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Abstract We suggest anovel approach for direct optical
microscopy observation of DNA interaction with the bi-
layers of giant cationic liposomes. Giant unilamellar ves-
icles, about 100 pm in diameter, made of phosphatidyl-
cholines and up to 33 mol% of the natural bioactive
cationic amphiphile sphingosine, were obtained by elec-
troformation. “ Short” DNAs(oligonucleotide21b and calf
thymus 250 bp) were locally injected by micropipette to
a part of the giant unilamellar vesicle (GUV) membrane.
DNAs wereinjected native, as well as marked with aflu-
orescent dye. The resulting membrane topology transfor-
mationswere monitored in phase contrast, while DNA dis-
tribution was followed in fluorescence. We observed
DNA-induced endocytosis due to the DNA/lipid mem-
brane local interactions and complex formation. A char-
acteristic minimum concentration (Cg.qo) Of D-erythro-
sphingosine (Sph™) in the GUV membrane was necessary
for the endocytic phenomenon to occur. Below Cgp,q0, ONlY
lateral adhesions between neighboring vesicles were ob-
served upon DNA local addition. C..4, depends on the
type of zwitterionic (phosphocholine) lipid used, being
about 10 mol % for DPhPC/Sph* GUV sand about 20 mol %
for SOPC/Sph* or eggPC/Sph* GUVSs. The characteristic
sizes and shapes of the resulting endosomes depend on the
kind of DNA, and initial GUV membrane tension. When
the fluorescent DNA marker dye was injected after the
DNA/lipid local interaction and complex formation, no
fluorescence was detected. This observation could be ex-
plained if one assumes that the DNA is protected by lip-
idsinthe DNA/Iipid complex, thereby inaccessiblefor the
dye molecules. We suggest a possible mechanism for
DNA/lipid membrane interaction involving DNA encap-
sulation within an inverted micelle included in the lipid
membrane. Our model observations could help in under-
standing events associated with the interaction of DNA
with biological membranes, as well as cationic lipo-
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somes/DNA complex formation in gene transfer pro-
cesses.
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Introduction

Associaton of DNA with membranes and membrane/DNA
complex formation play important rolesin biological pro-
cesses such as DNA replication and segregation (Firshein
1989). Moreover, sphingolipidshavebeenfoundinnuclear
membranes and chromatin fractions, and their amount
seems to vary between active and repressed chromatin
(Alessenko et al. 1982). Thetransfer of sphingolipidsfrom
sites of synthesisto the plasma membrane is blocked dur-
ing mitosis, whereas that of phosphatidylethanolaminere-
mains unchanged (K obayashi and Pagano 1989). Sphingo-
sine, a breakdown product of cellular sphingomyelin, is
a bioactive molecule which regulates the transcription
and replication processes, cell growth, differentiation, and
apoptosis by protein kinase C-independent pathways
(Honget al. 1990; Zhang et al. 1990; Sakakuraet al. 1996).

Thebinding of DNA to liposomes which contain sphin-
gosine has been systematically investigated by differential
scanning calorimetry (DSC) and fluorimetry (resonance
energy transfer, RET) in liposome suspensions, and using
the monolayer technique (Kinunnen et al. 1993; Kdiv
and Kinnunen 1994; Kdiv et al. 1994, 1995). These experi-
ments showed that the interaction between DNA and



sphingosine-containing liposomes is electrostatic in na-
ture. More specifically, thisinteraction should involve the
protonated amino group of D-erythro-sphingosine (Sph*)
and the negatively charged phosphates of DNA. Binding
of DNA to DM PC vesicles containing Sph* was dependent
on the pH: the decrease of fluorescence intensity, due to
RET between marked DNA and lipids, was 80% at pH 5.9,
70% at pH 7.4, and 40% at pH 8.5. DNA binding to mem-
branes containing Sph* was stronger at acidic pH but was
present at basic pH aswell. Measurements of pK, for Sph*
in mixed micelles with Triton X-100 have yielded differ-
ent values, i.e., 6.7 and 7.7, but the exact value in lipo-
somes is not known. It is generally assumed that Sph* is
at least partially protonated at physiological pH. DNA
binding to liposomes containing Sph™ could be reversed
by including phosphatidic acid in the lipid membrane.
Sphingosine phase separation and the formation of do-
mains enriched in sphingosine, caused by the attached
DNA, wereevident from DSC and monol ayer experiments.

Liposomes containing synthetic cationic lipids are cur-
rently used as carriersof antisense oligonucleotidesand plas-
mid DNA, which regulate specific gene transfer
(Felgner et al. 1987; Singhal and Huang 1994; Zelphati and
Szoka 1996). Recently, liposomes containing sphingosine
wereused for DNA transfectionwith high efficiency and low
toxicity (Paukku et al. 1997). We have recently shown, by
using the patch clamp method of bilayers, that the electro-
transfer of plasmid DNA through the membrane is depen-
dent upon the presence of sphingosine (Hristovaet al. 1997).

Considerable experimental and theoretical efforts have
been focused on characterizing the structure of DNA/cat-
ionic liposome complexes (Gershon et al. 1993; Sternberg
et al. 1994; Dan 1996; May and Ben-Shaul 1997). Despite
the extensive studies, the mechanism of DNA ineraction
with positively charged liposomes and the structure of the
resulting complexes are still poorly understood. Surpris-
ingly, until now, all studieson DNA/liposome interactions
have been done on liposome suspensions. Adding DNA to
such suspensions leads to liposome aggregate formation
(Gershon et al. 1993; Kinunnen et al. 1993; Jaéskeldinen
et al. 1994; Sternberg et al. 1994; Réadler et a. 1997). No
information about the effects of DNA interacting locally,
asaresult of local and temporal delivery of DNA to a part
of themembrane of anindividual vesicle, isavailable. This
type of study would be of particular interest in modeling
biological eventsin living cells.

Currently, we are developing a novel approach for di-
rect optical microscopy visualization and studying the
interactions of individual vesicleswith colloidal particles
(Angelovaet al. 1994; Dietrich et a. 1997), aswell asthe
effects of active substances injected locally by a micropi-
pette to a part of the vesicle membrane (Wick et al. 1996).
The giant unilamellar vesicles, big enough (50-150 pum in
diameter) for the membrane shape and morphology trans-
formation to be clearly seen under an optical microscope,
were prepared by the liposome electroformation method.
Electroformation can quickly supply a large number of
giant unilamellar vesicles (GUV's), and can be used effi-
ciently in studiesinvolving individual vesicles, microma-
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nipul ation, and microinjection (Guedeau-Boudeville et al.
1995; Mathivet et al. 1996; Wick and Luisi 1996; Menger
and Angelova 1998).

In this work we present experiments from viewing
with an optical microscope the effects of short DNA mi-
croinjected locally to GUVs containing sphingosine. We
observed DNA -induced endocytosisduetothelocal DNA/
lipid membrane interactions and complex formation. We
are suggesting a possible mechanism for DNA/Iipid mem-
brane interaction, complex formation, and membrane
shape and morphology transformations.

Materials and methods

GUVs were prepared from 1,2-diphytanoyl-sn-glycero-3-
phosphocholine (DPhPC). [-stearoyl-)-oleoyl-L-a-phos-
phocholine (SOPC), egg phosphocholine (eggPC), and
their mixtures with sphingosine at PC/Sph* ratios of 97: 3,
93:7,85:15, 75: 25, and 67: 33 mol%. (Synthetic DPhPC,
Avanti Polar Lipids; synthetic SOPC, Sigma Sph™, from
bovine brain sphingomyelin, Sigma). The initial lipid de-
posit and the resulting GUV's become unstable for Sph™
concentrations higher than 33 mol%. GUVs were formed
by the liposome electroformation method (Angelova and
Dimitrov 1986; Dimitrov and Angelova 1988).

The particular electroformation protocol established
in this work was as follows: SOPC, SOPC/Sph*, eggPC,
eggPC/Sph* solutions were prepared in diethyl ether/
methanol (9:1) at 0.3 mg/ml of total lipid; DPhPC and
DPhPC/Sph* solutions, in chloroform/diethyl ether/meth-
anol (2:7:1) at 0.9 mg/ml of total lipid. A droplet of lipid
solution (1 pl) was deposited (avoiding sliding) on each of
thetwo parallel platinum wires (diameter 0.8 mm, distance
between axes 3 mm) and dried under nitrogen for 30 min.
Ana.c. electrical field, 10 Hz, 0.3 V pp, was applied to the
electrodes. Distilled water (1.2 ml, pH 5.5-6.0, conductiv-
ity 3.3 uS cm™) was added (avoiding agitation) to the
working chamber. The voltage was gradually increased
(over 15 min) up to 2.5 V pp. The GUVs were ready in
2 h for further utilization. In each preparation at least 10
GUVs of diameter 100-150 pm were available.

The “short” DNAs used were: (1) oligonucleotide 21b
(ssSDNA; 21 bases: 5'-CAACCATATCTACACAGGGTC-
3) MW =6.23x103 (kindly supplied by the I nstitute of Mo-
lecular Biology, BAS, Sofia) and (2) calf thymus 250 bp
DNA (dsDNA 250 bp), MW = 1.65x10°, prepared by ultra-
sonication from calf thymus highly polymerized DNA
(Sigma). Molecular size was checked by 3% agarose gel
electrophoresis. The DNA for local GUV microinjection
was in adistilled water solution at a concentration of 0.01
mg/ml. DNA/GUV membrane interaction at a single mi-
croinjection occurred under conditions of large lipid ex-
cess with respect to the DNA (about 10% lipid mole-
cules/nucleotide). DNAs were marked for fluorescent mi-
croscopy visualization with Hoechst 33258 dye (Molecu-
lar Probes, Ex/Em = 352/461 nm) at a dye/nucleotide ra-
tio of 1:10. The Hoechst dye molecules in water solution



Fig. 1a-h Kinetics of membrane topology transformations of an
initially quasi-spherical giant unilamellar vesicle (GUV) (DPhPC/
Sph*, 67:33 mol%) asaresult of three microinjections of DNA 21b:
(a) initial GUV; (b) first injection destabilizes a part of the mem-
brane and makesit highly fluctuating; (c) an eruption of vesiclesto-
ward the inner vesicle space is produced within 1 s; (d) subsequent
injections destabilizes the membrane again, and series of endocytic
vesicle eruptions follow in intervals of afew seconds; () distribu-
tion of marked DNA fluorescence withinthe affected GUV; (f) inter-
nal vesiclesgoing out of the GUV, mimicking exocytosis; (g) “moth-
er” GUV re-healswith asmaller diameter; (h) theinitial GUV isfi-
nally transformed into amultilayered lipid/DNA aggregate of irreg-
ular shape. Bar = 30 pm

have three positive charges, strongly bind to the DNA he-
lix, and become fluorescent only after binding to DNA
(Loontiens et a. 1990).

The poly(ethylene glycol) solution (PEG, MW 4000,
Merck for microinjection was at aconcentration up to 30%
wiw.

Microinjection was carried out using an Eppendorf
Trangjector. Themicrocapillary inner diameter for perform-
ing local microinjection onto a GUV was 0.5-1 um in di-
ameter. Injected volumes were on the order of picoliters
(1-10x107*2 ). The injection was performed from a dis-
tance of about 5 um from the GUV surface, taking care to
avoid any contact with the cationic lipid membrane (which
would immediately seal the capillary with a lipid patch).
Theinjected solution coversabout 10% of theinjected GUV
surface (for aGUV of about 100 pum diameter).

The kinetics for membrane morphology transforma-
tions after local microinjection of DNA to the GUV were
followed by phase contrast microscopy. DNA fluorescence
distribution (labelled with Hoechst dye) was monitored by
Zeissfilter set (Ex/Em = 365/>420 nm).

We used a Zeiss Axiovert microscope, equipped with a
Narishige micromanipulator, and a Hamamatsu chilled
charge-coupled device camera connected to an image re-
cording and processing system.

Results

The membrane tension that electroformed GUV's have at
their “birth” is dependent on the kinetics of their forma-
tion. It can be controlled to a certain extent by the param-
eters of the external a.c. field, which determine the ampli-
tude of the electroosmotically induced mechanical vibra-
tions of growing membranes, applied during GUV forma-
tion. Larger electroosmotic vibrationsduring GUV growth
result in the formation of a flaccid, highly fluctuating el-
lipsoidal GUV. This is due to the fact that the entrapped
volumeis smaller than that of the corresponding spherical
shape vesicle. Minimum electroosmotic vibrations during
GUV growth result in the formation of a stressed, spheri-
cal vesicle. Our estimation of the mechanical condition of
aGUV is qualitative. One can have an idea about it from
the shape and thermal fluctuations of the GUV membrane.
Therefore, in our study we could qualitatively distinguish
between flaccid (with large excess area), quasi-spherical
(low excess area), and stressed (no excess area) GUVs. As
aresult, we could qualitatively test the DNA/GUV inter-
actionwith GUVshavinginitially different membraneten-
sions.

Theimage sequence shownin Fig. 1 presents the kinet-
ics of membrane topology transformations of an initially
quasi-spherical GUV (Fig. 1a), made of DPhPC/Sph*
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Fig. 2a—c Effects of DNA 21b local microinjection into an initial-
ly flaccid GUV (DPhPC/Sph*, 67:33 mol%): (a) initial GUV; (b)
membrane endocytic tube-like, branched, and flexible liposomes
start growing in a few places after the injection; (c) some of them
close and detach from the GUV membrane, but the others stay like
open funnels for at least 30 min. Bar = 30 um

(67:33 mol%) as a result of the DNA 21b (marked with
Hoechst dye) microinjection. The contact of the DNA
molecules with the membrane upon the first injection de-
stabilizes it, making the affected membrane area highly
fluctuating (Fig. 1b). An eruption of vesicles toward the
inner vesicle space (endosomes of about 5 pm diameter)
follows in about 1 s (Fig. 1c¢). Subsequent injections de-
stabilize the membrane again, and a series of endocytic
vesicle eruptions (protuberances) follow in intervals of a
few seconds (Fig. 1d). Figure 1e presents the distribution
of DNA fluorescence within the affected GUV. It is seen
that some of the DNA is associated with the endosomes,
and part of it is spread entirely over the GUV membrane.
We observed endosomes going out of the “mother” GUV
(mimicking exocytosis) (Fig. 1f). The “mother” GUV re-
healswith asmaller diameter (Fig. 1g). Asaresult of three
microinjectionstheinitial GUV isfinally transformed into
amultilayered lipid/DNA aggregate of irregular shape, as
shown in Fig. 1h.

The results of the DNA 21b local microinjection to an
initialy flaccid GUV are shown in Fig. 2. Membrane en-
docytic tube-like liposomes start growing in a few places
after themicroinjection (Fig. 2b). These endosomes (about
5 um in diameter and a few tenths of pum in length) are
quite branched and flexible. Some of them close and de-
tach the GUV membrane, but the others stay like open
funnels (Fig. 2¢) for at least 30 min. Under fluorescence,
one can see that both kinds of endosomes, as well as the
“mother” GUV membrane, are associated with DNA (im-
ages not shown).

The effects of the DNA 21b local microinjection to the
GUV were dependent on: (1) the Sph* concentration in the
GUV membrane, and (2) thetype of zwitterionic PC mem-
brane component used. A characteristic minimum concen-
tration of Sph* (Canq0) inthe GUV membrane is necessary
for the typical endocytic phenomenon to occur. Cgq, de-

Fig. 3 aNeighboring GUVsmade up of DPhPC/Sph* (97: 3 mol%).
b DNA 21b microinjection caused strong irreversible adhesion
between vesicles, but no endocytosis. Bar = 30 um

pendsonthetype of zwitterionic PClipid used, being about
10 mol% for DPhPC/Sph* GUV's, and about 20 mol% for
SOPC/Sph™ or eggPC/Sph* GUVs. Below Cg,q0, ONlY lat-
eral adhesions between neighboring vesicles were ob-
served after DNA local microinjection, asshowninFig. 3,
owing to the too low concentration of Sph*.

The effects of DNA 250 bp locally injected to a
DPhPC/Sph* (67:33 mol%) GUV are presented in Figs. 4
and 5. Again, endocytic vesicles were formed. Typical
sizes were from about 1-2 um for initially stressed vesi-
cles (Fig. 4), to about 8 um for initially quasi-spherical
vesicles (Fig. 5). On average, the typical endosome sizes
induced by DNA 250 bp were smaller than those in the
case of DNA 21b. The DNA fluorescence in the case of
DNA 250 bp is predominantly associated with the endo-
cytic vesicles and is less dispersed over the GUV mem-
brane far away from the spot of initial microinjection: see
Fig. 4c and Fig. 5¢ in comparison with Fig. 1e.

Similar to the DNA 21b, the effects of DNA 250 bp lo-
cal injection to GUV swere dependent on the Sph* concen-
tration and the type of zwitterionic PC lipid used.

The capacity of DNA 250 bp to induce endocytosiswas
reduced whenit wasfluorescently marked with the Hoechst
dye. For instance, the native DNA 250 bp induces endo-
cytosis in both DPhPC/Sph* (67:33 mol%) and SOPC/
Sph* (67:33 mol%). GUVs. Hoechst dye-marked DNA
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Fig. 4a— Effects of DNA 250 bp locally microinjected onto an
initially stressed GUV (DPhPC/Sph*, 67:33 mol%): (a) initial ves-
icle; (b) endocytic vesicles formed were of sizes about 1 pm, and
highly Brownian; (c) marked DNA fluorescence. Bar = 30 pm

250 bpinducesendocytosison DPhPC/Sph* (67 : 33 mol %)
GUVs but not on SOPC/Sph* (67:33 mol%). Only strong
irreversible adhesions between neighboring vesicles (but
no endocytosis) were observed in the latter case (see
Fig. 6), probably owing to the decreased charge density of
the DNA by the bound Hoechst dye.

In order to clarify the structure of the DNA/cationic
membrane complex, we performed the following experi-
ment: first, native DNA (21b or 250 bp) was microinjected
onto a GUV, and endosome formation observed. Thus, the
DNA/cationic membrane complex wasformed. Asalready
noted, in this complex the DNA is associated with the en-
dosomes, as well as with the “mother” vesicle membrane.
Then Hoechst dye solution was injected onto the same
GUV. No fluorescence was detected. It shows that DNA
molecules, once associated with the cationic membrane,
become inaccessible for the dye molecules. One can as-

Fig. 5a—c Effects of DNA 250 bp locally microinjected to an in-
itially quasi-spherical GUV (DPhPC/Sph*, 67:33 mol%): (a) initial
vesicle; (b) endocytic vesicles formed were of sizes about 8 um; (c)
marked DNA fluorescence distribution. Bar = 30 um

(b)

sume that the DNA is protected by lipidsin this DNA/cat-
ionicGUV complex over theentireGUV, intheendosomes
aswell ason the“mother” vesicle membrane. No DNA re-
mainssimply adheredtothe GUV membrane(i.e., partially
exposed to the water medium) in this case.

The fact that polymer solution is microinjected locally
outside, at the GUV membrane, might cause osmotic ef-
fects. Therefore, we checked for eventual nonspecific os-
motic effects. PEG has been shown neither to interact di-
rectly with phospholipids nor to induce the formation of
nonlamellar structuresby phosphatidylcholine. PEG binds
water efficiently and is excluded from the surface of lipo-
some membranes. Some GUV's were locally injected for
up to 2 min with PEG solutions, with concentrations up to
30% w/w, at different pressures, using a micropipette with
aninner diameter of 0.6 um. PEG solution flow around the
GUV wasclearly visiblein phase contrast owingto thedif-
ferent refractiveindex. No GUV topology transformations
were observed. PEG was just diffusing into the bulk with
no visible consequences for the GUV (images not shown).
This result is not surprising bearing in mind that the in-
jected PEG solution volume, in total not more than 5 pl,
was freely diffusing into the 1.2 ml bulk of our working
chamber.

We carried out the following control experiments: (1)
DNA solutions injected onto GUV's containing no Sph*
(made just of the PC zwitterionic lipids); (2) local injec-




Fig. 6a—c Effects of DNA 250 bp (marked with Hoechst dye) lo-
cally microinjected onto SOPC/Sph* (67:33 mol%) GUVs: (a) in-
itially quasi-spherical neighboring vesicles; (b) strong irreversible
adhesion between neighboring vesicles; no endocytosis; (c) marked
DNA fluorescence distribution. Bar = 30 pm

tion of water at different pressures onto GUV s containing
Sph*; (3) pouring DNA solutionswith alarge micropipette
onto GUVs, in order to have homogeneous DNA concen-
tration distribution and interaction with the entire GUV
membrane (in contrast to thelocally and temporary created
DNA concentration at a spot on the membrane). No mem-
brane morphol ogy transformations were observed in cases
(1) and (2). In case (3), the GUV's burst and transformed
into multilamellar aggregates, like those in Fig. 1h. Nei-
ther fluorescence nor membrane topol ogy transformations
were observed when Hoechst dye solutions were injected
directly onto GUV's (whether containing Sph™ or not). The
observations presented are an average of at least five ex-
periments of the same kind.

The studies presented in this work were performed in
distilled water (pH 5.5-6.0). The addition of 2 g of lipid
and up to 0.1 pg of DNA to 1.2 ml distilled water did not
cause significant change of pH. The presence of buffersor
saltssuppressesGUV formation. Theresulting vesiclesare
smaller in size, many of them are multilamellar, and there-
forearenot usable. In all cases, including previously men-
tioned references, aswell as our experiments, make us be-
lieve that the triggering interaction between the DNA and
Sph*/PC GUV membrane is electrostatic. We assume the
presence of salts, or pH variations between 5.9 and 7.4,
could modify but would not eliminate the results of elec-
trostatic interaction.

Discussion

Comprehensive theoretical consideration of the molecular
structure of DNA/cationic liposome complexes was pre-
sented by May and Ben-Shaul (1997). A molecular theory
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is suggested for the thermodynamic stability of two (sim-
ilar) types of structural complexes formed between DNA
(rod-like, either single stranded or double stranded) and
cationic liposomes. Both types involve alipid monolayer-
coated DNA as the central structural unit. This central
structural unit can be surrounded by another, oppositely
curved, monolayer, thusforming abilayer mantle, or abun-
dle of hexagonally packed DNA-monolayer units can be
surrounded by a common outer monolayer. The formation
free energy of these complexes, starting from aplanar cat-
ionic/neutral lipid bilayer and bare DNA, is expressed as
the sum of electrostatic, bending, mixing, and chain frus-
tration contributions. The interplay between these factors
isdependent on the cationic/neutral lipid composition. The
authorsfound that the most stable monolayer-coated DNA
units are formed when the charged/neutral lipid composi-
tion corresponds (nearly) to charge neutralization. The op-
timal monolayer radius corresponds to close DNA-mono-
layer contact. The uncharged lipid appears to play an im-
portant role in the formation of a monolayer-coated DNA
complex: first, it enables the adjustment of the charge on
the monolayer surface to ensure charge neutrality; second,
if properly chosen, it lowers the cost of elastic energy as-
sociated with bending the monolayer (imposing high “neg-
ative” curvature) around the DNA. The calculated stabil-
ization energiesin this case were typically of the order of
1 kg T/A of DNA length. Suppose the DNA-lipid system
contains a large excess of lipid molecules. In such a case,
the complexes formed may adjust their lipid composition
and radii so asto minimizethe elastic energy contribution,
with the excess bilayer serving as a lipid reservoir. As a
general conclusion, to stabilize the lipid enveloped-DNA
complex the lipid should have as low as possible bending
rigidity, as high as possible fluidity, and favour the forma-
tion of hexagonal structures.

The DNA-lipid monolayer coated unit can be consid-
ered as akind of inverted cylindrical micelle entrapping a
DNA molecule in the enclosed water pool. Experimental
study of the solubilization and structural properties of
nucleic acids in reverse micelles is presented by Battistel
et al. (1989). They showed that, surprisingly, even large
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(250 kDa) DNA molecules can be hosted in small reverse
micelles (withradii of 20-50 A) composed of cationic, neu-
tral, or anionic surfactants.

A theoretical consideration of the interactions between
DNA moleculesadsorbed on fluid membranesis presented
by Dan (1996). The interaction between adsorbing DNA
and the lipid heads changes the equilibrium density, i.e.,
areaper molecule, inthe aff ected region of the outer mono-
layer. Assuming that membrane fluidity implies that the
two monolayers composing the bilayer can be decoupled,
and that the DNA adsorption energy has a high enough
value, Dan (1996) calculated a rise in the membrane-in-
duced, attractive interactions between the adsorbed DNA
molecules. These balance the direct repulsive interactions
between DNA molecules. As a result, DNA adsorbed on
membranes is predicted to form ordered domains charac-
terized by finite spacing, which varies with the membrane
characteristics and the solution Debye screening length.

Using the optical trapping and optical manipulation
technique, the “physical endocytosis” of hydrophilic
spherical particles by GUVswas studied (Angelova et al.
1994; Pouligny et al. 1995). Theoretical considerations
showed that in the case of strong adhesion between the par-
ticle and the GUV membrane, the two monolayers consti-
tuting the lipid bilayer can be decoupled. Only the outer
monolayer “rollsup” and encapsul ates the particle by ato-
pology transformation of the GUV membrane. Asaresult,
alargeasymmetry (S.:<Sv) betweenthetwo GUV mono-
layersis produced.

In the present work we are studying the effects of de-
livering DNA locally to a part of the cationic GUV mem-
brane. Both kinds of DNA used, DNA 21b and DNA 250
bp, can be considered as rigid rods, 22 A in diameter and
72 A and 862 A in length, respectively. Persistence length
of single stranded oligonucleotide DNA, 14 to 22 bases,
at different buffer conditions, is of the order of 53-88 A
(Porschke and Jung 1985); persistence length of double
stranded DNA is about 500 A at physiological conditions,
increasing upto 872 A atlow salt concentrations (Porschke
1991). The GUV membrane was, in all cases, in the lig-
uid-crystalline phase. One of the neutral lipids used,
DPhPC, has particularly high steric asymmetry — two
branched saturated hydrocarbon chains 16: 0[(CHs5) 4] —in-
dicating potential for formation of inverted hexagonal
structures. It is known that sphingosine favors the forma-
tion of hexagonal structures (KGiv et al. 1994). Most of the
sphingosine mol ecul esshould be protonated under the con-
ditions of our experiment.

We observed DNA-induced adhesion and endocytosis
due to the DNA/lipid membrane local interactions and
complex formation. A possible mechanism should explain
the following findings:

1. Both factors, the Sph™ in the GUV membrane and DNA
in the microinjected solution, are necessary for the phe-
nomena under consideration to occur.

2. A characteristic minimum concentration of Sph*
(Cengo) 1N the GUV membrane is necessary for the en-
docytic phenomenon to occur.

3. Below Cgpqgo, ONly lateral adhesions between neighbor-
ing vesicles were observed upon DNA local addition.

4. Cqngo depends on the type of zwitterionic PC lipid used,
being about 10 mol% for DPhPC/Sph* GUV s and about
20 mol% for SOPC/Sph™ or eggPC/Sph™ GUVs.

5. The characteristic sizes and shapes of the resulting en-
dosomes depend on the kind of DNA, and the initial
GUV membrane tension.

6. When the fluorescent DNA Hoechst marker dye was
added after the DNA/lipid local interaction and complex
formation, no fluorescence was detected, although the
DNA in the DNA/GUV complex had been previously
associated with the endosomes, as well as with the
“mother” vesicle membrane.

The reason for the vesicles sticking to each other in cases
like those shownin Figs. 3 and 6 is probably simple mem-
brane adhesion stabilized by electrostatic interactions of
the DNA molecule with each of thetwo GUV membranes.
Lamellar packing (sandwiching the DNA helixesarranged
within the contact zone between thetwo GUV membranes)
like those proposed by Rédler et al. (1997) could be sug-
gested (illustration not shown). The findings 1 to 5 could
be, more or less, explained by this simple model of DNA
adhesion to the membrane.

Finding 6 however, makes us think about something
more sophisticated. This observation could be explained if
one assumes that the DNA is protected by lipids in the
DNA/lipid complex, and is thereby inaccessible to the
Hoechst dye molecules. Figure 7 presents an illustration
of a possible mechanism we suggest for understanding all
the observed phenomena (1 to 6). Figure 7a presents the
stage of initial, electrostatically driven, DNA adsorption
to the cationic membrane. In Fig. 7b the adhesion energy
density between the DNA and outer monolayer increases
owing to lateral diffusion of Sph* furnished by the excess
lipid phase of the GUV. The outer monolayer decouples
from the inner one and “rolls” up the DNA rod, forming
cylindrical defects resembling germs of inverted hexago-
nal structures. Whenever and wherever the el ectrostatic at-
traction, membrane bending rigidity, lipid geometry, and
component demixing factors reach a favorable combina-
tion, the GUV membrane undergoesthe topol ogy transfor-
mation presented in Figure 7 c. Thetheoretical background
for the possibility of such topology transformation and for
the resulting complex to be stable has been presented at
the beginning of this discussion. The peculiar membrane
inclusion, inverted cylindrical micelle entrapping a DNA
molecule (and probably some water), is formed consum-
ing only the outer GUV monolayer. The resulting mem-
brane asymmetry, in this case (S.:<Sn), is much larger
than the one possibly induced in the case of simple DNA
adsorption to cationic membranes. Furthermore, domains
of different structural and mechanical propertiesshould ap-
pear on the scale of the GUV membrane affected by thelo-
cal DNA microinjection. The creation of large membrane
surface asymmetry and lateral gradients of the mechanical
properties of the GUV membrane result in membrane in-
vaginations as shown in Fig. 7d, and, eventually, in endo-



Fig. 7a—e A sketch of the suggested mechanisms of “short” DNA/
membrane complex formation, the induced GUV membrane topol-
ogy transformations, and the resulting endosome: (a) DNA adsorp-
tion to the GUV (planar) membrane (the dashed circles represent
transverse sections of the DNA molecules); (b) lateral diffusion and
rise of the Sph* concentration, decoupling of the two monolayers
composing the bilayer membrane, and external monolayer “rolling”
upontheDNA molecule; (c) theexternal lipid monolayer undergoes
topology transformation and encapsulates the DNA molecule with-
in a cylindrical inverted micellar structure; membrane asymmetry,
Soxt <Snw» IS created; (d) membrane invaginates at the scale of afew
micrometers; (€) endosome forms
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some formation; see Fig. 7e. Characteristic sizes and
shapes of membrane invaginations and resulting endo-
somes should depend on local membrane composition, the
initial GUV condition (presenceor not of excessarea), and
hydrodynamics of the DNA flux upon the local microin-
jection.

We suggest apossible“nontrivial” mechanism of DNA/-
lipid membrane interaction involving DNA molecule en-
capsulation within an inverted micelleincluded in thelipid
membrane. Currently we do not have any absolute evidence
to proveit. We do not claim either that thisisthe only pos-
sibility. However, we found some serious experimental in-
dications and theoretical considerations for proposing it as
apossihility. X-ray studies (or other structural methods) on
our lipid/DNA systems would be of particular interest for
elucidating the possibility for the proposed structuresto ex-
ist asequilibrium structures. Our model observations could
help in understanding the association of DNA with biolog-
ical membranes, as well as cationic liposomes/DNA com-
plex formation in gene transfer processes.

In conclusion, we would like to point out that in this
paper we are effectively suggesting ageneral approach and
method for thedirect study of DNA/membraneinteractions
which could be easily applied to testing the effects of apar-
ticular kind of DNA interacting locally with a model or
biological membrane.
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