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Interaction of Lipoplexes with Anionic Lipids Resulting in DNA
Release is a Two-Stage Process
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We propose a mechanism for DNA release from lipoplexes in cells that accounts for various observations of
lipoplex—anionic lipid interactions. We examined the structural evolution of lipoplexes upon interaction with cellular
lipids by synchrotron small-angle X-ray diffraction (SAXD), and the extent of DNA release from lipoplexes was
determined by gel electrophoresis. We find that the interaction of lipoplexes with anionic cellular lipids is a two-stage
process. In the first step, anionic lipids laterally diffuse into the complex and neutralize the cationic lipids. As a result,
the membrane charge density of lipoplexes decreases and interactions between cationic lipids and DNA become
weaker, but DNA is extremely poorly released. Only after the cationic charge of lipoplex membranes is completely
neutralized by anionic lipids does DNA starts to be released significantly.

Introduction lipid dioleoylphosphatidylethanolamine (DOPE) were purchased
Complexes of DNA with cationic liposomes have attracted from Avanti Polar Lipids (Alabaster, AL) and used without further

considerable attention recently, essentially because of their usqou”f'c.at'on' DC-Chol-DOPE cationic liposomes were prepared
. . - i ollowing standard protocotsat a molar ratio of neutral lipid in the
as nonviral DNA delivery systems in gene therdpy.critical

- S L bilayer of ® = Lo/(Lc + Lo) = 0.5, wherely andLc are moles of
obstacle for the clinical application of cationic liposor@NA neutral and cationic lipids, respectively. The final concentration of

complexes (lipoplexes) is their insufficiently low transfection |ipig solutions was 25 mg/mL. Anionic liposomes (AL) were prepared
efficiency. from 1,2-dioleoylsn-glycero-3-phosphate (DOPA), an anionic lipid

The transfection of cells by lipoplexes is a very complex process that is common in the plasma membrane of mammalian cells.
with distinct stages. The basic steps of lipid-mediated transfection  Lipoplexes. Lipoplexes were prepared by mixing 10Q of
(lipofection) include adsorption and endocytosis of lipoplexes sonicated calf thymus Na-DNA (Sigma, St. Louis, MO) (DNA
inside the celk3 The second crucial process is the release of fragments between 500 and 1000 base pairs) at 5.3 mg/mL with
DNA from the lipoplex into the cytoplasm. About 10 years ago, Suitable volumes of liposome solutions. DC-Chol-DOPE/DNA
itwas proposed that electrostatic interactions between the cationic!POPIexes were prepared with the following cationic lipid/DNA
lipids of the lipoplex with the anionic phospholipids in the Lnolar ratio,p = L¢/D = (moles of cationic lipid)/(moles of DNA

- . : o ases)= 3.2 (positively charged lipoplexes).

endosomal membrane would facilitate simultaneous dissociation

) . . Lipoplexes/Anionic Liposomes Mixed SystemsLipoplexes/
of the DNA from the lipoplex and disruption of the endosomal popA mixed dispersions were prepared by mixing solutions of

membrané. The experiments raise a question of fundamental popa and preformed lipoplexes at different charge raiesAlLc
importance to lipofection science: Which is the mechanism of (moles of anionic lipid/moles of cationic lipid) betwe&n= 0 and

DNA release from lipoplexes by anionic lipids? The current 5 inincrements of 0.05. At present, it is not clear if lipid-mediated
opinion is that lipoplexes interact with a number of cellular transfection involves single or multiple interactions with anionic
membranes, during which DNA may be released gradually only me.mbrar}es. If Iip'id-mediated transfection involved multiple inter-
after the lipoplex has acquired enough anionic lipids to neutralize actions with anionic membranes, the dependence of structural changes
the cationic charge of lipoplexédevertheless, at present, little  ©f liroplexes and DNA release dtwould be a critical point to be

if anything is known about the exact physical mechanism by deeplyinvestigateéIAfterst_oragefosh(time scale of transfection
. ; experiments) at 4C, allowing the samples to reach equilibridm,
which DNA is released.

. - they were transferred to 1.5-mm-diameter quartz X-ray capillaries
Here, we report an analytical model describing DNA release (pjijgenberg, Germany). The capillaries were centrifuged at room

from lipoplexes by anionic lipids. We find that the interaction temperature for 5 min at 6000 rpm to consolidate the sample.
between cationic lipoplexes and anionic lipids is well described  Synchrotron Small-Angle X-ray Diffraction. Small-angle X-ray

by atwo-step mechanism. In the first step, anionic lipids neutralize diffraction (SAXD) was used to characterize the structure of
cationic lipids, thereby modifying the membrane charge density lipoplexes and to study the structural changes of lipoplexes when
of lipoplexes. In this stage, DNA is very poorly released. In the interacting with anionic liposomes, which are intended to be model
second step, the onset of major DNA unbinding results from Systems of biological membrangall SAXD measurements were

complete charge neutralization of cationic membranes. performed at the Austrian SAXS station of synchrotron light source
ELETTRA (Trieste, Italy)® SAXD patterns were recorded with a
Materials and Methods gas detector based on the delay line principle coveripgeage (|
Cationic Liposomes. Cationic lipid 35-[N-(N, N-dimethyl- = 47 sin(9)/4) of 0.05-0.6 A-L. The angular calibration of the

aminoethane)-carbamoyl]-cholesterol (DC-Chol) and neutral helper detector was performed with silver behenate powdespacing=
- - - - 58.38 A). The exposure time for each sample at each temperature
* Corresponding author. E-mail: g.caracciolo@caspur.it. Fe89 06 was 100 s. No evidence of sample degradation due to radiation

49?11)3|9cs7|gh;a)|§+|_39ngggi?c?GGSlivNature 1089 337, 387 damage was observed in any of the samples at this exposure. The
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data have been corrected for fluctuation of the primary beam intensity
with detector efficiency, and the background has been subtracted.
Electrophoresis Experiments. Electrophoresis studies were
conducted on 1% agarose gels containing Tris-borate-EDTA (TBE)
buffer. Detailed experimental conditions can be found elsewhere.
After electrophoresis, ethidium bromide (B3r) was added and
then observed. Lipoplexes were prepared by mixind-2f lipid
dispersions (20 mg/mL, Tris-HCI buffer) withedy of pGL3 control
plasmid. Plasmid preparation was checked by gel electrophoresis. R=0.5
It was found to contain two components: a high-mobility band
attributed to the most compact (supercoiled) form and a less-intense
one that was considered to be the non-supercoiled content in plasmid
preparation. These complexes were allowed to equilibrate for 3 days
at 4 °C before adding negatively charged liposomes. After 3 h,
naked plasmid DNA, lipoplexes, and lipoplexes/AL systems with
differentR values were subjected to agarose gel electrophoresis for R=0.2
1 h. (Unless otherwise specified, all gels were 1% agarose and were
run at 5 V/cm at 20C). The electrophoresis gel was observed and l
digitally photographed using a Kodak Image Station (model 2000
R, Kodak, Rochester, NY). Digital photographs were elucidated
using dedicated software (Kodak MI, Kodak) that allows us to
calculated the molar fraction of released DN¥pna.

-

R=0.1

Results and Discussion

Figure 1 shows the structural evolution of DC-Chol-DOPE/
DNA lipoplexes upon interaction with anionic lipids in the<O
R < 0.5 range of the anionic/cationic charge ratioRst: 0 (no R=0.05
anionic lipid added), the sharp peaks labeledsatarose from l

Intensity (a.u.)

the lamellar periodicity along the normal to the lipid bilayer,
which is the sum of the membrane thicknegg énd the thickness
of the water/DNA layerdw): d = dg + dw = 27/goo; = 69.1
A (Figure 1, top). The diffuse broader peak (marked by an arrow) R=0
resulted from 1D in-plane packing of the intercalated DNA. The
DNA strands form a 1D ordered array where the interaxial spacing,
dona = 27/0pna, decreases with the membrane charge density
of lipoplexesom = (1 — ®)/awhereeis the electronic charge
andais the average interfacial lipid headgroup aféembrane T T
charge density has recently been identified as a key universal 0.1 0.2
parameter regulating the transfection efficiency of lipopléXés. i
Although the (00) peaks move only slightly wittR toward q(A)
smallerg,® the much broader and weaker peak arising from the Figure 1. (Top) schematics of the structure of lamellar CL-DNA
DNA—DNA correlations (vertical arrows) shifts over a wide complexes. The nanostructure is composed of alternating lipid bilayers
range corresponding to a changelifa from closed packed at ~ @nd DNA monolayers, and the repeat spacing is gived bydw

— S . _ . + ds. DNA monolayers are ordered in a 1D lattice with a well-
35.1 A R = 0) to significantly dilute at 53 AR = 0.5). This defined spacinglona between the DNA chains. (Bottom) repre-

finding indicated thatthe 1D in-plane rod DNA lattice was diluted - sentative SAXD patterns of mixed DC-Chol-DOPE/DNA/DOPA
by anionic lipids (i.e.dbna, reported in Table 1, increasing with  systems as a function of increasiRgCurves are arbitrarily shifted
growingR).11ForR > 0.5, the DNA peak was not detected from for clarity. As the mobile DNA peak (marked by an arrow) clearly
the X-ray pattern. In principle, this finding may indicate that shows, the 1D DNA in-plane rod lattice is diluted by anionic lipids.
DNA was so easily released from lipoplexes that DNBNA For R > 0.5, the DNA peak was not seen in the X-ray pattern.
in-plane interactions became too weak to be detected. Alterna-
tively, the increasing amount of anionic lipid may disturb the
DNA packing, eventually leading to the complete loss of short-
range order in the DNADNA correlations®

As a result, we asked whether the observed enlargement in
DNA spacing (Table 1) was really due to DNA release from
lipoplexes. To address this question, we performed electrophoresis
experiments on agarose gels. Electrophoresis experiments ca
provide direct evidence for DNA release from lipoplexes after
interaction with anionic liposomé&%? and quantify the molar

(002)

fraction of DNA releasedXpna. Figure 2 shows the changes in
Xona as a function oR. Electrophoresis seemed to suggest that
DNA release may be a two-step process. Indeed, DNA release
was extremely low up t&~ 0.5. Conversely, foR > 0.5,Xpna
started to increase significantly.

When comparing SAXD and electrophoretic results, we did
ot find a clear relationship between changes in the 1D DNA
packing density and DNA unbinding. We noted that for 005
R < 0.5 the 1D packing of DNA changed significantly (Table
1) but DNA was almost not released from lipoplexes (Figure 2).

(7) Koltover, I.; Salditt, T.; Safinya, C. RBiophys. J.1999 77, 915. Here.we address "?‘b?‘s'cq”‘?s“onz. Why qqes the 1D DNA pacl_<|ng

(8) Caracciolo, G.; Caminiti, RChem. Phys. LetR005 411, 327. density change with increasing anionic lipid content? Answering

(9) Ewert, K. K.; Ahmad, A.; Evans, H. M.; Safinya, C. Rxpert Opin. Biol. this question means clarifying how and why the unbinding of
Ther.2005 5, 33. DNA 0ccurs

(10) Ahmad, A.; Evans, H. M.; Ewert, K.; George, C. X.; Samuel, C. E; .
Safinya, C. RJ. Gene Med2005 7, 739.

(11) Caracciolo, G.; Pozzi, D.; Caminiti, R.; Marchini, C.; Montani, M.; Amici, (12) Wang, L.; Koynova, R.; Parikh, H.; MacDonald, R.Bophys. J2006
A.; Amenitsch, H.Appl. Phys. Lett2006 89, 2339031. 91, 3692.
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Figure 2. Molar fraction of released DNAXpna, Measured by ) o . P
electrophoresis as a function of increasiRg DNA unbinding Figure 3. Variation ofdona in the lamellar DC-Chol-DOPE/DNA
appeared to be a two-stage process. The dashed line indicates twgomplexes as a function pf The dashed line indicates the plateau
regimes of DNA release labeled | and Il. In the first step(®R charge ratio,ep. Starting frompp, the system is biphasic, and

< 0.5), DNA is tightly bound to cationic liposomes and is poorly lipoplexes begin to coexist with excess lipid.

released. In the second stdp ¥ 0.5), DNA starts to be released

considerably. the nominal charge ratig, from the plateau valuggp. High-
resolution synchrotron SAXD measurements carried out on DC-

Table 1. DNA Interstrand Distance, dowa, Molar Fraction of Chol-DOPE/DNA lipoplexes as a functionefFigure 3) allowed

Anionic Lipid Diffusing into the Complex, Xa_, and Molar

Fraction of Neutral Lipid Molecules, ®', as a Function of the us to estimate the plateau charge ratig & 2.4) and, in turn,
Anionic Lipid/Cationic Lipid Molar Ratio, R the deviation of from pp (y = plpp = 3.2/2.4= 1.4). Itis also
R bra (A) Xa ' (l;rl)portunfeI to slpeC|fy that tgleé Tolai)ratlo of neu(tjral I:)p|d in thle
ilayer of lipoplexesb* = Ly/(L; +L¢) is assumed to be equal
8:28 gg:i 8:2 8:8‘:& 8:(1)2 8:22& 8:882 to thatin the bilayer of cationic liposomds= Lo/(Lc + L) (P*
0.15 41.3+0.4 0.93+ 0.04 0.722+ 0.008 = D).
0.20 43.4+04 0.91+0.03 0.784+ 0.007 When adding moles of anionic lipids& = RL¢) with valence
0.25 4494+ 0.4 0.874+0.03 0.829+ 0.007 Za to preformed lipoplexes, two main effects have to be
0.30 47.0£0.4 0.87+0.02 0.879+ 0.007 considered: (i) anionic lipids laterally diffuse into the compl&x
8:28 38:;‘: 8:2 8:3511 8:83 8:82& 8:88; and Io_cally neutralize c_ationic Iipidsgnd (i) DNA is released
0.45 515+ 0.3 0.79+ 0.02 0.997+ 0.007 from lipoplexes. The first process is thought to modulate the
0.50 53.0+ 0.3 0.774+ 0.01 1.003+ 0.006 membrane charge density of lipoplexes, by changing the

actual fraction of neutral lipids in the lipid bilaye®*.11.14\We
Itwas found in SAXD experimentshat the interaxial distance  indicate byXa_ the molar fraction of anionic lipids added to
dona is related to charge ratip by preformed lipoplexes that really enter the complex. We also
suppose that anionic lipids that laterally diffuse into the complex
ONA ZLP (1) (XAL_A, 0 < XaL = 1_) locally neutralize cationi_c Ii_pi(;lé_.ln
25(1 — D) particular, each anionic molecule can neutrafizeationic lipids.

As aresult, the number of molecules that behave as neutral lipids
wherelg is the Bjerrum length. In principle, eq 1 is valid only s given by the sum of the number of neutral lipids in the complex,
for isoelectric complexes(= 1) because it relies on the basic L?, plus the number of neutralized molecul¥s(A + ZaXaL A).
assumption of complete release of confined Manning counterions ~As a consequence, we can calculate the actual fraction of
from cationic lipids and DNA:® Nevertheless, it can be npeutral lipid within the complex'(R),
successfully used in the so-called isoelectric regime both above

(p > 1) and below g < 1) the isoelectric point.In parti_culz_ar,_ _ L+ Xy A+ Z, X, A

for p > 1, complexes continue to absorb excess cationic lipid @'(R) = =

and remain one-phase, athigla increases linearly with.2 Finally, Lo+ Le + X5 A

interbilayer repulsions are thought to set an upper limit on the ® + X, Ry(1 — @)1+ Z,)

amount of excess lipid that a complex can accommotiaté.
Starting from this “plateau point”, the lipoplex starts to coexist
with excess liposomes13As a result, the actual composition o .
of lipopexes becomes more and more different from the nominal e also suppose that electrostatic interactions between the
one (in the following, all quantities referring to actual values are cationic lipids of the lipoplexi(c) and the anionic phospholipids
denoted by * and nominal values will be indicated that diffuse within it KaA) result in simultaneous charge

1+ X, Ry(1— @)

without *).7:8.11,13 neutralization of cationic lipids and weakening of the cationic
For p > 1, all DNA molecules are incorporated within the lipid/DNA interaction. The latter process is likely to induce the
complex whereas only part of the cationic lipid$, < L, are release of a fraction of the delivered DNBR (0 < Dg < D).

soincorporated. (Analogously, we shall indicate §yhe moles Both. diffusion of anion!c Iipid.and potential DNA release can
of neutral lipid incorporated within the lipoplexes.) As a Mmodify the charge ratio of lipoplexes. As a result, we can

consequence, the plateau charge ratio is givembyL/D. The imme(_jiately cglculate the modified charge rapt(R), by the

moles of cationic lipids in the compleky, are therefore related following relation

to Lc by Lc = Lp/pp = yLE, with y indicating the deviation of "

c '(R) = Le— ZAXALA_ (1= ZXa Ry) 3
(13) Caracciolo, G.; Caminiti, R.; Pozzi, D.; Friello, M.; Boffi, F.; Congiu p ( ) - D—-—D =P (1 — X ) ( )

Castellano, AChem. Phys. Let002 351, 222. R DNA
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By combining eqs 1 and 3, obtaining the ratio betweg (R

Letters

= 0) anddpna(R) and substituting all of the relevant parameters, P ¢
one can finally calculate the molar fraction of anionic lipids that %y ¢
diffuse within the lipoplex B3 ¢ ’
r?.o 4 [] s
dona(R < ]
DNA(_) (1= Xpna) — 1 T3 2 LI
X, (R) = dona(R=0) @ S s,
e Ry(1— @)
o _ . 20 ¢
By measuring interaxial DNADNA distancesdpna(R) and L
y by SAXD andXpna by electrophoresis, one can therefore 1.5 ¢ i
calculate the molar fraction of anionic lipid added to preformed o 10 )
lipoplexes that actually enters the compl¥x, . Table 1 shows ¢
thatXa. decreases witR. This finding indicates that the affinity 0.5 ¢ ;
of anionic DOPA for cationic lipoplexes decreases vitli.e., 0.0 )
with an increasing number of interactions between lipoplexes , $
and anionic membrane$}#In fact, initial molecular exchange 00 01 02 03 04 05
between the cationic lipid aggregates and the negatively charged R

membranes is expected to create cationic/anionic lipid mixtures Figure 4. (Top) change in membrane charge density of lipoplexes,
thatlower the electrostatic attraction between cationic lipoplexes g, (R), induced by anionic lipids. The cationic charge of DC-Chol-

and anionic membranés:14

By insertingXa. values into eq 2, we can finally calculate the
dependence of both’ andoy’ = e(1 — ®')/a on the anionic/
cationic charge ratioR. As eqs 2 and 3 clearly showl' and,
in turn, oy’ depend orZa. Recent publicatiori§1®have shown

DOPE membranes is completely neutralize®Rat 0.5. (Bottom)
change in the effective charge ratio of lipoplexg's,with R.

of DNA release from lipoplexes by anionic lipids to be clarified.
As discussed in the literatufé?it has been recently suggested

that the lipid headgroup charge of PA depends on lipid that DNA may be released only after the lipoplex has acquired
composition and may be increased by the inclusion of zwitterionic €nough anionic lipids to counterbalance the cationic charge of
lipid species such as DOPE and cholest&tdh particular, the  lipoplexes. Our model quantifies such “enough anionic charge”.
headgroup of PE facilitates the deprotonation of PA in a mixed Indeed, we showed that DNA starts to escape significantly from
bilayer. Indeed, the headgroup of PE lies parallel to the membraneliPoplexes (Figure 2) only when the membrane charge density
surface, and the positively charged amine is uniquely located to Of lipoplexes has been completely neutralized by anionic lipids
interact electrostatically with the phosphate group of the PA, (om’~ 0, Figure 4, top panel). Thus, we show that the complete
bringing both molecules sufficiently close in space to allow charge neutralization of cationic lipoplex membranes is the
hydrogen bond formatiotf. This intermolecular hydrogen bond ~ fundamental prerequisite leading to significant DNA release.
can destabilize the intramolecular hydrogen bond within the ~We have provided evidence that the DNA release from
phosphomonoester headgroup and thus lowerkhe Bimilarly, lipoplexes by anionic lipids is a two-stage process. In the first
the presence of a positive charge, as found in cationic lipid DC- Step (0< R < 0.5), anioniclipids penetrate the cationic membranes
Chol, increases the local pH and decreases the appateot p  Of lipoplexes and progressively neutralize the positive charge
the same molecul.Thus, the most realistic assumption is that carried by cationic lipids. As a result, the membrane charge
in mixed DC-Chol-DOPE hilayet§6 DOPA releases both  density.ow’, decreases (Figure 4, top panel), but DNAis poorly
protons and acquires two negative charges at the membrand€leased (Figure 2). The decrease in 1D DNA packing density
interface Za = 2). (Table 1), experimentally observed by SAXD (Figure 1), was
Table 1 shows the dependencedsfon the anionic/cationic ~ ©nly slightly due to the unbinding of DNA. Conversely, the 1D
charge ratioR. To calculatesy’(R) we used a mean interfacial DNA lattice was essentially diluted because the diffusion of
area ofa = 48.2 A according to ref 6 (and references therein). anionic lipids increased the total membrane dféathe second
Figure 4 (top panel) shows the change in the charge density ofStep 8> 0.5), when the membrane charge density of lipoplexes
DC-Chol-DOPE membranesy'(R), with R. We noted that the ~ Was completely neutralized by anionic lipids (Figure 4, top panel),
cationic charge of DC-Chol-DOPE membranes monotonously DNA started to escape from lipoplexes appreciably (Figure 2).
decreased witRand was completely neutralizedRé- 0.5 (o' The neutralization of the cationic charge of lipoplexes by
~ 0). This finding means that the amount of DOPA that was anionic lipids also resulted in a monotonous decrease in the
needed to neutralize DC-Chol fully was half the amount of cationic actual charge ratip'(R) (Figure 4, bottom panel). It has been
lipid. As discussed above, this apparent contradiction disappears?roposed in the literatut@*?that the unbinding of DNA from
when it is recognized that DOPA is a diprotic acid whose lipoplexes is a critical step along the transfection route. According
physiologically relevanpKayis close to 75 Itis well established 0 these suggestions, our findings suggest that the decrease in
that in fluid mixed bilayers individual lipid components are free  the positive charge of lipoplexes (Figure 4, bottom panel) upon
to move within the plane of the membrane. Thus, at the molecular interaction with anionic membranes could make further lipoplex
level, we can assume that charge-neutral triplets made of onec€llular membrane interactions more difficult.
DOPA molecule plus two DC-Chol molecules form locally.
By combining the results of SAXD and electrophoresis
experiments, the proposed model allowed the physical mechanism We have clarified the physical mechanism by which DNA is
released from lipoplexes by anionic lipids. We have supported

Conclusions

(14) Rao, N. M.; Gopal, VBiosci. Rep2006 26, 301.

(15) Kooijman, E. E.; Carter, K. M.; van Laar, E. G.; Chupin, V.; Burger, K.
N. J.; de Kruijff, B. Biochemistry2005 44, 17007.
(16) Hafez, I. M.; Ansell, S.; Cullis, P. RBiophys. J.200Q 79, 1438.

the general expectatibrthat anionic lipids are the factors
responsible for DNA release. What we have unambiguously
shown and what was poorly appreciated before is that the complete



Letters Langmuir, Vol. 23, No. 17, 20078717

electrostatic neutralization of cationic membranes by anionic liposomes with lipoplexes for biological and biomedical ap-
lipids is the essential requirement for the release of DNA. plications.

Given the consistent agreement between our results and the
various experimental observations on lipoplex/anionic lipid
interactions reported herein, we suggest that the presented mod
is an appropriate and promising tool for investigating the wor
interactions of other anionic lipids and/or cell-mimicking anionic LA7017665
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