Biophysical Journal Volume 77 August 1999 915-924 915

Phase Diagram, Stability, and Overcharging of Lamellar Cationic
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ABSTRACT Cationic lipid-DNA (CL-DNA) complexes comprise a promising new class of synthetic nonviral gene delivery
systems. When positively charged, they attach to the anionic cell surface and transfer DNA into the cell cytoplasm. We report
a comprehensive x-ray diffraction study of the lamellar CL-DNA self-assemblies as a function of lipid composition and
lipid/DNA ratio, aimed at elucidating the interactions determining their structure, charge, and thermodynamic stability. The
driving force for the formation of charge-neutral complexes is the release of DNA and lipid counterions. Negatively charged
complexes have a higher DNA packing density than isoelectric complexes, whereas positively charged ones have a lower
packing density. This indicates that the overcharging of the complex away from its isoelectric point is caused by changes of
the bulk structure with absorption of excess DNA or cationic lipid. The degree of overcharging is dependent on the membrane
charge density, which is controlled by the ratio of neutral to cationic lipid in the bilayers. Importantly, overcharged complexes
are observed to move toward their isoelectric charge-neutral point at higher concentration of salt co-ions, with positively
overcharged complexes expelling cationic lipid and negatively overcharged complexes expelling DNA. Our observations
should apply universally to the formation and structure of self-assemblies between oppositely charged macromolecules.

INTRODUCTION

Cationic lipid-DNA (CL-DNA) complexes are compact, liquid-crystalline structure (Rier et al., 1997; Gustafsson
ordered macromolecular self-assemblies that have recentht al., 1995; Lasic et al., 1997). Its topology is controlled by
received much attention because of their potential use ake choice of the helper lipid type: lamellatS, Fig. 1)
nonviral gene carriers (Felgner, 1997; Felgner and Rhodegsomplexes, with DNA intercalated between planar lipid
1991). It has been established that positively charged CLmembranes, can be converted into inverted hexagétal (
DNA complexes can deliver DNA into cultured cells by complexes with DNA confined in inverted lipid micelles
binding electrostatically to their anionic membranes. Al-either by changing the membrane spontaneous curvature or
though the transfection efficiencies of CL-DNA vectors arethe membrane flexibility (Koltover et al., 1998). However,
lower than typically achieved with virus-based gene deliv-within a given type of complex structure, there remains a
ery techniques, they offer several critical advantages: nonquestion about the quantitative nature of interactions driving
immunogenicity, low toxicity, and ease of large-scale pro-the complex self assembly and determining its charge, col-
duction. Most importantly, DNA of any large length can |ojdal behavior and stability against dissociation.
potentially be delivered with the CL-DNA complexes, and  More generally, the CL-DNA complex is an example of
recent experiments used this technique to transfeMbp  self-assembled structures formed nonspecifically between
sections of the human artificial chromosomes (HAC) (Har-pNA and molecules of opposite charge. These abound in
rington et al., 1997). Preliminary experiments have demonbi0|ogy and include complexes of DNA with histones,
strated the promise of CL-DNA complexes as vectors forpNA-binding proteins, and cationic ligands (drugs). Simple
in-vivo use in targeted organs (Nabel et al., 1993; Zhu et al.coylomb attraction cannot explain the formation, compact-
1993). . _ ness, and stability of these self-assemblies, because highly
The complexes are often prepared using mixtures otharged macromolecules in solution are always surrounded
cationic and neutral (helper) lipids. Transfection rates havgy, 5 sheath of oppositely charged counterions. For planar
been shown to vary as a function of lipid composition andjyiq pilayers or long cylindrically-shaped macromolecules
lipid/DNA ratio, but until recently the findings were empir- g0 a5 DNA, nonlinear Poisson—Boltzmann theory predicts
ical, partly because little was known about the complexiat most of the counterions are confined to the immediate

structure and interaction with cell membranes. It has bee(}icinity of their surface, the phenomenon known as coun-
shown previously that CL-DNA complexes have Orderedterion condensation (Manning, 1969: Le Bret and Zimm,

1984). When the compact DNA-polycation self-assemblies
] — o ) are formed, opposite charges of the macromolecules neu-
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FIGURE 1 Linear DNA molecules are condensed in the mixture with unilamellar cationic liposdefgswhereby both lipid and DNA undergo a
complete topological transformation into compact quasispherical complex particles. Complexes of low net charge form string-like collaijdatsggre
easily visualized with DIC microscopyénte). Internally, the complexes have ordered lamellgrstructure (ight).

The counterion release mechanism, as described aboveushes excess lipid or DNA into the counterion-free iso-
predicts the formation of only charge-neutral complexesglectric complex (Bruinsma, 1998; Harries et al., 1998). We
because it implies one-to-one binding of opposite macroiomelate this finding to the observed changes in the CL-DNA
charges. However, the functionality of many DNA self- complex structure and stability as a function of ionic
assemblies critically depends on their non-zero charge. CLstrength and also demonstrate the presence of hydration
DNA complexes must be cationic to bind to cell surfaces.repulsion between the DNA strands inside the complex.
Moreover, histone-DNA nucleosomes in-vitro are nega-
tively charged at low ionic strength and exhibit a reversible
condensation transition to chromatin fibers in the presencgqeTHODS AND MATERIALS
of positively charged linker histones,Hnd elevated salt
concentrations 4100 mM) (Ramakrishnan, 1997). Much ITameIIar CL-DNA complexes were fgrmgd by mi)_(ing small un_ilar_ne_lla_r

. . liposomes {~50 nm), prepared by sonicating the mixtures of cationic lipid
remains .unk.nown abouF the stal_)lhty of polyelectrolyte self- dioleoyl trimethylammonium propane (DOTAP) (MW(DOTAP) 698.6)
assemblies in salt solutions, which influences the CL-DNAand neutral lipid dioleoyl phosphatidylcholin (DOPC) (MW(DOPE)
complex behavior inside a cytoplasm, where the ionic705, Avanti Polar Lipids, Alabaster, AL), with linearDNA (48,502 bp,
strength can vary greatly. Thus, a quantitative study of the&verage MW(bp)= 649, New England Biolabs, Beverly, MA) purified by

interactions driving DNA—macroion complex formation and ethanol precipitat_ion (Fig. l_left). Lipiq mixture composition_can be
bilit is highlv desirable changed by v_al_'ylng.the weight fraction of DORDB,. = (weight of

stability 9 yc ’ . DOPC)/(total lipid weight= L). Because the molecular weights of DOPC
The lamellarL;, CL-DNA complexes have a highly or- and DOTAP are similaxppis also the mole fraction of neutral lipid in the

dered structure (Fig. 1), which enables us to use Xx-rayilayer andb,,, = 1 — ®pis the mole fraction of cationic lipid DOTAP.

diffraction to quantify the DNA packing density and to Egch DOTAP molecule ha§ one positive _charge/head group obared0
relate the macroscopic properties and the internal micro® > Whereas the DNA carries two negative charges/tgy 24 A). The

. tructure of the complexes. We maintain ﬂi? CL-DNA mixture is stoichiometrically charge neutral when the numbers of
scopic s ) p " . DOTAP molecules and DNA bases are equal, or whern (weight
complex topology_ by using the mlxtgr.e o.f catlonlc_ a|_'1d DOTAP)/(weight DNA= D) = p*° = 2 X MW(DOTAP)/MW(bp) ~ 2.2.
neutral (helper) lipids favoring planar lipid bilayers. Within varying p changes the overall charge of the DNA-lipid system. Tiis;
this constraint, we examine the complex overcharging as andp comprise two independent axis of the CL-DNA complex composi-
function of lipid membrane charge density and show that ifion Phase diagram.

. . . . . During the complex formation, both lipid and DNA undergo a complete
1S accompan'ed by the changes in the DNA packlng Ir]Sld(?opological transformation into compact, ordered particles~@f2 um

the complex. We inves_tigate the possibility tha_-t these al@iameter (Fig. 1center top. The complexes are easily visualized in an
caused by the osmotic pressure of counterions, whiclaptical microscope as dynamic aggregates of individu@2 um particles
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which aggregate into larger assemblies when the complexes are charg8tanford Synchrotron Radiation laboratory, while the lower-resolution data
neutral (Fig. 1center bottoh The high optical contrast of the complexes were collected in-house using a small-angle diffraction apparatus with an
stems from their ordered lamellar internal structure (Figlett), which image-plate area detector (MAR Research, Hamburg, Germany).
makes them birefringent. The complex consists of alternating layers of The size and thé-potential (electrostatic potential near the surface) of
lipid and DNA (Fig. 1,right) with periodicityd = §,, + 8,,, whereg,, is the complexes were measured in more dilute samples, having concentra-
the thickness of lipid bilayer andl,, = 25 A is the thickness of the DNA tions equal to those usually used for transfection of céliso(of x-ray
monolayer (with a bound water layer). In DOPC/DOTAP complexes, samples) (Brookhaven Instruments particle size analyzer and zeta-meter,
5., increases from 35 to 44 A, increasing withp, because DOPC  Holtsville, NY). We have shown previously that the complex structure is
molecule is longer than DOTAP and because the headgroup area (arnddependent of the overall sample concentratiorid{&aet al., 1997;
therefore bilayer thickness) of the lipids may vary slightly to accommodateKoltover et al., 1998). To check for the phase separation of excess DNA or
the projected area/anionic group (approximatety /88 A) of the DNA lipid from the complex, we fluorescently labeled lipid with DHPE-Texas
molecule. To form a compact spherical object, lamellar DNA-lipid stacksRed and DNA with YoYo-1 iodide (Molecular Probes, Eugene, OR).
have to curve near the complex wall, forming liquid-crystalline defects Complexes were observed using an inverted microscope with>a 60
characteristic of smectic phases’¢@iRa et al., 1997). Significantly, DNA  oil-immersion objective. The ionic strength in our samples was controlled
monolayers in the.$ complexes are ordered in a one-dimensional lattice by adding known amounts of NaCl to the solution. The resulting CL-DNA
with well-defined spacinglyy. between the DNA rods forming a two-  structures were independent of the order in which the three components of
dimensional smectic liquid crystal (Salditt et al., 1997). the samples (DNA, liposomes, monovalent salt) were mixed.

The structure shown in Fig. 1 has been derived from the high-resolution
x-ray diffraction measurements of dense complex suspensions (95% wa-
ter). Typical powder SAXS scans of one-phase lamellar complexes (bOHO”RESULTS
three scans of Fig. &) exhibit a set of sharp, periodically spaced reflec-
tions atqq = 2ml/d and a broad peak by = 27/doya- The formerare  We begin by investigating the behavior of complexes at low
due to the lamellar bilayer-DNA structure with periddnd the latter to the ionic strength (no added salt) a|ong tn&ﬁc axis in the

smectic structure of DNA arrays with spacig,,. The DNA peak is . .
broader than the lamellar ones because the two-dimensional smectic quuBha‘Se dlagram' Fig. 2 shows a set of SAXS scans of

crystal is less stable against thermal disorder than the three-dimensiong@Mplexes with fixegp = p'*° = 2.2 (isoelectric point) and
smectic of the bilayer-DNA (Salditt et al., 1997). High-resolution synchro- increasingb,.. For®p-= 0.75 the x-ray data show that the
tron small-angle x-ray diffraction (SAXS) measurements were done aicomplexes remain lamellar and the DNA peabolid ar-
rows) shifts to smallerq with increasing®p~ This means
that DNA strands move apart as a function of decreasing
membrane charge density. = (1 — ®p)/a. Microscopic

6
. (a) ¢ p=22 (b){POPC/DOTAP, 60% water observations confirm that, in this regime, the complexes
10° 4 i ®...=0.85|10° remain one-phase, with no excess DNA or liposomes.
P s Ppc=0.85]10 , .. . .
T . / If all lipid and DNA counterions are released during the
10* - ' | formation of an isoelectric CL-DNA complex, then, within
the complex volume, the total number of cationic lipid
Z10° - headgroups should be equal to the number of anionic phos-
§ phates on the DNA backbone. Therefore, the average charge
£10° densities of membrane and DNA are matched, meaning that
= inside the complex the DNA chains occupy all of the
.g‘lo‘ . available are&,, of cationic lipid membranes. The average
8 spacingdona between the DNA molecules in an isoelectric
£ 10° 4 complex can then be simply expressed in terms of the
average anionic charge/length of DNA and cationic
10" charge/area of lipi& within the CL-DNA complex (Fig. ),
107 Oona = M. 1)
10% Furthermore, because all lipid and DNA in stoichiometri-
cally charge-neutralp( = p'*° = 2.2) mixtures associate

L I T L B R B — within the isoelectric complexes (with no excess material),
01 A_‘i'z 03 01 AO% 93 the DNA and membrane areas can be derived from their
q[A™] q[A] volume fractions and weights in the complex. The volume
FIGURE 2 @) Synchrotron SAXS scans of isoelectric CL-DNA com- fraction of DNA chains confined between the membranes in

plexes as a function of increasinB.c (decreasing membrane charge the complex structure of Fig. 1 ®pna = Vp/(viw + \_/D)’
density). b) In-house SAXS scans of DOPC/DOTAP mixtures with 60% Where vy and v, are volumes of DNA and water in the
water and no added DNA. Pure DOP® scan can be diluted only to  complex. Because the DNA and lipid areas are matched,
~43% water. Therefore, DOPC/DOTAP membranes can take in more;  + vy = §,S, andS,, = v./8,, wherev,, is the mem-

water only when the lipids remain mixed (i.e., forming sufficiently charged b _
L rane volume. Therefore,, = é,/6,) — vp and
membranes due to the presence of DOTAP). This is the case for the bottom w m(Ow/ ) D

three scans abpc = 0, 0.3, and 0.7. The scan @& = 0.8 exhibits two 5V 5 D
sets of lamellar peaks, indicating lipid demixing into DOTAP-rigol{d 1)) _ _m¥' _"m P (2)
arrows) and DOPC-rich dashed arrowsphases. DNA = 8w Vi &y poL’
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chains in isoelectric complexes,
iSlc\)lA = (Appp/D)/(SrpL/L)
= (Appp/dmpL) X Piso/(l — Ppg).

This expression relies on the assumption of the complete
counterion release from the isoelectric complexes, smectic
DNA arrangement (independently confirmed from the
width and shape of the DNA correlation peak (Salditt et al.,
1997) and the experimentally observed complete associa-
tion of all lipid and DNA within the charge-neutral com-
plexes. Using Eq. 4 with the measurgg = d — §,, we
obtaindpya = 19.3, 34.8, 52.7 A for samples withp =

0, 0.5, 0.7 shown in Fig. 2. Comparing this with the mea-
sured valuesiyy, = 25.1, 35.4, 52.9 A, we see that the
complete counterion release mechanism based Eq. 1 pre-
dicts well the structure of charge-neutral complexes when
the calculatediyy, is larger then the diameter of a hydrated
DNA molecule (24 A) (see also [Rier et al., 1997] and the
summary of thedpya(®Ppd data in Fig. 4c). Therefore,
there are almost no counterions inside the one-phase iso-
electric CL-DNA complexes for all but the smalle®t..

For the smallesb,- = 0 the predictediyy, is smaller then

the observed value due to the molecular crowding within the
complex.

Note, that the membrane thickness increases with the
&, as described abové;,, = 34.5, 38.2 and 42.0 A for
®,. = 0, 0.5, 0.7, resulting in a deviation from a simple
linear increase ofloy With 1/(1 — ®pJ). This also means
that the effective cationic charge per unit cgllin Eq. 1 is
different from the simple geometric value. = (1 —
d,0/a. Hence, a careful calculation with matching of the

Oona =

4)

DNA and lipid volumes (such as Egs. 2 and 3) is required
4 to correctly predictdy,. The nearly complete neutraliza-

FIGURE 3 @) In-house SAXS scans of complexes with two fixég tion of the CL-DNA complex (i.e., complete counterion
- c _ . . .

and varying cationic/anionic charge rapo (b) Variation of the complex release) exa(.:tly qgi=221s pOS§Ib|§' because the pI’OJeCted
¢-potential with changing.. The vertical line marks the isoelectric point Charge density of DNA (two anionic charges per 63 &

(p = 2.2). Solid lines through the data are guides to the eye only. Alsoclosely matched by two cationic head groups on DOTAP
shown is a schematic of the corresponding real-space complex structukgith areaa ~ 70 A2 each. A recent direct solution conduc-
variation, where the dashed rectangles indicate the complex unit cell Ofivity measurement of the number of counterions released
height & d widthdpna- : . . . .

e1gNtow and widinCona during the complex formation confirms this result” (R,
personal communication).
h ~ 17 gler? 107 gferd densiti ¢ SAXS measurements indicate that the DNA lattice cannot
wherepp = 1.7 g/em, p_ = 1.07 glcnt are densities of o gijyted beyondpe = 0.75. This is demonstrated by the
DNA and lipid, respectively, and L, D are total weights of o, atbp. = 0.85 in Fig. 2a, where the lamellar complex

lipid apd DNA in the mixture. Assyming an equidista}nt peaks (oo, = 0.093 A1) are still sharp, but the DNA peak
(smectic) arrangement of DNA chains, we can also write ., Gona = 0.13 AL has shifted to largeq than atdp. =
N(A)AGL(A) Ao 0.75 @oo1 = 0.09 A%, goua = 0.11 A1), The additional
N oSy L(A) = Jorendy” peaks at] = 0.082, 0.164, and 0.246 & (broken arrow$
are consistent with a membrane stack of periodidify=
76.5 A, equal to the periodicity of pure DOPC bilayers in
excess water. Therefore, fab,. > 0.75, excess neutral
DOPC lipid demixes from the DOPC/DOTAP membranes
instead of remaining within the CL-DNA complex and
32 x 10%/(6.022 X 107)g}. further separating the DNA strands. Using Eq. 4 with the
Comparing the two expressions Eqgs. 2 and 3d¥gR,,, measuredgpya at Ppc = 0.85, we find that only 65%
we obtain the equation for the spacing between the DNADOPC remains in the complex, which is also consistent with

Dpyp = )
Here, A, ~ 190 A? is the cross-section area of DNA
molecule,N()) is the number of DNA chains in the com-
plex, andL(A) = contour length oh-DNA = 48502X 3.4
A{ A5 = WIA)/[ppL (V)] with Wi(A) = weight of A-DNA =
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70 N pu -
(@), OmM NaCl (b)! 150mM NaCl

o

FIGURE 4 @) Variation of DNA
packing with p in complexes with
fixed ®,c and no salt. Vertical
dashed line indicates isoelectric
point. The solid line through the data
at®pc = 0.7 is the result of nonlinear B . w Dp-05, 0 Dpe=07| =
Poisson-Boltzman theory for com- . >
plexes with low membrane charge |
density (Bruinsma, 1998). The 20 — l | l |
dashed lines are guides to the eye. 0 2 4 6 & 10 12
The complexes are one-phase in the p
region of increasinglyy ., COexisting 70
with DNA at lowerp and with lipid at (C)
higherp. (b) Same asd) at 150 mM
NaCl. All lines are guides to the eye.
(c) Variation of dyys With changing
®pc in complexes with different
fixed p. Solid line is the prediction of
Eq. 4 for isoelectric complexes, while Z‘
dashed lines are guides to the ey®. ( —
Same asd) with the data scaled to <Zt
5

=
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the shifted position of lamellar peak. We have found thatdyy . This can be seen in the SAXS scans of Fig, &here
DOPC/DOTAP mixtures without DNA also demix at dpy changes withy from 27.3 A to 43 A at constanb. =
&, ~ 0.75, while forming stable one-phase lipid bilayer 0.3 and from 41.3 A to 58.2 A @b, = 0.7. Comparing this
stacks at lower DOPC content (Fig.b Therefore, the todS, = 28.3 A @pc = 0.3) anddiSo, = 52.9 A [@pc =
upper limit of CL-DNA complex stability atbp- = 0.75is  0.7) measured in the isoelectric complexes, we find that the
set by the lipid demixing in the DOPC/DOTAP bilayers positively charged complexes adsorb excess lipid into their
independent of the charge ratioof DNA and lipid. The  bulk, while the negatively charged ones have surplus bulk
lipids remain mixed at lowb, because electrostatic repul- DNA. This seemingly contradicts the counterion release
sion favors dispersion of DOTAP in lipid bilayers. prediction of neutral complex with all of the excess lipid
The behavior of CL-DNA complexes as a function of and DNA expelled into solution. Note, that lamellar repeat
DOTAP/DNA charge ratiop is illustrated in Fig. 3. The distanced does not change significantly as a functionpof
system remains one-phase complex only close to the is®o that DNA remains tightly bound to lipid bilayers.
electric point p = p's° = 2.2), and separates into com- We show in Fig. 4a a set ofdyya(p) curves for com-
plex + excess liposomes fgr> 2.2 and complext excess plexes with four differentb,, which constitute adsorption
DNA for p < 2.2. Measurements of the compléypotential  isotherms of DNA and lipid into the complexes of fixed
(Fig. 3b) show charge reversal at= 2.2 for all®,, from  bilayer charge densities. For all investigatdg dpna
negative atp < 2.2 to positive afp > 2.2. The complex deviates significantly fromdS%, in charge-neutral com-
structure also changes as a functiomppivith smallerdyya plexes. In fact, the complex seems to avoid the structure
for p < 2.2 and larger fop > 2.2 (Fig. 3b), but remains expected from a simple counterion-release mechanism. We
constant away from the isoelectric point, with fixddand  have observed coexistence between complexes and excess
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DNA or liposomes in the regions with constadtya, isoelectric complex
whereas the complexes remain single phase wdig
increases withp close to the isoelectric point. The slope of
the dpna(p) increase is inversely proportional to 1/(1
®, 0 (Fig. 4a), consistent with Eqg. 1, which always holds
for one-phase complexes. The curves at diffeiept are
distinct, shifting to lowerp with the decreasing bilayer
charge density.. Because the charge reversal occugsat
2.2 independent ofb,, this implies that the complexes
with lower & continue absorbing excess cationic lipid and
remain one-phase for higherthan the ones with higher
®,. This is consistent with the observation thi§dp- =
0.3) > {(Ppc = 0.7) in cationic complexes (Fig. 3. In
contrast, complexes with loweb,. take in more DNA
starting at smallep, resulting in the overall shift adya(p) 1-dimensionally bound

curves of Fig. 4a and {(Ppc = 0.3) > {(Ppc = 0.7) in counterions Na*

anionic complexes. The reversal of the compigotential

exactly atp = 2.2 shows that it is determined by the overall

bulk DOTAP/DNA ratio, which is also underscored by the FIGURE 5 Schematic of a DNA molecule with a 1-dimensionally bound

simultaneous variation of complex charge and DNA paCk_layer of condensed I\Ta_counten(_)ns {£1.2 M concentration near DNA
ing density surface) and a lamellar isoelectric (charge-neutral) complex with no coun-

. . o terions inside it. The total free energy of this system is lowered when the
To understand the interactions determining CL-DNA excess DNA molecule enters the complex, releasing its bound counterions

complex charge and structurépfs) Whenp # 2.2, we  into the complex internal volume. Thus, the formation of negatively
must consider the whole system of complex excess overcharged complexes with higher DNA packing density is driven by an
cationic lipid bilayer or complex+ excess anionic DNA osmotic concentration gradient between counterions near excess DNA and

h ith thei . . Brui 1998 inside the isoelectric complex. An analogous mechanism due to concen-
together with their respective counterions ( ruinsma, )tration gradient between excess cationic membranedbhdensed coun-

Both free (not complexed) DNA and free bilayer have largeterions and counterion-free isoelectric complex leads to the formation of
free energies in low ionic strength solution, because they arpositively overcharged complexes.

charged and have a low-entropy layer of counterions con-

fined either 1-dimensionally to DNA or 2-dimensionally . .
near membrane surfaces. At the same time, there exists aRecentIy, Bruinsma (1998) has developed an analytical
counterion vacuum inside @ = pi*° = 2.2 charge-neutral solution of the Poisson-Boltzman equation for the com-

complex, because all the lipid and DNA counterions werelcd)lex_eS with ver?]/ h'ghq)Ft;C' whendthe coulntenon effects I
released during its formation. An additional DNA molecule dominate over the membrane and DNA electrostatic repul-

can lower its free energy by entering the complex and®©n: The physical meaning of his theory corresponds to the
releasing bound Na counterions into the large 3-dimen- qualitative arguments given above. We show the prediction

sional internal volume of the complex (Fig. 5). Thus, exces$! Nis calculation for the complex withpc = 0.7 as a solid
DNA can be driven into the isoelectric complex by an line in Fig. 4a, and it is in excellent agreement with the

osmotic pressure of its confined counterions leading to th&ata. However, theloya(p) curves change as a function of
reduction ofdyy, and negative overcharging. The DNA @, because the free energy of lipid membranes and the

intake will not continue indefinitely, due to the increase of El€ctrostatic repulsion of DNA and bilayers dependoqn

counterion concentration inside the complex and, more imQualitatively, the complex unit cell (Fig. 13 in the limit of
portantly, because of electrostatic repulsion of additional™® 2@dded salt can be approximated as a box with an average

DNA molecules, whose anionic charge is not compensate§XCeSs negative charge smeared on DNA wallgpfer 2.2
by the cationic charge of bound lipids. and positive charge on lipid surfaces for> 2.2. Treating

Conversely, an analogous mechanism can lead to th@e bilayer surfaces as flat plates, we can use the following

intake of excess bilayer lipids. Because there are no COune:xpression for the electrostatic free energy/unit cell of pos-

terions inside an isoelectric complex, the Glationic lipid ~ '1Vely charged p > 2.2) complex (Lekkerkerker, 1989),
counterions reduce their electrochemical potential by enter- Ak T 25 ke T
ing the complex. The lipid intake will be bound by the Fe = dDNA|:e (In( )— 1) 15 ] )
repulsion of excess cationic bilayers inside the complex, oW
limiting the increase ofdpy, and positive charge of the The firstterm in Eq. 5 is the free energy of a bilayer surface
complexes. Because the liposomes contain a mixture ofiith excess cationic density’ = o (1 — diS3A/dpna) @and
neutral and positive lipids, it is possible that lipid compo-the second is the repulsive free energy (Langmuir pressure)
sition (@) can be different in the complex and excessof two bilayers separated by a distar&;e=> | (Israelach-
liposomes. This effect should be small, because we foundlili, 1992). The Chapman length, = /(270 "l), corre-

no demixing in DOPC/DOTAP bilayers wittp- < 0.75.  sponds to the thickness of condensed counterion layer near

le
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the membrane surface afigl > |- (no salt) is the Debye @, while its affinity for excess anionic DNA increases
screening length. The Bjerrum lendth= €’/eksT~ 7.1 A with ®. This is in excellent agreement with the counterion
in water € = 78.5) at room temperaturé_ should be osmotic pressure model of complex overcharging presented
compared with the free enerdpyg of excess cationic mem- above and theya(p) data of Fig. 4a.

brane of lengthdya, The counterion-based interactions, which determine the
structure of complexes with differedt,. away from the

. dDNA[4kBTUc <In(2|D) _ 1)] (6) isoelectric point, shogld be.sensitive to the solution i_onic

€ lc strength. The salt co-ions will act to compensate the differ-

Becausar, > o s0 thatF; < F, the complex will take ence in .counterlon concentration W|th|.n the complex and

. . h excess liposomes or DNA. The counterion osmotic pressure

in all the available excess membrane until stopped by the .~ T I
driving excess cationic lipid into the complex will disappear

second repulsive term in the Eq. 5. This also implies greater . : . . .
O S . when the concentration of identical salt ion species becomes
affinity for excess lipid in complexes with larget.. Thus,

] . equal to the concentration of counterions near the excess
dpona INCrease over a larger range@falues in complexes |7 . .
) . . . lipid bilayers. Because most of these counterions are con-
with lower ®, consistent with the data of Fig.at

In complexes withp < 2.2, electrostatic energy of an- flned.\_/wthm a Iayer_of thicknesg, (Chapman layer), this
_ condition can be written as
ionic complex,

- [4kBTa‘ ( <2|D> ) kaT] ¢ = odlc = (1 — ®pd*(27lg)/(a%) = c*[NaCll.  (8)
Fo=8. (I —1)+ .

le

Igd . . .
BTONA Therefore, a given salt concentration will only affect com-

should be compared with the free energy of charged DNAplexes with highed,, without much effect on the com-
rods in solution. Equation 7 oversimplifies the complex unitplexes of higher lipid charge density. We show in Fid 4
cell structure by treating DNA surfaces as being flat. This,the doya(p) curves in the presence of 150 mM NaCl for
however, does not change the fact that because the complesmplexes withd,- = 0, 0.5, and 0.7. In the complexes
excess anionic charge density = opna(l — dona/diSa with @ = 0.7,dpna Undergoes only a small increase near
is smaller than the charge densityya Of free DNA, the the isoelectric point, so that little excess DNA or lipid enters
latter will enter the complex until stopped by the growth of the complex. Therefore, these complexes remain nearly
o and the repulsive energy of DNA strands. Because DNAcharge-neutral. For the two lowdr, the effect of added
repulsion is weaker in complexes with largi§% . (larger  saltis smaller. This is because ~ 100 mM ford®p. = 0.7,
®p0), they will absorb more DNA and acquire greater whereas* ~ 280 mM and 1 M incomplexes withdp- =
anionic charge, consistent with the data of Figb.a3d 4a. 0.5 and 0. Note that the Debye lendgh~ 8 A is smaller
Thus, the overall shift of thel;ya(p) curves for different  then the distance between the surfaces of DNA molecules
& is primarily due to the relative magnitudes of inter- (dpya — 20 A) for most of the data in Fig. B, so that a
DNA and bilayer electrostatic repulsion. A recent numericalsimple Coulomb screening cannot account for the observed
solution of lamellar CL-DNA complex structure based on salt effect. This finding is particularly important for trans-
the principles similar to our above discussion have capturefection applications of CL-DNA complexes, because the
correctly this qualitative feature of the data (Harries et al.,elevated ionic strength in cell culture solutions and in tis-
1998). sues will act to modify the complex overcharging. The low
A sensitive measurement of the affinity of the complexesexcess charge of highp- complexes at 150 mM may make
with different®p for excess DNA and lipid is provided by them less efficient as transfection agents.
the analyses ofipya(Ppo) Vvariation in complexes with We further investigate the dependence of complex struc-
different p (Fig. 4c and d). The raw data of Fig. 4 is  ture on the ionic strength in Fig. 6, where we show the
plotted as a function g#/(1 — ®p) to facilitate comparison dependence ofl and dyy, On NaCl concentratioM in
with the Eq. 4, which is shown as a solid line. This expres-isoelectric complexes with differen®p. The dpya(M)
sion is consistent with the behavior df, in isoelectric  dependence is nonmonotonic in samples viith. = 0.5
(p = p'° = 2.2) complexes. Therefore, if complexes with (Fig. 6a andc), slightly increasing for lowM and decreas-
p # 2.2 would expel all excess lipid or DNA, theya ing steeply at higheM. The crossover between the two
curves would differ only by a multiplicative factor in com- regimes occurs &l ~ 90 mM for .- = 0.7 and 170 mM
plexes with differenfp. The data, scaled ta,, = 2.2 (i.e., for ®pc = 0.6, very close ta* = 100 mM and 180 mM
multiplied by pi./p), is shown in Fig. 4. Thedyya curves  given by Eq. 8. FoilM > c* we observe increase of the
do not overlap, but rather systematically deviate from themultilayer repeat distance and expulsion of excess lipid
reducedp,., prediction given again by the solid line. The from the complexes (seen both in x-ray diffraction and
data points lying above the,,, line correspond to the fluorescence). The salt screens the counterion-release mech-
complexes that have taken in excess lipid, with larger deanism, resulting in gradual release of cationic lipid from the
viation for complexes with greater lipid affinity. Similarly, complex with increasing/ and effective shift of the com-
the points below the line have excess DNA. The complexplex equilibrium structure toward the negative € 2.2)
affinity for excess cationic lipid is inversely proportional to side of the phase diagram. This shift, accompanied by a
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FIGURE 6 @) and p) Synchrotron SAXS scans of isoelectric complexes with. = 0.7 (a) and®.. = 0 (b) as a function of the increasing solution
ionic strength, controlled by the addition of NaCl. Arrows indicate the position of DNA correlation pexked () Variation of the isoelectric complex
structure as a function of the monovalent salt NaCl concentration fordjigi> 0.5 () and for low®,- < 0.5 (d). Arrows in (C) indicate the concentration
c* given by the Eq. 8.

decrease ofl,y, down to~38 A is favored in complexes near the charged DNA and lipid surfaces, which ultimately
with & > 0.5, as seen in Fig. & The accompanying determinedyy,, are only weakly sensitive to the low bulk
increase ind is due to the expansion of the DNA—water co-ion concentrations (Le Bret and Zimm, 1984; Sharp,
layer thickness between the membranes and is another coh995). It would be valuable to have a complete quantitative
sequence of the weakening cohesion of the complex. Thisxplanation of thedy,(M) dependence, which requires a
can also be seen from the SAXS scans of Fig, @here the  numerical solution of the nonlinear Poisson—Boltzman
data atM > c* shows broadening of the lamellar peak equation in the presence of salt.
because of an increasing disorder in weakened CL-DNA The variation of complex structure witil is completely
stacks. The increase dfmay also partially result from the different for high membrane charge densibs. = 0.4,
screening of cationic lipid headgroup charge. This reduceweredpy, increases monotonically withl at salt concen-
the lipid headgroup area and increases the bilayer thicknessations smaller thew* (Fig. 6 b andd). The salt concen-
8., but no more than by-3 A. The complex completely tration in this regime also remains smaller than the concen-
dissociates at even higher salt concentratidop écanat  tration of condensed counterions around the DNA double
0.58 M in Fig. 6a). strands 1.2 M) (Manning, 1978). This increase @iy IS

The slight increase af,y 5 at constand for M < ¢* with accompanied by a release of DNA from the complexes into
increasingM (Fig. 6¢) implies a slight reduction of the solution. The large monotonic increasedgfy, with M for
DNA quantity in the complex. It is harder to explain qual- ®- = 0.4 at salt concentrations lower thehsuggests the
itatively, considering that the concentrations of counteriongresence of an additional nonelectrostatic repulsion between
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DNA strands, which pushes DNA out of complexes as DNA
electrostatic interactions (which defirdy,, = dS, as

given by Eq. 4) are gradually screened by the added salt. We (a)
propose that this additional interaction is the hydration
repulsion between the DNA strands (Rau et al., 1984).
Exponentially decaying hydration forces are insensitive to
monovalent salt concentrations and have been shown to
dominate the interstrand repulsion in bulk DNA phases up
to the distances of~32-35 A (Podgornik et al., 1994).
Thus, they would contribute little to the interactions in
complexes with highbp.. This is in excellent agreement
with the data of Fig. 6, where only samples witff,, < 32

A exhibit the monotonic increase alyy, With M, ap-
proaching 35 A at highvl independent ofb,.. Our recent
measurement of the compressional modulus of DNA lattice
in isoelectric complexes using the x-ray line-shape analyses
of DNA correlation peak have also indicated the presence of
repulsive hydration force in samples witlh,. < 0.4 \

(Salditt et al., 1998). DOPC DOPC/DOTAP demixing DOTAP

complex + DNA

complex + lipid

DISCUSSION

Figure 7a shows the phase diagram of thé CL-DNA
complexes. The complexes always reverse charge at stoi= !
chiometrically neutral ratio of DNA and DOTAR (= 2.2,
broken ling, where their structure is in agreement with a
complete counterion release upon lipid-DNA binding. This
creates a negative counterion osmotic pressure driving exs
cess lipid and DNA into the complex with # 2.2 and
results in overcharged anionic and cationic complexes use- i
ful as nonviral gene vectors. Electrostatic repulsion sets a
limit on the amount of excess DNA or lipid that can enter a
complex and leads to the increasing width of the single- 0.1
phase complex region with decreasig. Significantly,
most of the phase diagram features are explained within a
nonlinear Poisson—Boltzman electrostatic model, in spite of .
. . . L FIGURE 7 @) Phase diagram of the lamellar CL-DNA complexes. Cor-
it completely neglecting the details of I?NA and |Iplld MO- hers of the triangle correspond to 100% weight fraction of DOPC, DOTAP,
lecular structure. Thus, we can expect it to be applicable t@ng pnA. Dashed line indicates the isoelectric DOTAP/DNA rathy. (
nonspecific association of many oppositely charged biolog€olloidal aggregation of complexes in the different regions of the phase
ical macromolecules clarifying, for example, the limited diagram at concentrations typically used in transfection experiments and at
negative overcharging of nucleosomes. We emphasize th§W (=10 mM) solution ionic strength.
the successful explanation of the complex phase diagram
depended critically on considering free energies of the
whole DNA/lipid/complex system—a point that should ap- cell-culture transfections, where the complexes with: =
ply to all the macromolecular assemblies within the dens&.7 were found to be relatively stable (concentration below
cytoplasm. a critical aggregation concentration), whereasbgt = 0
Related to the phase diagram is the colloidal stability ofthe size of aggregates was diverging. This variation of the
individual ~0.2 um complexes against aggregation andcolloidal stability may additionally be caused by the
coalescence, which is a required property for their geneehanges in surface free energy of the spherical @n2
delivery applications (Fig. B). Only the one-phase com- complexes. The DNA-lipid layers of tH& complex have to
plexes of lower charge aggregate, so that colloidal stabilitycurve to terminate the complex surface with the hydrophilic
is lowest in complexes with,- = 0, which aggregate over lipid headgroups of the lipid bilayers. It is likely that the
the broadest range qf. However, because the complex energy penalty of the associated liquid crystalline defects
aggregates are very polydisperse, their size will dependill be larger for complexes with smalleb,, because the
strongly on total lipid and DNA concentration. The data of combined bending stiffness of the DNA-lipid layers in-
Fig. 7b was obtained with concentrations typically used increases with the DNA packing density (Salditt et al., 1998).

dtameter [pm

1
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Therefore, the complexes with smalldgi- have the largest Felgner, P. L. 1997. Nonviral strategies for gene ther&mi. Am.276:

surface free energy and will aggregate to decrease thgl(izf‘loe' 1 6 Amidson. G. Kal Al L0, ¢
c ustaisson, J., . AlIviason, . Karisson, an . mgren. . com-
overall surface of the bulk$ phase.
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During a transfection experiment, the CL-DNA com-  Biochim. Biophys. Actal235:305-312.

plexes are subjected to varying solution ionic strength in thedarries, D., S. May, W. Gelbart, and A. Ben Shaul. 1998. Structure,
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) L . . J.75:159-173.
Fig. 7a is directly related to the stability of complexes at pPys

L lHarrington, J. J., G. VanBokkelen, R. W. Mays, K. Gustashaw, and H. F.
elevated ionic strength. The complexes become unstable wijard. 1997. Formation of de novo centromeres and construction of

and charge neutral at monovalent salt concentratidns first-generation human artificial microchromosomé¢at. Genet.15:
¢t ~ (1 — ®p? (Eq. 5), so that their stability decreases 345355
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the low @, complexes will interact weakly with anionic ~ release and delivengcience281:78-81.
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fects arise because the salt co-ions at concentratiionsc* Le Bret, M., and B. H. Zimm. 1984. Distribution of counterions around a
alter the osmotic pressure of ions inside the complex and cylindrical polyelectrolyte and Manning's condensation the@fgpoly-

near DNA and bilayer surfaces. Thus the added salt changes™®s-23:287-312. . .
h . . drivi h lex f . h Lekkerkerker, H. N. W. 1989. Contribution of the electric double layer to
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