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Several novel cationic amphiphiles, based on a hydrophobic cholesteryi or dioleoylglyceryl moiety, have been prepared 
whose hydrophobic and cationic portions are linked by ester bonds to facilitate efficient degradation in animal cells. 
Dispersions combining such cationic species with phosphatidylethanolamine (PE), certain structural analogues of PE or 
diacylglycerol can mediate efficient transfer of both nonexchangeable lipid probes and the DNA plasmid pSV2cat into 
cultured mammalian (CV-1 and 3T3) cells. The abilities of different types of cationic lipid dispersions to mediate 
transfection of mammalian cells with pSV2cat could not be directly correlated with their abilities to coalesce with other 
membranes, as assessed by their ability to intermix lipids efficiently with large unilameilar pbosphatidylcholine/ 
phosphatidylserine vesicles in the presence or absence of DNA. The cytotoxicities toward CV-I cells of dispersions 
combining PE with most of the degradable cationic amphiphiles studied here compare favorably with those reported 
previously for similar dispersions containing other types of cationic amphiphiles. Fluorescent analogues of two of the 
diacyiglycerol-based cationic amphiphiles examined in this study are shown to be readily degraded after incorporation 
into CV-1 cells from PE/cationic lipid dispersions. 

Introduction 

Liposomes combining phospholipids with various 
cationic amphiphiles have been shown to interact with 
artificial and biological membranes with uniquely high 
efficiencies, and to mediate the transfer of both mem- 
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brane-bound and surface-adsorbed molecules into cul- 
tured animal and plant cells [1-8]. Most of the cationic 
amphiphiles used to date to prepare such liposomes 
have been species lacking readily cleavable bonds (e.g., 
ester linkages) which would permit their efficient de- 
gradation by recipient cells after incorporation into 
cellular membranes. While such biochemical stability 
may be advantageous in some cases, the long-term 
persistence of unnatural cationic lipid species in cellular 
membranes may constitute a significant disadvantage in 
other potential applications of cationic liposomes. Vari- 
ous important regulatory processes in animal cells have 
been shown to be perturbed by cationic amphiphiles 
such as long-chain alkylamines and related compounds 
[9-13], and the surface charge of a membrane has been 
shown to be a generally important factor in regulating 
the activities of a variety of membrane-associated pro- 
teins [14-18]. The introduction of significant amounts 
of a biochemically stable cationic amphiphile into cellu- 
lar membranes may therefore have undesirable long- 
term consequences for cellular function. 

In the light of the above considerations, we have 
prepared a series of novel cationic amphiphiles, based 
on cholesteryl and diacylglyceryl hydrophobic moieties, 
that are designed to be readily susceptible to metabolic 
degradation after incorporation into animal cells. In 
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this study, we describe the abilities of cationic lipid 
dispersions containing these compounds to interact with 
model membranes (lipid vesicles) and to mediate the 
transfer of both vesicle-bound lipids and vesicle-associ- 
ated DNA to cultured animal cells. Our findings indi- 
cate that several of these species exhibit the useful 
properties reported previously for other types of cat- 
ionic amphiphiles [1,3,5-8] and can moreover be effi- 
ciently metabolized by animal cells. 

Materials and Methods 

Materials 
Dioleoylphosphatidylcholine and 1-palmitoyl-2- 

oleoylphosphatidylcholine were obtained from Avanti 
Polar Lipids, Inc. (Birmingham, AL). Dioleoyl- 
phosphatidylethanolamine and 1-palmitoyl-2-oleoyl- 
phosphatidylserine were prepared from the correspond- 
ing phosphatidylcholines (via the phosphatidic acid in 
the latter case) using procedures described previously 
[19]. Oleoyl and 4-bromobutanoyl chlorides were freshly 
prepared from the corresponding carboxylic acids by 
reaction with oxalyl chloride. 3-Dimethylamino-l,2- 
propanediol, oxalyl chloride, 4-bromobutanoic acid and 
choline chloride were obtained from Aldrich (Minneap- 
olis, MN). 4-Pyrrolidinopyridine (Aldrich) was recrys- 
tallized from ethyl ether/hexane and stored at -20  °C 
under nitrogen. Anhydrous trimethylamine (Eastman) 
was dissolved in dry chloroform to give a 40% stock 
solution, which was used in the preparations described 
below. Phospholipase C (Bacillus cereus) was obtained 
from Sigma (St. Louis, MO.). The DNA plasmid 
pSV2cat [20] was prepared by standard methods [21]. 

Syntheses 
1,2-Dioleoyloxy-3-(trimethylammonio)propane (DO- 

TAP). A solution of 75 mg (0.65 mmol) of 3-dimethyl- 
amino-l,2-propanediol, 60/~1 of dry pyridine and 0.45 
gm (1.6 mmol) of oleoyl chloride in dry diethyl ether 
(7.5 ml) was stirred for 40 h in the dark at 25 ° C. The 
mixture was quenched with methanol, concentrated un- 
der nitrogen, redissolved in hexane (7.5 ml) and washed 
three times with 0.1 M KOH in 1:1 methanol/water 
(7.5 ml) at 0 ° C, then once with 0.1 M aqueous NaC1. 
The hexane phase was concentrated under N 2 and 
applied in 99 : 1 (v/v) hexane/acetic acid to a 2.2 × 12 
cm column of Bio-Sil A, which was eluted successively 
with 20% diethyl ether in hexane (200 ml), chloroform 
(3 × 100 ml) and 1% methanol in chloroform (5 × 100 
ml). Pure 1,2-dioleoyloxy-3-(dimethylamino)propane 
eluted at 1% methanol: yield 326 mg (78%). 

The product from the above procedure was reacted 
overnight in the dark with 400 #1 methyl iodide in 3 ml 
each of chloroform and dry DMSO at 25°C. The 
reaction mixture was repeatedly mixed with cyclohe- 
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xane and reconcentrated under N 2 to remove excess 
methyl iodide, then partitioned between chloroform and 
1:1 methanol/1 M aqueous NaC1. The chloroform 
layer was washed five times with methanol/aqueous 
NaC1, then concentrated under N 2 and applied in 99 : 1 
(v/v) chloroform/acetic acid to a column of Bio-Sil A. 
The column was eluted with an ascending gradient of 
methanol in 99 : 1 chloroform/acetic acid, eluting pure 
DOTAP (287 mg = 63%) at 7% methanol. 

1,2-Dioleoyl-3-(4 '-trimethylammonio)butanoyl-sn-glyc- 
erol (DOTB). Dioleoylphosphatidylcholine (150 mg) was 
converted to 1,2-dioleoylglycerol by digestion for 5 h at 
25 °C with 25 units of phospholipase C in a two-phase 
mixture of diethyl ether (4.5 ml) and 1 mM aqueous 
CaC12, 50 mM Tris-HC1 (pH 7.3) (4.5 ml). Hexane (4.5 
ml) was added, and the organic layer was washed three 
times with 1% aqueous NaC1, dried over NaESO 4 and 
concentrated under N 2. The recovered dioleoylglyceroI 
was reacted overnight at 4°C with 150 /~l of 4- 
bromobutanoyl chloride in 3 ml of 99:1 chloroform/ 
trimethylamine. The chloroform solution was washed 
twice with 1:1 methanol/0.2 M aqueous NaHCO 3, 
then concentrated under nitrogen. The residue was re- 
acted with 3 ml of 20% trimethylamine in dry chloro- 
form for 16 h at 25°C, then the mixture was con- 
centrated under N 2 and the products partitioned be- 
tween chloroform and 1 : 1 methanol/0.1 M HCOONa 
(pH 3.0). The recovered crude 1,2-dioleoyl-3-(4'-tri- 
methylammonio)butanoyl-sn-glycerol was applied to a 
column of Bio-Sil A, which was eluted with an ascend- 
ing gradient of methanol in chloroform. The pure com- 
pound eluted at 8% methanol: yield 78 mg (55%). 

Cholesteryl ( 4 '-trimethylammonio)butanoate ( Cho TB). 
150 mg of cholesterol was reacted with 4-bromo- 
butanoyl chloride in 99:1 chloroform/trimethylamine, 
then with 20% trimethylamine in chloroform under ex- 
actly the same conditions as described above for the 
preparation of DOTB from dioleoylglycerol. The final 
product was purified on a column of Bio-Sil A, eluting 
with a gradient of methanol in chloroform to yield pure 
cholesteryl (4'-trimethylammonio)butanoate at 8% 
methanol, in a yield of 123 mg (47%). 

1,2-Dioleoyl-3-succinyl-sn-glycerol choline ester (DO- 
SC). 1,2-Dioleoyl-sn-glycerol, freshly prepared from 100 
mg dioleoyl phosphatidylcholine as described above, 
was converted to 1,2-dioleoyl-3-succinyl-sn-glycerol as 
described previously [22]. This material was reacted for 
6 h in the dark at 25°C with 150 mg of choline 
chloride, 100 mg of dicyclohexylcarbodiimide and 15 
mg of 4-pyrrolidinopyridine in 3 mi o f  I : 1 dry chloro- 
form/DMSO. The products were partitioned between 
chloroform and 1 : 1 methanol/1 M aqueous NaC1, and 
the chloroform phase was washed five times with fresh 
upper phase, then concentrated under N 2. Chromatog- 
raphy on Bio-Sil A, eluting with a gradient of methanol 
in chloroform, yielded pure 1,2-dioleoyl-3-succinyl-sn- 
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glycerol choline ester (48.3 mg, 45% yield) at 12% 
methanol. 

Cholesterol hemisuccinate choline ester (ChoSC). 200 
mg of cholesterol was reacted overnight with 150 mg 
succinic anhydride and 20 mg 4-pyrrolidinopyridine in 
3 ml dry chloroform at 25 ° C. The products were parti- 
tioned between 2 : 1 hexane/chloroform and 1 : 1 
methanol/water ,  and the organic layer was washed 
three times with methanol/water ,  then dried under N 2. 
The crude cholesterol hemisuccinate was converted to 
the choline ester as described above for the preparation 
of DOSC from dioleoylsuccinylglycerol, and the prod- 
ucts were purified on a column of Bio-Sil A, eluting 
with a gradient of methanol in chloroform. Pure 
cholesterol hemisuccinate choline ester was eluted at 
12% methanol: yield 127 mg (44%). 

CPS-DATB and CPS-DASC were prepared starting 
from (12-CPS)-18 PC, using the procedures described 
above for the corresponding preparations of DOTB and 
DOSC from dioleoyl PC. 

Methods 
Except where otherwise indicated, lipid dispersions 

containing cationic lipid analogues were prepared by 
first bath-sonicating dried lipid samples in distilled water 
to clarity (2-5 min), then adding an equal concentration 
of 308 mM NaC1, 40 mM Hepes (pH 7.4), and sonicat- 
ing further for 2 min. L ip id /DNA mixtures for 
transfections were prepared by incubating lipid disper- 
sions with DNA for 5 min, typically at a total lipid 
concentration of 0.5-2 mg/ml,  before addition to cell 
monolayers. Reverse-phase evaporation vesicles were 
prepared as described previously [23] and filtered 
through 0.1/xm pore-size Nucleopore filters. Lipid mix- 
ing between cationic lipid dispersions and large uni- 
lamellar P C /P S  vesicles was assayed by a resonance 
energy transfer-based procedure as described previously 
[24], incubating cationic lipid dispersions (2 /~M), co- 
labeled with 1 mol% (12-CPS)-18 PC and 0.35 mol% 
(12-DABS)-18 PC, with a 9-fold excess (18 /~M) of 
unlabeled P C /P S  vesicles. 

CV-1 cell monolayers for cytotoxicity and transfec- 
tion assays were grown in D-MEM containing 5% fetal 
bovine serum. For assays of lipid cytotoxicity mono- 
layers of CV-1 cells, grown in 6-well multiwell dishes to 
25-35% or to 85% confluency, as indicated, were washed 
twice with 154 mM NaC1, 20 mM Hepes (pH 7.2), then 
incubated with varying concentrations of liposomes in 
the same medium for 90 min at 37 ° C. The medium was 
then drained off the cell monolayers and replaced, 
without washing, with D-MEM containing 5% serum. 
The cells were cultured for a further 36 h at 37 ° C, then 
the monolayers were washed twice with 154 mM NaC1, 
40 mM Tris (pH 7.4) and solubilized with 154 mM 
NaC1, 40 mM Tris, 1 mM EDTA (pH 7.4) containing 

1% sodium dodecyl sulfate. Protein was assayed using 
the procedure described by Markwell et al. [25]. 

For transfection of cells using cationic lipid disper- 
sions, cell monolayers were washed twice with HEPES- 
buffered saline, then incubated with l ip id /DNA mix- 
tures in the latter medium (total volume 3 ml per 
100-mm culture dish) at 37 ° C, for 90 min except where 
otherwise indicated. Following this incubation period, 
the incubation medium was either replaced or supple- 
mented with 12 ml of D-MEM containing 5% serum, 
and the cells were cultured for a further 36 h before 
harvesting. Chloramphenicol acetyltransferase activity 
in plasmid pSV2cat-transfected cells was assayed as 
described previously [20], using chloramphenicol and 
acetyl-CoA concentrations of 3.5 #M and 2.5 raM, 
respectively. Conversion of D-threo-[dichloroacetyl-14C]- 
chloramphenicol (Amersham) to acetylated products was 
assessed by autoradiography of thin-layer chromato- 
grams and scintillation counting of spots cut from the 
chromatoplates. Cell transfections using DEAE-dextran 
were carried out as described previously [26]. 

For fluorescence microscopy, CV-1 cell monolayers 
grown on cover slips were viewed using a Zeiss epifluo- 
rescence microscope (model IM-35) with 40 x Planapo 
lens; samples were photographed using Kodak T-Max 
film (ASA 400). 

Results 

In Fig. 1 are shown the structures of the cationic 
lipid analogues that were examined in detail in this 
study. All of the cationic amphiphiles shown could be 
used to prepare aqueous dispersions, alone or in com- 

CHa(CH2);-CH = CH-(CH2]7 CO0- CH 2 

CH3(CH2)£CH = CH- (CH2)7 CO0 -CH 
I 
CH 2- X 

X = 

NMe3 DOTAP 

OOC(CH2)a~Me 3 DOTB 
ChoTB 

OOC CH2CH2COOCH2CH2~IMe 3 DOSC 
ChoSC 

Fig. 1. Structures of the cationic lipid analogues examined in this 
study. DOTAP, DOTB and DOSC are based on a 1,2-(dioleoyloxy)- 
propane structure (racemic for DOTAP, derived from sn-glycerol for 
DOTB and DOSC), while ChoTB and ChoSC carry instead a 

cholesterol-derived hydrophobic moiety. 



bination with phospholipids, which in most cases were 
stable at ionic strengths ranging up to at least physio- 
logical values. Several related compounds, including 
notably the betaine and (3'-trimethylammonio)propan- 
oyl derivatives of cholesterol and 1,2-dioleoylglycerol, 
were also prepared in preliminary studies. However, 
these latter species were found to be markedly inferior 
to the species shown in Figure 1 in their ease of pre- 
paration a n d / o r  their chemical stability in aqueous 
dispersions, and they were not studied further. 

Lipid mixing assays 
We have shown previously (2,4) that large unilamel- 

lar vesicles prepared from DOTAP and phosphatidyl- 
ethanolamine can rapidly intermix lipid components 
with choline phospholipid-rich natural or artificial 
membranes, which are comparatively refractory to such 
interactions with most other types of lipid vesicles. In 
the experiments illustrated in Fig. 2, we compared the 
abilities of different DOPE/cat ionic  lipid dispersions 
(combining PE with cationic lipid in a 3 : 1 molar ratio) 
to intermix lipids with large unilamellar POPC/POPS 
vesicles. All of the types of DOPE/cat ionic  lipid disper- 
sions examined, when freshly prepared in a medium of 
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Fig. 2. Time courses of lipid mixing, monitored by the CPS- 
PC/DABS-PC fluorescence assay as described in the text, when 
various fluorescence-labeled DOPE/cationic lipid dispersions were 
mixed at zero time with unlabeled POPC/POPS vesicles. Cationic 
lipid mixtures, labeled with (12-CPS)-18 PC and (12-DABS)-18 PC, 
were dispersed by bath sonication in distilled water, then further 
sonicated for 2 min after addition of an equal volume of 308 mM 
NaC1, 40 mM Hepes (pH 7.4) and incubated for 5 rain at room 
temperature in the presence or absence of plasmid pSV2cat (1/Lg per 
10 #g lipid). The dispersions (diluted to 2 #M lipid) were then mixed 
at 37°C with a ninefold excess of 80:20 (molar proportions) 
POPC/POPS large unilamellar vesicles while recording the sample 
fluorescence. Panel (A). Solid curve: 3:1 DOPE/DOTAP, without 
DNA; upper dashed curve: 3 : 1 DOPE/DOTB, without DNA; lower 
dashed curve: 3 • 1 DOPE/DOTAP, with DNA. No lipid mixing was 
detected on this time scale using DOPE/DOTB dispersions prein- 
cubated with DNA. Panels (B)-(D). 3:1 DOPE/DOSC, 
DOPE/ChoTB and DOPE/ChoSC, respectively, with (dashed curves) 

or without (solid curves) DNA. 
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physiological ionic strength, showed rapid mixing of 
lipids with the POPC/POPS vesicles. However, the 
extent of this rapid lipid mixing varied with the nature 
of the cationic lipid component, decreasing in the order 
ChoTB > DOSC > ChoSC > DOTAP > DOTB. Inter- 
estingly, essentially the same sequence was found to 
describe the stabilities of these dispersions (i.e., their 
resistance to aggregation and precipitation) during pro- 
longed incubations in media of physiological ionic 
strength (not shown). 

Lipid-mixing experiments similar to those described 
above were also carried out using DOPE/cat ionic  lipid 
dispersions that were preincubated with the DNA 
plasmid pSV2cat. As shown in Fig. 2, preincubation of 
the lipid dispersions for 5 min with the plasmid, at a 
DNA/ l ip id  weight ratio of 1:10,  strongly diminished 
their ability to undergo subsequent lipid mixing with 
POPC/POPS vesicles, to the extent that lipid mixing 
was virtually abolished for D O P E / D O T B  and 
D O P E / D O T A P  vesicles incubated with the plasmid. 
As little as 2% by weight of DNA was sufficient to 
produce a marked inhibition in the efficiency of lipid 
mixing between the cationic lipid dispersions and 
POPC/POPS vesicles (not shown). Results essentially 
equivalent to those shown in Fig. 2 were observed when 
the cationic lipid dispersions were incubated for 30 rain 
rather than 5 min with the plasmid before the addition 
of unlabeled POPC/POPS vesicles. 

The results of the lipid-mixing assays described above 
were mirrored in fluorescence-microscopic observations 
of the interactions of PE/cat ionic  lipid dispersions with 
cultured CV-1 cells. In the experiment illustrated in Fig. 
3, cell monolayers were incubated with P E / D O T B  dis- 
persions, labeled with (12-CPS)-18 PC (at a 65 : 25 : 10 
molar ratio of DOPE/DOTB/(12-CPS)-18  PC), that 
were preincubated in the absence or presence of DNA. 
Cells incubated with the lipid dispersion alone in 
Hepes-buffered saline showed substantial incorporation 
of the labeled phosphatidylcholine into cellular mem- 
branes over a time scale of tens of minutes (Fig. 3A). By 
contrast, when the lipid dispersion was mixed with 
one-tenth by weight of DNA before addition to the 
cells, comparatively little transfer of the labeled lipid to 
the cells was observed (Fig. 3C). Large, highly fluo- 
rescent aggregates (of micron or larger dimensions) 
were observed adhering to the cover slip before washing 
when the cells were incubated with l i p id /DNA mix- 
tures but not when the cells were incubated with lipid 
alone. Results similar to those shown in Figure 3 were 
also observed using labeled D O P E / C h o T B  or 
D O P E / D O T A P  dispersions (not shown). 

Cytotoxicity assays 
For determinations of the cytotoxicity of various 

preparations of cationic liposomes toward CV-1 cells, 
cell monolayers were incubated for 90 min with lipid or 
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Fig. 3. Fluorescence (A, C) and phase-contrast (B, D) micrographs of CV-1 cell monolayers that were incubated for 45 min at 37 °C with a 
bath-sonicated 65:10:25 DOPE/(12-CPS)-18 PC/DOTB dispersion (15 #g/ml), then post-incubated for 45 min in lipid-free Hepes-buffered 
saline. (A, B). Cells were incubated with lipid alone. (C, D). Cells were incubated with lipid plus DNA (1 /~g DNA per 10 ~tg lipid). Identical 

photographic conditions were used for panels (A) and (C). 

l i p id /DNA dispersions in Hepes-buffered saline, then 
serum-containing medium was added, and the cells were 
cultured for a further 36 h. The cell yield was then 
determined by protein assay as described in Materials 
and Methods. The results described below were ob- 
tained using dispersions combining DOPE with various 
cationic lipid analogues in a 3 : 1 molar ratio, since such 
dispersions delivered lipid probes and DNA to CV-1 
cells at least as efficiently as did dispersions containing 
higher proportions of the cationic lipid component. 

Near-confluent cell monolayers were found to be 
comparatively resistant to the cytotoxic effects of mix- 
tures of DOPE and the novel cationic lipids examined 
here, in most cases showing little evidence of cytotoxic- 
ity up to at least 80-100/~g/ml  lipid, in agreement with 
previous findings using other types of cationic lipid 
dispersions [3]. Subconfluent monolayers were apprecia- 
bly more sensitive to incubation with cationic 
l i p id /DNA complexes; cell yields were decreased by 
roughly one-half when monolayers at 25-35% con- 



fluency were treated with < 10 #g/ml  DOPE/ChoSC, 
10 ttg/ml of DOPE/DOSC, 30 #g /ml  of DOPE/ 
DOTAP, 100 #g/ml  of DOPE/DOTB or > 200 #g/ml  
of DOPE/ChoTB dispersions containing pSV2cat (at 
10:1 (w/w) lipid/DNA). Cationic lipid dispersions 
without DNA were somewhat more cytotoxic toward 
subconfluent cell monolayers (typically by 2-3-fold) 
than were lipid/DNA dispersions, possibly reflecting 
the greater efficiency of DNA-free dispersions in trans- 
fering their lipid components to cells (see above). Sig- 
nificantly lower cytotoxicity was observed when cells 
were incubated with the cationic lipid dispersions for up 
to several hours in Hanks' balanced salt solution or 
serum-free medium in place of Hepes-buffered saline. 

Transfection of mammalian cells with pSV2cat bound to 
cationic liposomes 

In preliminary experiments, optimal conditions were 
established for transfection of CV-1 cells with the 
plasmid pSV2cat using DOPE/DOTB or DOPE/  
DOTAP dispersions as carriers. For transfection of the 
cells with a fixed amount of plasmid (usually 2 or 5 #g 
per 100-mm culture dish), optimal expression of chlor- 
amphenicol acetyltransferase (CAT) activity was ob- 
tained using a 3:1 molar ratio of DOPE to cationic 
lipid and a lipid/DNA ratio of 10 : 1 (w/w). Essentially 
equivalent efficiencies of transfection were observed 
when the lipid/DNA mixtures were incubated together 
for times ranging from 2 to 30 rain before application to 
the cell monolayers. 

Using lipid/DNA mixtures prepared as described 
above, optimal transfection efficiencies were observed 
when CV-1 cells were incubated with the lipid and 
plasmid in Hepes-buffered saline (rather than D-MEM) 
for 90 to 180 rain. At the end of this incubation period, 
the incubation medium could be either supplemented 
with four volumes of serum-containing medium or de- 
canted and replaced with serum-containing medium, 
giving essentially equivalent final levels of CAT activity 
in either case. The level of CAT expression was signifi- 
cantly decreased if the cell monolayers were washed 
immediately after incubation with the lipid/DNA mix- 
tures. Even gentle washing at this stage may remove a 
fraction of the cells, some of which typically become 
rounded, and possibly weakened in their attachment to 
the substrate, during incubation with the cationic lipid 
dispersions (see Fig. 3). 

In Table I we compare the levels of CAT activity 
measured when dispersions combining dioleoyl PE with 
several different cationic lipid analogues, or the cationic 
polymer DEAE-dextran, were used as carriers to trans- 
fect CV-1 or 3T3 cells with the plasmid pSV2cat. Using 
the transfection conditions described above, the trans- 
fection efficiency varies with the structure of the cat- 
ionic lipid analogue in the order DOTB > DOTAP > 
ChoTB > DOSC > ChoSC for CV-1 cells, and in the 
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TABLE I 

Relative efficiencies of transfection of CV-1 and 3T3 cells with plasmid 
pgV2cat complexed to DOPE/cationic lipid dispersions or DEAE-de- 
xtran 

Monolayers of CV-1 or 3T3 cells grown to 25-35% confluency were 
incubated with pSV2cat (5 #g per 100-mm culture dish) using as 
carrier either the indicated cationic l ip id /DOPE dispersions (50 
#g/d ish)  or DEAE-dextran, under the conditions described in 
Materials and Methods. After incubation for 90 min, the incubation 
medium was decanted and replaced with D-MEM containing 5% 
serum, and the cells were cultured for a further 36 h before determina- 
tion of expressed CAT activity as described in the text. n.d., not 
determined. 

Plasmid carrier Relative efficiency a 
(DOTB/DOPE = 1.00) for 

CV-1 cells 3T3 cells 

D O T B / D O P E  (1 : 3) 1.00 1.00 
D O T A P / D O P E  (1 : 3) 0.27 5.81 
ChoTB/DOPE (1 : 3) 0.088 0.50 
D O S C / D O P E  (1 : 3) 0.029 n.d. 
ChoSC/DOPE (1 : 3) 0.0029 n.d. 
DEAE-dextran b 0.0045 0.048 

a Activities shown are normalized to the level of CAT activity mea- 
sured in the same experiments for cells transfected using 
DOPE/DOTB (3:1) dispersions as carrier (typically 5-8  nmol 
chloramphenicol acetylated per h per mg cell-extract protein using 
CV-1 cells, and 0.6-1 nmol chloramphenicol acetylated per h per 
mg cell-extract protein for 3T3 cells). 

b Similar relative efficiencies of cellular transfection by DEAE-dex- 
tran vs. D O T B / D O P E  dispersions were observed in experiments 
using cell monolayers at 85% confluency (not shown). 

order DOTAP > DOTB > ChoTB for 3T3 cells. Disper- 
sions containing DOTB, DOTAP and ChoTB varied 
somewhat in their relative efficiencies of transfection 
depending on the experimental conditions. For transfec- 
tion of CV-1 cells in a D-MEM rather than a 
Hepes/NaC1 medium, for example, the relative trans- 
fection efficiencies observed using DOTAP-, DOTB- 
and ChoTB-containing dispersions varied in the ratio 
3.2:1.0:0.43. All of the cationic lipid dispersions ex- 
amined, except those containing ChoSC, mediate much 
more efficient introduction of functional pSV2cat into 
either CV-1 or 3T3 cells than does DEAE-dextran (Ta- 
ble I). 

Efficient transfection of CV-1 cells could also be 
achieved using cationic lipids in combination with cer- 
tain neutral lipids other than phosphatidylethanol- 
amine. As shown in Table II, dispersions combining 
DOTB with either N-methyl DOPE or dioleoylphospha- 
tidyl 2-amino-l-butanol mediate transfection of CV-1 
cells by pSV2cat with efficiencies comparable to those 
observed using DOTB/DOPE dispersions. Vesicles 
combining DOTB with dioleoylglycerol in place of 
DOPE also mediate significant, though less efficient 
incorporation of lipid-associated pSV2cat into CV-1 
cells, with cytotoxic effects no greater than those ob- 
served using DOPE/DOTB dispersions. A similar pat- 
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TABLE II 

Relative efficiencies of transfection of CV-1 cells with plasmid pSV2cat 
complexed to different neutral lipid/DOTB or -ChoTB dispersions 

Monolayers of CV-1 cells were transfected with pSV2cat (5 /Lg per 
100-ram culture dish), using as carriers dispersions of the indicated 
mixtures of cationic and neutral lipids in a 1:3 molar ratio (50 
~ttg/dish), and were subsequently assayed for CAT activity as de- 
scribed in Materials and Methods. Activities shown are normalized to 
the level of CAT activity measured in the same experiments for cells 
transfected using dispersions combining DOPE with the indicated 
cationic species (see Table I footnote a). 

Neutral lipid component Relative transfection yield 
(DOPE = 1.00) 
using codispersion with 

DOTB ChoTB 

DOPE 1.00 1.00 
Dioleoylphosphatidyl 

2-amino-l-butanol 1.86 0.11 
N-Methyl DOPE 2.34 0.26 
1,2-Dioleoylglycerol 0.15 0.037 

tern of results is obta ined  using vesicles combin ing  the 
above neutral  lipids with ChoTB in  place of DOTB 
(Table II). 

In  parallel experiments,  we examined the mixing of 

lipids between P O P C / P O P S  large uni lamel lar  vesicles 
and  sonicated dispersions combin ing  D O T B  with the 

different neutral  lipids noted  above. The results of these 
experiments are summarized in  Table  III. In  the ab- 
sence of DNA,  all of these types of cationic l ipid 
dispersions exhibit substant ia l  l ipid mixing with P C / P S  

vesicles, with rates that vary considerably with changes 

TABLE IIl 

Lipid mixing between bath-sonicated cationic lipid dispersions and large 
unilamellar PC/PS vesicles in presence and absence of DNA 

Dispersions of the indicated cationic lipid mixtures, labeled with 
(12-CPS)-18 PC and (12-DABS)-18 PC, were prepared as described in 
the legend to Fig. 2. Subsequent lipid mixing between these vesicles (2 
/.tM) and a 9-fold excess of 80:20 POPC/POPS large unilamellar 
vesicles at 37 °C was monitored as described in Materials and Meth- 
ods. 

Lipid dispersion Lipid mixing rate 
(% max./min.) 

-DNA +DNA 

DOTB/DOPE (1 : 3) 70 
DOTB/dioleoylphosphatidyl 

2-amino-l-butanol (1 : 3) 50 
DOTB/N-methyl DOPE (1 : 3) 181 
DOTB/1,2-dioleoylglycerol (1 : 3) 811 

ChoTB/DOPE (1 : 3) 355 
ChoTB/dioleoylphosphatidyl 

2-amino-l-butanol (1 : 3) 219 
ChoTB/N-methyl DOPE (1 : 3) 294 
ChoTB/1,2-dioleoylglycerol (1 : 3) 511 

< 0.1 

0.4 
3.8 

< 0.1 

12.7 

10.8 
6.4 

14.2 

in the neut ra l  l ipid component .  In  the presence of D N A  
(at a 1 : 1 0  weight ratio of D N A  to lipid), the rate of 
lipid mixing is drastically reduced in  all cases. The 
l ipid-mixing rates given in  Table  III  for different lipid 

dispersions, in  the absence or presence of DNA,  show 
no apparen t  correlat ion with the relative efficiencies 
with which such dispersions mediate  t ransfect ion of 
CV-1 cells with pSV2cat (Tables I and II). 

Metabol i sm o f  cationic lipid analogues 

In  a final series of experiments,  we examined the 

abil i ty of f luorescent analogues of DOTB and  DOSC to 
undergo metabol ic  conversion to other lipid species 
after in t roduc t ion  into CV-1 cells. The fluorescent 

probes used for these experiments,  designated CPS- 
D A T B  and  CPS-DASC,  were derived from a diacyl- 

glycerol moiety carrying a palmitoyl  chain at the 1-posi- 
t ion and  a coumar in- labeled  stearoyl chain at the 2- 

posit ion. Strong fluorescence label ing of cellular mem- 
branes,  with little discernible residual adsorpt ion of 
un incorpora ted  lipid aggregates on cell surfaces, was 
observed by fluorescence microscopy when CV-1 cell 
monolayers  were incuba ted  with CPS-DASC- or CPS- 
DATB-con ta in ing  dispersions for 1 h at 3 7 ° C  in 
Hepes-buffered saline, then incubated  for a further 1 h 

TABLE IV 

Catabolism of fluorescent analogues of DOTB and DOSC incorporated 
into CV-1 cells from DOPE/cationic lipid dispersions 

CV-1 cell monolayers were incubated with lipid dispersions contain- 
ing the fluorescent cationic species for 1 h in Hepes-buffered saline, 
then incubated successively for 1 h in lipid-free saline and for 2 h or 4 
h in D-MEM without serum. 

Fluorescent Total % migrating after incubation a as 

analogue incubation unmodified lower-R F neutral 
time (h) compound b derivative b lipids h 

CPS-DATB 4 34.4 39.1 26.5 
6 28.0 41.5 30.5 

CPS-DASC 4 34.6 12.6 52.8 
6 22.4 14.3 63.2 

a After the indicated incubations the cells were harvested, and the 
lipids were extracted and analyzed by TLC as described in the text. 
The percentages given represent the relative amounts of the three 
major fluorescent products identified in the lipid extracts; smaller 
amounts of several other fluorescent products (see text) were not 
quantitated. 

b The following R v values were measured for these species in the 
solvent system 50 : 15 : 10 : 10 : 5 (by vol.) CHCl3/acetone / 
CH3OH/CH3COOH/H20: 0.51, 0.30 and > 0.90, respectively, 
for CPS-DATB, its lower-R F derivative and the fraction designated 
'neutral lipids'; and 0.47, 0.29 and > 0.90, respectively, for CPS- 
DASC, its lower-R F derivative and the 'neutral lipid' fraction. For 
reference, (12-CPS)-18 PC migrated with an R F of 0.30 in this 
system, although it migrated somewhat differently from the lower- 
R F derivatives of CPS-DATB and CPS-DASC in other solvent 
systems. 



in the same medium after removal of unadsorbed ca- 
tionic lipid. 

In Table IV are summarized the results of thin-layer 
chromatographic analyses of the lipids extracted from 
CV-1 cells that were incubated as just described with 
DOPE/cationic lipid dispersions containing CPS-DASC 
or CPS-DATB, then postincubated for 2 or 4 h in 
serum-free D-MEM. Three major fluorescent spots were 
observed by thin-layer chromatography in each case, 
corresponding to unconverted CPS-DATB or CPS- 
DASC, neutral lipids (migrating near the solvent front 
in the chromatographic system employed), and a third, 
slower-moving compound that may represent the prod- 
ucts of cleavage of the palmitoyl chain from the 1-posi- 
tion of the parent compounds. Considerably smaller 
amounts of several other fluorescent compounds, which 
migrated just ahead of the major unlabeled phospho- 
lipid spots, were also identified in these samples. As 
indicated in Table IV, very substantial degradation of 
both CPS-DASC and CPS-DATB is observed even at 
relatively short times after these cationic lipid probes 
are added to CV-1 cells in the form of PE/cationic lipid 
dispersions. 

Discussion 

The novel cationic amphiphiles examined in this 
study differ from those described in most previous work 
[1,3,5-7] in that the hydrophobic and the cationic por- 
tions of the molecules are linked through readily cleava- 
ble ester bonds, which should allow efficient intra- 
cellular metabolism of the cationic species after their 
incorporation into animal cells. In agreement with this 
suggestion, fluorescent analogues of DOTB and DOSC 
were shown to be substantially metabolized within a 
few hours after introduction into CV-1 cells. It is possi- 
ble that the metabolic conversion of these compounds is 
in fact even more efficient than our experimental results 
would suggest, since lipid incorporation into cell mem- 
branes from adsorbed lipid aggregates is demonstrably 
a gradual process (as observed by fluorescence mi- 
croscopy) and may least partly limit the rate of 
metabolism of these cationic lipids under our experi- 
mental conditions. The cytotoxicities of most of the 
cationic species examined in this study toward con- 
fluent cell monolayers compare favorably with those 
reported previously for other cationic amphiphiles 
[3,6,28-31]. 

As has been demonstrated previously for PE/  
DOTAP vesicles [2,4], dispersions combining DOPE 
with the various cationic lipid species studied here 
intermix lipids efficiently with PC/PS liposomes and 
mediate efficient transfer of nonexchangeable fluo- 
rescent lipids into the membranes of cultured cells. The 
addition of even small amounts of DNA to these ca- 
tionic lipid dispersions (at 2-10% by weight, or approx. 
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0.17-0.85 mol DNA phosphate per mol cationic lipid) 
sharply reduces their ability to intermix lipids with 
negatively charged lipid vesicles and cellular mem- 
branes. A similar inhibition of lipid mixing could be 
produced by adding polyvalent anions (phosphate or 
EDTA) to the cationic lipid dispersions, or even in 
some cases by incubating the dispersions for prolonged 
periods with physiological concentrations of monova- 
lent cations alone (results not shown). These effects 
probably reflect the growth of the cationic lipid aggre- 
gates by extensive aggregation and/or  fusion, to a point 
where lipid mixing with other membranes becomes very 
inefficient. 

Lipid dispersions containing several o f  the cationic 
amphiphiles examined here (particularly DOTB, 
DOTAP and ChoTB) mediate transient transfection of 
CV-1 and 3T3 cells with the plasmid pSV2cat with 
efficiencies much greater (by ten- to two hundred-fold) 
than those observed using DEAE-dextran. A compara- 
ble efficiency of transfection (relative to DEAE-dex- 
tran) has been reported when CV-1 cells are treated 
with pSV2cat complexed to liposomes combining DOPE 
with the cationic lipid analogue DOTMA [3]. Vesicles 
containing I : 1 DOPE/DOTAP have in fact been found 
to transfect LTA (mouse fibroblast) cells with the 
plasmids pSV0cat and pSV2cat with efficiencies 2-4- 
fold greater than those measured using a commercially 
available preparation of 1:1 DOPE/DOTMA under 
identical conditions (Raymond, M. and Gros, P., per- 
sonal communication). 

While the ability of cationic liposomes to mediate 
introduction of nucleic acids into eukaryotic cells is 
well-documented, the precise mechanism of this process 
remains unclear. The observations presented in this 
study strongly suggest, in agreement with some previous 
proposals [6,32], that the mechanism of transfer of 
DNA to animal cells from cationic liposomes may not 
entail a simple fusion of liposomal and cellular mem- 
branes. This conclusion is suggested by several lines of 
evidence. First, DNA is observed virtually to abolish 
the ability of DOPE/DOTAP and DOPE/DOTB dis- 
persions to intermix lipids with lipid vesicles, yet such 
dispersions are nonetheless highly effective in mediating 
the uptake of DNA by CV-1 and 3T3 cells. Second, we 
find no direct correlation between the abilities of differ- 
ent types of cationic lipid dispersions to intermix lipids 
with POPC/POPS model membranes, either in the ab- 
sence or presence of DNA, and the abilities of such 
dispersions to mediate transfection of CV-1 cells with 
pSV2cat. This is true both when we compare lipid 
dispersions combining DOPE with different cationic 
lipids and when we compare lipid dispersions combin- 
ing DOTB or ChoTB with different neutral lipids. While 
such results do not preclude the possibility that some 
transfer of DNA from cationic liposomes to the cyto- 
plasm of animal cells may occur by a fusion-related 
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mechanism,  they suggest that  such a mechan i sm m a y  be  
at  bes t  inefficient  under  the condi t ions  used to t ransfect  
cells with D N A / c a t i o n i c  l ip id  complexes.  I t  is con-  
ceivable  that  D N A  is t ransfered  to the cy top la sm f rom 
cat ionic  l iposomes  p r imar i ly  by  o ther  mechanisms,  e.g., 
through t ransient  des tab i l iza t ion  of  endocyt ic  vesicles 
conta in ing  D N A / c a t i o n i c  l ip id  complexes,  or  even pos-  
s ibly through med ia t ed  up take  of  D N A  by  a process  
s imilar  to that  recent ly  suggested for  the up take  of  
intact  ol igonucleot ides  b y  an imal  cells [33,34]. 

Fur the r  s tudy will clearly be  requi red  to def ine  ful ly 
the mechanism(s)  by  which cat ionic  l ip id  d ispers ions  
in teract  with an imal  cells and  t ransfer  l iposome-assoc i -  
a ted  molecules to var ious  in t racel lu lar  compar tmen t s .  A 
be t te r  under s t and ing  of the na tu re  of  these processes,  
and  of how their  efficiencies depend  on the compos i t i on  
and physical  p roper t ies  of  the ' ca r r ie r '  l ip id  dispers ion,  
may  allow signif icant  fur ther  improvement s  in the uti l-  
i ty of cat ionic  l ip id  d ispers ions  for del ivery of  poly-  
anionic  or l ipophihc  molecules (and  poss ib ly  o ther  types  
of b ioact ive  molecules  as well) to an imal  cells. The  
avai labi l i ty  of  readi ly  degradab le  ca t ionic  amphiphi les ,  
such as those examined  in this s tudy,  offers the po ten-  
t ial  to extend the use of  cat ionic  l ip id  carr ier  systems to 
include a var ie ty  of  po ten t ia l  app l ica t ions  in which the 
pers is tent  incorpora t ion  of unphys io log ica l  ca t ionic  
amphiphi les  into cel lular  membranes  is undes i rable .  
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