-to-hexagonal It in bulk
DOPS persions at quite
In 3 are plotted the rates of destabilization

(contents leakage) measured for DOPE/DOPS, DOPP/
DOPS or POPE/DOPS vesicles at vanous tempemtures
in the p of 10 mM

well above the threshold for all three lypes of vesicle.
For clarity, the data in Fig. 3 are presented as Arrhenius
plots (of In(leakage rate) vs. 1/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 DOPE,/DOPS vesicles almost
levels off above 35°C. The apparent activation energies
measured fos the destabilization of all three vesicle
preparations are very similar at lower temperatures (18,
20 and 22 kcal - mol ™, 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 (@), 25:75 DOPS/dioleoylphosphatidyl-3-
amino-1-propanol (8) or 25:75 DOPS/POPE (O) were mixed with 10
mM magnesium. Samples were incubated at a lipid concentration of
30 uM; the temperature in the cuvette was recorded after each run.
Arrows indicate the Ty, values measured for these lipid mixtures in
the presence of magnesium; the 7y measured for POPE/DOPS
dispersions under these conditions falls above the temperature rang:
shown in this figure.

DOPP/DOPS and POPE/ DOPS vesicles). For none of
these taree vesicle preparations does the rate of contents
leakage show any sharp change in its temperature-de-
pendence at or near the cquilibrivm Ty value, which
was measured by calorimetry for the same lipid 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 destabilization of vesicles containing PE
P and a p b Py
In all of the above experiments, the abilities of
different PE analogues to support bilayer destabili-
zation and fusion were eval through
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 group-modified 1! with OAP, 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 .orcentration for destabilization that
is intermediate betw2n those measured for POPE- and
for N-methyl POPE-containing vesicles. However, the
rate of 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

p the \! for the divalent
cation-promoted destabilization of vesicles that com-
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Fig. 4. Initial rates of contents leakage, measurcd by the ANTS/DPX
assay, when vesicles of 25 mol% N-oleoyl-2-amin Imiti

acid together with POPE (@). C-2-methyl POPE (W) 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/1 mM Tes/0.1
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 tota} lipid concentration of 30

1M (phospholipid concentration of 22.5 gM).
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bine POPE, C-2-methyl POPE or N-methyl POPE with
DOPS (see Table III).

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
phosphatidylcholine. We have observed previously [31]
that even 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 headgroup,
namely the absence of substituents on the amino group
and an apparently optimal separation of the phospheryl
and amino groups, are the primary determinants of the
high fusion-supporting ability of this lipid. If we com-
pare the fusmn-suppomng abilities of PE analogues in
which both the p horyl-to-amino group
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 impertant 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 properues
of the PE \! ined here. As d above,
information about Ty 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 we 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 the 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 chains thal increase
or decrease Ty, 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, DOPP/
DOPS and POPE/DOPS vesicles showed no abrupt
changes in their temperature-dependence at or near the
Ty 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
Ty Our present findings may seem surprising in view of
these results and our observation that the T; 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 Ty [24,26].

While the T,; 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 sng-
nificantly higher efficiencies of divaient-cati
ted fusion and leakage than one would predict simply
on the basis of their 7}, 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 dival ti diated fu-
sion of vesicles containing PE analogues can be coire-
lated with the abilities of these analogues to form
nonlamellar structures, no similar correlation can be
drawn between the lattes 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 cnrder PE< phosphaudyl -3-amino-1-
idyl 1-b 1 << phos-
phaudyl Z-ammo-l-propanol < N-methyl PE. The
hreshold proton cc ions required to induce de-
stabilization of vesicles combining CAP with POPE,
N-methyl POPE or C-2-methyl POPE also fall in the
above This of threshold values can-
not be clearly correlalt.d with the efficiencies of fusion
(or leakage of for these preparations of
vesicles, or with the Ty 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 contairing
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 composition of egg PC,
show lamellar spacings that vary with the structure of
the lipid headgroup in a id, 1 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-
aration 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® attractions and steric and
“hydration’ 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 p d in this paper d ate 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-a-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 Ty
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 2s 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 and/or destabilization under another.
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