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The interaction of cationic liposomes with super-
coiled plasmid DNA results in a major rearrangement of
each component to form compact multilamellar struc-
tures comprised of alternating layers of two-dimen-
sional arrays of DNA sandwiched between lipid bilayers.
Fluorescence resonance energy transfer was used to es-
timate the distance of closest approach of DNA to the
lipid bilayers in these complexes. The effect of several
compositional variables on this distance, including the
ratio of cationic lipid to DNA, and the charge density,
intrinsic curvature, and fluidity of the lipid bilayer were
examined. Additionally, the effect of ionic strength was
studied. For complexes prepared at or above a 3:1
charge ratio (+/—), the observed distance of closest ap-
proach was found to be in agreement with the interca-
lation of DNA between lipid bilayers. As the charge ratio
was decreased, a monotonic increase in the distance was
observed with a maximum observed at 0.5:1. Correla-
tions between differences in the proximity of DNA to the
lipid bilayer and the hydrodynamic size of the com-
plexes were also found. A model based on these obser-
vations and previous reports suggests the formation of
discrete populations of complexes below a charge ratio
of 0.5:1 and above 3:1. The structure of the negatively
charged complexes is consistent with DNA extending
from the surface of the particles, whereas those possess-
ing excess positive charge were multilamellar aggre-
gates with the DNA effectively condensed between lipid
bilayers. Complexes between these two states consist of
weighted fractions of these two species.

The use of cationic lipids to deliver DNA into cells has re-
ceived considerable attention for applications in gene therapy
(1-3). Condensation of negatively charged DNA into cationic
lipid-DNA complexes (CLDCs)! is thought to aid in the delivery
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of the DNA to the cell nucleus by protecting it from enzymatic
degradation in extracellular compartments, facilitating bind-
ing to the negatively charged cell surface and aiding in pene-
tration of DNA into the cytosol (4). Numerous studies have
suggested that the efficiency of this delivery process is related in
a still ill-defined way to a variety of physical and chemical prop-
erties of the CLDC (5-17). Most notably, the colloidal properties
and composition of the CLDCs appear to have major effects on
transfection efficiency both in vitro (5) and in vivo (18).

Given the lack of clear structure/function correlations, a
significant effort has been put into the study of the structures
that result from mixing cationic liposomes with DNA. The
formation of CLDCs appears to involve initial DNA-induced
aggregation of the cationic liposomes followed by vesicle rup-
ture and fusion (6, 16, 19-22), the result of which is a fairly
heterogeneous distribution of particles in terms of shape and
size. Qualitatively, these particles typically appear globular in
nature when cationic lipids are present in charge excess and
are often observed to have tubular strands protruding from the
particle surface when DNA is present in charge excess (6). On
a smaller scale, highly ordered lamellar arrays composed of
alternating stacks of DNA and lipid bilayers are observed in
these complexes by cryoelectron microscopy (6, 8, 9, 22-24) and
small angle x-ray scattering (10, 14, 15, 25). The lamellar
spacing appears to be a function of the type of lipid used (14),
the ratio of cationic lipid to DNA (6), and the solution condi-
tions (14). In addition to these lamellar arrays, nonlamellar
structures have been observed by cryo-EM (8, 9) and SAXS (8,
15), by changing the intrinsic curvature of the membrane or its
flexibility. Although these nonlamellar structures have been
proposed to facilitate more efficient delivery of DNA, presum-
ably because of their ability to cause greater disruption of
endosomal membranes (26), increased transgene expression is
not always observed for these systems (6, 27, 28).

Although cryo-EM and SAXS can provide significant detail
about the structure of CLDCs, the conditions for obtaining
measurements using these techniques are often considerably
different from those used for transfection. For example, in the
case of cryo-EM, the complexes are flash frozen. Although
studies using SAXS have be conducted using concentrations of
lipid and DNA closer to those used for transfection by employ-
ing high energy synchrotron radiation, studies using more con-
ventional equipment require significantly greater concentra-
tions (14). Nevertheless, these techniques have provided
surprisingly consistent information regarding the structural
organization of CLDCs that has been shown to agree with
statistical thermodynamic models (29).

cene-3-pentanoyl)-1-hexadecanoyl-sn-glycero-3-phosphoethanolamine;
BODIPY-PC, 2-(4,4-difluoro-5-(4-phenyl-1,3-butadienyl)-4-bora-3a,4a-
diaza-s-indacene-3-pentanoyl)-1-hexadecanoyl-sn-glycero-3-phospho-
choline.

This paper is available on line at http://www.jbc.org
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Structure of CLDCs

Another technique that can potentially provide detailed
information about the spatial organization of cationic lipids
and DNA in CLDCs is fluorescence resonance energy transfer
(FRET). Relationships describing the nonradiative transfer
of energy from a donor fluorophore to a two-dimensional
array of acceptor fluorophores embedded in a lipid bilayer
have been derived (30-32). These relationships have been
used to determine the distance of closest approach of proteins
to membrane surfaces (33—-37). We have used this approach to
describe the association of DNA with cationic lipids as a
function of charge ratio as well as membrane composition.
The effect of ionic strength on the association of DNA with
cationic bilayers has also been explored. Correlations with
measurements of the distance of closest approach of DNA to
the cationic lipid bilayer and the colloidal size of the com-
plexes are also reported.

EXPERIMENTAL PROCEDURES

Materials—Supercoiled plasmid DNA (pMB290, >95% supercoiled)
was obtained from Valentis Inc. The lipids 1,2-dioleoyl-3-trimethylam-
monium-propane (DOTAP), dimethyldioctadecylammonium bromide
(DDAB), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) and
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) were obtained from
Avanti Polar Lipids (Alabaster, AL). The fluorescent dyes Hoechst
33258 (HOC), 2-(4,4-difluoro-5,7-diphenyl-4-bora-3a,4a-diaza-s-
indacene-3-pentanoyl)-1-hexadecanoyl-sn-glycero-3-phosphoethano-
lamine (BODIPY-PE), and 2-(4,4-difluoro-5-(4-phenyl-1,3-butadienyl)-
4-bora-3a,4a-diaza-s-indacene-3-pentanoyl)-1-hexadecanoyl-sn-glycero-
3-phosphocholine (BODIPY-PC) were obtained from Molecular Probes
(Eugene, OR). The Cy3 LabellT™ kit was obtained from Panvera
(Madison, WI). All of the other chemicals were from Fisher.

Preparation of Cationic Lipid-DNA Complexes—Liposomes were first
prepared by placing the required amount of a chloroform solution con-
taining cationic lipid as well as DOPE or DOPC and various amounts of
fluorescently labeled lipids in a glass vial and evaporating the solvent
under a stream of nitrogen gas. The resulting lipid film was then placed
under vacuum for a minimum of 2 h before hydrating in the appropriate
Tris buffer with vortexing. After equilibrating at room temperature for
30 min, the liposomes were extruded 11 times through a 100-nm pore
polycarbonate membrane. The liposomes were stored at 4 °C and typi-
cally used within 3 days. For fluorescence studies, DNA was first
labeled either noncovalently with HOC at a 1:150 dye/bp ratio or co-
valently with Cy3 using the manufacturer’s instructions at a 1:50
dye:bp ratio. CLDCs were formed by mixing various amounts of DNA
with an equal volume of a cationic liposome solution with stirring for
20 s. The final cationic lipid concentration was 80 uM to maintain
DOTAP above its reported critical micelle concentration of 70 uM (38).
The complexes were allowed to equilibrate for 20 min before performing
measurements. All of the charge ratios are indicated as positive:nega-
tive in the text.

Fluorescence Spectroscopic Measurements—Fluorescence spectra of
CLDCs labeled with either HOC (excitation/emission, 358/462 nm) and
BODIPY-PE (536/558 nm) or Cy3 (550/578 nm) and BODIPY-PC (586/
597 nm) were obtained at 25 °C with a Quantamaster™ spectroflu-
orometer equipped with a 75-watt xenon lamp (PTI, Monmouth, NJ)
using an excitation and emission bandwidth of 3 nm. A quartz cuvette
(1 em (ex) X 0.2 cm (em)) was used for all studies. For studies with HOC,
a 370-nm-long pass filter was used between the sample and the photo-
multiplier tube. The quantum yield of HOC-labeled CLDCs was deter-
mined using quinine sulfate in 0.1 N H,SO, as a reference (@ = 0.7),
whereas that of Cy3-labeled CLDCs was determined using tetrameth-
ylrhodamine in methanol as a reference ( = 0.68) using Equation 1.

I, ODg 1},
Q=Q:=7 op. p2

(Eq. D

Here, @ is the quantum yield, I is the integrated intensity from 400 to
600 nm in the case of HOC and 560 to 620 nm for Cy3, OD is the optical
density at the excitation wavelength, and n is the refractive index of the
solution. The D subscript refers to the donor fluorophore, and the R
subscript indicates the reference fluorophore of known quantum yield.

Correction for light scattering was made by subtracting the signal
produced by the unlabeled sample. Corrections for the inner filter effect
were performed using the following equation based on the Beer-
Lambert Law.
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Icurr = I(e(ODexlex) + e(ODemlem)) (Eq. 2)

Where OD,, and OD,, are the optical densities at the donor excitation
and emission wavelengths, and /., and [, are half the pathlengths for
the excitation and emission axes, respectively.

Calculation of the Forster Distance for Donor Acceptor Pairs—The
Forster distance (R,,) for each donor acceptor pair, which represents the
distance of half-maximal transfer efficiency, was determined using
the following equation.

Ry = 8.79 X 10 [k*n QI (V)] (Eq. 3)

Where, «? is the orientation factor between donor and acceptor mole-
cules, n is the refractive index of the medium between donor and
acceptor, @y is the quantum yield of the donor, and J(A) is the overlap
integral of donor emission and acceptor absorption spectra (in units of
M~ ! em ™! nm*) given by the following equation.

f xFD(/\)aA()\)/\“d)\

foD(A)dA
0

Fp(A) and €,(A) are the donor emission and acceptor extinction at a
given wavelength, A, respectively.

Determination of the Distance of Closest Approach for Donor-labeled
DNA and BODIPY-labeled Cationic Lipids—Assuming that the ap-
proach of a DNA-bound donor fluorophore to the acceptor labeled lipid
bilayer can be modeled as a point donor and an infinite plane of
randomly distributed acceptors, the distance of closest approach, L, can
be obtained from plots of I/, versus the surface density, o, of the
acceptor molecules in the lipid bilayer, where Ij,, and I, are the fluo-
rescence intensities of the donor in the presence or absence of acceptor,
respectively. It has been previously shown that these two values are
related by the following equation (30).

Ipa woRy? [ Ry \*
L

J(\) = (Eq. 4)

L, T2

(Eq. 5)
app

where L, is the apparent distance of closest approach and R, is
described in Equation 3. The density of acceptor in the bilayer is
determined using the following relation.

[A]

g =

where [A] is the acceptor concentration, [CL]; is the total lipid concen-
tration in the cationic liposomes, and a is the average cross-sectional
area of the lipid headgroups. The latter is assumed to be 70 A for
DOTAP (14), (70 + 65)/2 = 67.5 A for DOTAP:DOPE (39), (70 + 80)/2 =
75 A for DOTAP:DOPC (39), and 60 A for DDAB (40). The value of 2 on
the right side of the equation reflects the fact that the DNA is presum-
ably sandwiched between two bilayers, effectively doubling the acceptor
concentration. Equation 6 is essentially equivalent to the Stern-Volmer
relationship describing fluorescence quenching, with o representing the
two-dimensional concentration of quencher. It has been previously dem-
onstrated that when R/L < 0.6, L = L, (30, 31, 35). In the case where
Ry/L,,, > 0.6, a correction must be made that takes the following form.

L= Lappyl/4 (Eq.7)

where the correction factor, v, is interpolated from data presented in
Table I of Yguerabide (30). Further verification of L can be obtained by
comparison of donor quenching with biexponential approximations to
theoretical curves derived by Wolber and Hudson (31).

Dynamic Light Scattering—The samples were prepared in Tris
buffer, pH 7.4, containing either no or 150 mM NaCl that had been
filtered through 0.2-um polysulfone filters (Gelman Science). All of the
glassware was exhaustively washed with distilled and deionized water
that had been similarly filtered. The measurements were taken using a
light scattering instrument (Brookhaven Instruments Corp., Holtszille,
NY) employing a 50 mW HeNe diode laser (A = ~532 nm). The scattered
light was monitored 90° to the incident beam, and the autocorrelation
function was generated by a digital correlator (BI-9000AT). The data
were collected continuously for five 20-s intervals for each sample and
averaged. The autocorrelation function was fit by the method of cumu-
lants to yield the mean diffusion coefficient of the complexes. The data
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Fic. 1. Fluorescence excitation (solid symbols) and emission
(open symbols) spectra of HOC (circles) and BODIPY-PE
(squares).

are reported for a quadratic fit. The effective hydrodynamic diameter
was obtained from the diffusion coefficient by the Stokes-Einstein
equation.

RESULTS

To determine the distance of closest approach between DNA
and the cationic lipid bilayer in CLDCs using FRET, DNA was
labeled with the minor groove binding dye, HOC, and the lipid
bilayer with a BODIPY-labeled lipid. It has been previously
shown that HOC remains bound in the DNA minor groove
when the DNA is condensed with cationic lipids.? The lipid
label BODIPY-PE was chosen for several reasons. First, its
spectral properties, e.g. large and environmentally insensitive
extinction coefficient (41) and excellent spectral overlap with
the HOC donor, make it applicable for a variety of lipid sys-
tems. Second, it is located in the apolar region of the lipid
bilayer (41), which makes its mobility less sensitive to binding
of DNA as shown previously for other dyes located in the apolar
and interfacial regions of the bilayer (42).

Determination of the Forster Distance—The excitation and
emission spectra of HOC and BODIPY-PE are shown in Fig. 1.
The quantum yield as well as the wavelength of the emission
maximum of HOC in CLDCs has been previously shown to
depend on the type of lipid present as well as the charge ratio.2
An increase in @ and a blue shift in the wavelength of emis-
sion maximum are generally observed upon binding to lipids.
Thus, R, was calculated for each CLDC using individual values
of @, and J()). Surprisingly, R, was found to be 39 + 1 A for all
CLDCs examined, presumably because of the compensating
effects of increased quantum yields and decreased areas of
spectral overlap (Equation 3). Calculations of R, were made
assuming a random distribution of orientations between donor
and acceptor (k2 = 2/3). The refractive index was taken to be 1.4
(35, 37), and @Qp and J(A) fell between 0.38 and 0.50 and 7.7 X
10 and 9.5 X 10 M~ ! cm ™! nm*, respectively.

FRET Studies with CLDCs—Binding of HOC-DNA to
BODIPY-labeled cationic lipids results in a decrease in the
fluorescence intensity of HOC and sensitized emission of the
BODIPY probe (Fig. 2). For CLDCs composed of DOTAP and
DNA, plots of Iy,/I;, versus the density of BODIPY on the
bilayer (o) demonstrate a linear dependence of HOC fluores-
cence intensity on the density of BODIPY-PE in the cationic
bilayer as predicted from Equation 5 (Fig. 3A). The slope of the
line increases as the ratio of DOTAP to DNA is increased,
indicating a closer association of DNA with the lipid bilayer at
higher charge ratios. Similar results are obtained when DNA is

2 C. M. Wiethoff, M. L. Gill, G. S. Koe, J. G. Koe, and C. R. Middaugh
(2002) JJ. Pharm. Sci., in press.
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Fic. 2. Fluorescence emission spectra of 3:1 +/— DOTAP:DNA
labeled with HOC at a ratio of 1 dye (150 bp, solid squares),
BODIPY-PE at a ratio of 1 dye (300 lipids, open squares) and
both HOC and BODIPY-PE (¢riangles). The DOTAP concentration
was 80 uM.

complexed with DOTAP:DOPE, DOTAP:DOPC, and DDAB
(Fig. 3, B, C, and D, respectively). Energy transfer was essen-
tially completely inhibited upon the addition of a 50-fold molar
excess of the polyanion heparin, which has been previously
demonstrated to cause the release DNA from these complexes
(Ref. 43 and data not shown). The apparent distance of closest
approach, L, , was calculated from the slope of the lines using
Equation 5 and corrected as previously described using Equa-
tion 7 (30) to obtain the mean distance of closest approach, L.
These data are summarized in Fig. 4A. At a charge ratio of
0.5:1, the average distance between DNA and the probe in
DOTAP bilayers is 45 = 2 A (black bars). This distance de-
creases as the charge ratio is increased to between 19 and 21 A
at ratios > 2:1. When the charge density of DOTAP bilayers is
reduced by incorporating equimolar amounts of DOPE or
DOPC, similar trends in the distance of closest approach as a
function of CLDC charge ratio are observed (Fig. 4A, white and
stippled bars, respectively). Comparison with a second cationic
lipid (DDAB) again demonstrates a similar trend in the dis-
tance of closest approach (Fig. 4A, striped bars). The distance of
closest approach appears to be significantly greater in DDAB
compared with DOTAP CLDCs, however. For DDAB CLDCs
below charge neutrality the distance is 52 + 3 A, whereas those
above charge neutrality possess a distance of 24 = 2 A.

The effect of ionic strength on the distance of closest ap-
proach was examined for DOTAP CLDCs. When prepared in
the presence of 150 mM NaCl, linear plots of I', o/I, versus o are
still observed (Fig. 3E), and a similar dependence of the slope
on the on the charge ratio of the complex is still present (Fig.
4B). For DOTAP CLDCs prepared below a charge ratio of 3:1
+/—, increasing the ionic strength significantly increases the
distance of closest approach by as much as 9 A (Fig. 4B). At
charge ratios above 3:1 +/—, the distance is not affected by the
increased ionic strength.

To verify the measured distances between cationic lipid and
DNA using the approach of Yguerabide (30), we compared the
quenching of HOC fluorescence by BODIPY acceptors with a
series of biexponential approximations to theoretical quench-
ing curves for various ratios of L to R (31). The approximations
for various values of L are shown as solid lines in Fig. 5 and
agree with theoretical values to within 1%. Although the abso-
lute values of L cannot be obtained from the experimental
curves, it can be estimated that 0.5:1 DOTAP CLDCs possess a
distance of closest approach slightly less than 47 A (Fig. 5,
diamonds), whereas the distance separating HOC-DNA and
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Fic. 3. Representative quenching profiles for HOC-DNA in CLDCs containing increasing amounts of BODIPY-PE at charge ratios
of 0:5:1 +/— (diamonds), 1:1 (squares), 2:1 (triangles), and 3:1 (circles). A, DOTAP CLDCs. B, DOTAP:DOPE CLDCs. C, DOTAP:DOPC
CLDCs. D, DDAB CLDCs. E, DOTAP CLDCs with 150 mm NaCl. Solid lines represent linear fits to Equation 5. The data for 4:1 and 5:1 = CLDCs
are not shown because they typically overlap with the data for 3:1 +/— CLDCs.

the BODIPY label in DOTAP bilayers is between 35 and 31 A
for 1:1 complexes (Fig. 5, squares). Positively charged 2:1
DOTAP CLDCs produce a value of L corresponding to just
under 27 A, whereas 3:1 complexes produce a value close to 20
A. These distances are in excellent agreement with values
obtained using Equation 5 (compare with Fig. 4).

To further confirm the accuracy of this approach, a Cy3-
BODIPY-PC FRET donor-acceptor pair was used to measure
the distance of closest approach. In this case, the Cy3 donor
was covalently attached to the DNA. The excitation and emis-
sion spectra of Cy3 and BODIPY-PC are shown in Fig. 6. The
quantum yield of Cy3 is 0.03, and the area of spectral overlap,
J(N),is 3.5 X 10° M L ecm ™! nm*. Assuming k? to be 2/3 and the
refractive index to be 1.4, R, is calculated to be 31 = 1 A. As
seen with the HOC-BODIPY-PE pair, Cy3 fluorescence is de-
creased as the density of BODIPY-PC is increased in the

DOTAP bilayer (Fig. 7). For calculation of the distance of clos-
est approach for this FRET pair using Equations 5 and 7 above,
we obtain a value of 21 = 2 A. This is in very good agreement
with the value of 19 * 1 A obtained using the HOC-
BODIPY-PE pair (Fig. 4).

Determination of the Mean Hydrodynamic Size of CLDCs—
The mean diameter of the CLDCs was determined by dynamic
light scattering as a function of charge ratio and lipid compo-
sition (Fig. 8). For DOTAP CLDCs with or without DOPE or
DOPC, the size gradually increases as the charge ratio is in-
creased from 0.5:1 to 1:1, with 0.5:1 DOTAP CLDCs having a
mean diameter of 150 nm (black bars). Incorporating equimolar
amounts of DOPE or DOPC into CLDCs results in mean diam-
eters that are 10-20% greater than DOTAP alone for com-
plexes below 1:1 (Fig. 8A, white and stippled bars, respectively).
Complexes become colloidally unstable between charges ratio
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Fic. 4. Calculated values of the distance of closest approach of
HOC-DNA to BODIPY-PE in CLDCs as a function of charge
ratio. The values were calculated from data in Fig. 3 using Equations
5 and 7. The data represent the averages and standard errors for at
least three replicates. A, DOTAP (solid bars), DOTAP:DOPE (open
bars), DOTAP:DOPC (stippled bars), and DDAB (striped bars). B,
DOTAP, 10 mm Tris (solid bars), and DOTAP, 10 mm Tris, 150 mm NaCl
(open bars).
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Fic. 5. Comparison of HOC quenching to biexponential ap-
proximations of theoretical curves for energy transfer in two
dimensions derived by Wolber and Hudson (31). The solid lines
represent theoretical curves for various values of L in A as indicated to
the right of the graph. The data points represent typical HOC quench-
ing in DOTAP CLDCs at various charge ratios. 0:5:1 +/— (diamonds),
1:1 (squares), 2:1 (triangles), and 3:1 (circles).

of 1:1 and 2:1 because of charge neutralization (13). Above
charge neutrality, DOTAP containing CLDCs show a maximal
size at 2:1, with incorporation of equimolar amounts of DOPE

Structure of CLDCs
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Fic. 6. Fluorescence excitation (solid symbols) and emission
(open symbols) spectra of Cy3 (circles) and BODIPY-PC
(squares).
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Fic. 7. Representative quenching profile of Cy3-DNA in
3:1 +/— DOTAP CLDCs. The solid line represents the linear fit to
Equation 5.

or DOPC having little effect on particle size. The mean size of
DDAB CLDCs is 30—-40% greater than DOTAP CLDCs when
prepared below charge neutrality (Fig. 84, striped bars). For
positively charged CLDCs, DDAB complexes are four to five
times larger than DOTAP CLDCs. Upon increasing the ionic
strength with 150 mm NaCl, DOTAP CLDCs display a 40—-50%
increase in the hydrodynamic size for complexes prepared at
charge ratios of 2:1 and below (Fig. 8B). In the presence of 150
mM NaCl, charge neutrality in the complexes occurs between
charge ratios of 2 and 3:1 (13). Complexes prepared above 3:1
are four to five times greater in size at the higher ionic
strength.

DISCUSSION

Fluorescence resonance energy transfer has been used ex-
tensively to estimate the proximity of a variety of proteins to
lipid membranes using the approach described above (33-37).
This study represents an initial attempt to use this technique
to obtain high resolution details about the association of cati-
onic lipids with DNA. Using FRET, distances between DNA
bound donor fluorophore and acceptor embedded in the apolar
regions of the lipid bilayer were found to be reproducible with
standard errors in the estimates typically less than 5% of the
mean. Systematic errors arising from uncertainty in @p, J(A),
and «2, however, may influence absolute values of the observed
distances. These errors would be expected to effect each system
studied similarly. Thus, comparisons between different CLDCs
should still be valid. In determining @, and JJ(A), the error was
less than 3%. The greatest degree of uncertainty arises from
the inability to measure k2. It is typical to assume a value of
2/3, which assumes a random orientation between the donor
and acceptor fluorophores. In general, the error introduced by
assuming «? to be 2/3 is ~10% when donor-acceptor pairs
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Fic. 8. Hydrodynamic size of CLDCs determined by DLS. The
data represent the means and standard errors of three separate meas-
urements. A, DOTAP (solid bars), DOTAP:DOPE (open bars), DOTAP:
DOPC (stippled bars), and DDAB (striped bars). B, DOTAP, 10 mm Tris
(solid bars) and DOTAP, 10 mMm Tris, 150 mm NaCl (open bars).

possess anisotropy values less than 0.3 (44). This has been
shown to be the case for BODIPY in several bilayers of differing
fluidity (41) and HOC bound to DNA (45).

To facilitate interpretation of the physical meaning of the
observed distances between HOC-DNA and the BODIPY-la-
beled lipid, the theoretical distance of closest approach was
estimated based on the model in Fig. 9. In the model, L, the
distance of closest approach, is related to the distance between
the planes of HOC and BODIPY (L), and the horizontal dis-
tance between the dyes is transposed onto the same plane (Ly;)
by the following simple Pythagorean geometric relationship,

L*=L2+ Ly (Eq. 8)

For studies of the distance of a particular group on a protein
from the lipid bilayer, the values of L have been necessary for
calculations of L because the protein is often embedded in the
lipid bilayer resulting in exclusion of the lipid dye from regions
directly beneath the donor. In the case of CLDCs, the DNA can
be assumed to not significantly penetrate the bilayer. Recent
evidence from molecular dynamics simulations suggests that
lipids with zwitterionic headgroups can, in fact, interact di-
rectly with the negatively charged DNA phosphates (46) sug-
gesting that Ly is effectively 0. Therefore L represents the
vertical distance between the donor and acceptor fluorophores.

In this model, HOC is assumed to be regularly distributed
around the circumference of the DNA double helix. Hence, its
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Fic. 9. Model to estimate the distance of closest approach of
HOC to the lipid bilayer as described under “Discussion.”

>3:1 +/-

Fic. 10. Proposed models for the structural arrangement of
CLDCs prepared at different charge ratios or in the presence of
increased ionic strength as described under “Discussion.”

distance from the bilayer surface would be the average of
distances, which is taken to be 12.5 A, or the radius of B-form
DNA (47). This distance would also be applicable to Cy3-la-
beled DNA. The BODIPY probe is expected to be buried in the
apolar region of the bilayer. Because BODIPY is much more
hydrophobic than other commonly used probes such as NBD,
its location in the bilayer is thought to correlate well with the
length of the alkyl chain connecting it to the lipid headgroup
(41). Assuming a thickness of ~4 A for the interfacial region of
the lipid, 0.95 A/methylene group of the alkyl chain and a
length of the BODIPY along its long axis of 9 A, the average
distance of BODIPY from the bilayer surface would be ~12 A
B + (5 X 0.95) + 9/2). Thus, we can estimate the closest
distance between HOC and BODIPY to be ~25.5 A.

For DOTAP CLDCs prepared at or above a 3:1 charge ratio in
which the entire DNA is presumably entrapped in multilamel-
lar structures between the lipid bilayers, the observed distance
of closest approach is around 20 A. The difference between the
observed and calculated distances is slightly greater than the
uncertainty introduced by the assumed value for k2. Alterna-
tively, the distance may be expected to decrease based on the
significant amount of bound water displaced from the lipid-
DNA interface upon interaction (17, 48). The radius of B-form
DNA in condensed phases has been estimated to be closer to 10
A, which would bring our estimate of the closest possible dis-
tance to 23 A. The remaining discrepancy could be accounted
for by displacement of bound water from the lipid interface.

When DOTAP CLDCs are prepared below 3:1 ratios, the
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distance between DNA and lipid becomes significantly greater
than 20 A, manifesting a maximal distance around 45 A for
0.5:1 complexes. Xu et al. (6) have previously shown by density
gradient centrifugation that two distinct types of CLDCs are
formed, depending on the ratio of cationic lipid to DNA when
they are mixed. For complexes formed by mixing lipid and DNA
at ratios greater than 3:1, the actual ratio of cationic lipid to
DNA phosphate in the complex saturates at ~3:1 +/—. Like-
wise, for CLDCs formed by mixing lipid and DNA at ratios
below 0.5:1, the actual ratio of cationic lipid complexed to DNA
in the particles is typically found to be 0.5:1 even at the lower
charge ratios. In each case the complexes exist in the presence
of unassociated lipid or DNA, respectively. Because we are
measuring average values of L, it seems most probable that
measured values of L in complexes formed between charge
ratios of 0.5 and 3:1 represent the weighted average of L for
these two types of complexes. Proposed models for these two
complexes are shown in Fig. 10. For the negatively charged
CLDCs, the observed distance of ~45 A would arise from the
average distance of closely associated DNA within the multi-
lamellar particles and more loosely associated DNA molecules
at the particle surface. Because the localization of DNA in these
negatively charged CLDCs is more heterogeneous, with DNA
presumably entrapped between lipid bilayers and at the parti-
cles surface, a greater degree of uncertainty is present in the
measured distance of closest approach of DNA to the bilayer.
This is due to the method used to calculate the two-dimensional
density of the BODIPY acceptor molecules in the membrane
based on the model presented in Fig. 9. Nevertheless, this
model is supported by previous observations of the accessibility
of DNA in the CLDCs to nucleases (28, 49-51) and intercalat-
ing dyes (21, 49, 52, 53) as well as the fact that complexes
prepared at these charge ratios possess a negatively charged
surface as assessed by measuring the zeta potential of the
particle (13, 17, 19, 28). Additionally, cryo-EM of negatively
charged complexes have described particles possessing what
are presumably DNA “spikes” protruding from their surface
similar to the model proposed in Fig. 10 (6). Positively charged
CLDCs contain completely charge-neutralized DNA, which is
maximally associated with cationic bilayers. In these CLDCs,
the DNA is completely protected from nucleases and interca-
lating dyes and possesses a net positive zeta potential, suggest-
ing that the exterior of the particles is composed primarily of
cationic lipids. These studies also agree with SAXS results that
describe lamellar repeat distances equivalent to the thickness of
the lipid bilayer and a single DNA double helix (10, 25). Because
SAXS studies rely on correlations within ordered repeating struc-
tures, however, they do not readily describe the extended DNA
structures on the surface of the negatively charged CLDCs pro-
posed in Fig. 10 and observed by cryo-EM (6).

Incorporation of DOPE or DOPC into positively charged
DOTAP CLDCs results in similar values for the distance be-
tween DNA and the lipid bilayer ranging from 18 to 21 A,
suggesting little effect of bilayer charge density on the proxim-
ity of the DNA strands to the lipid. This is in contrast to the
effect membrane charge density has on the interhelical spacing
of DNA as observed by SAXS (10). Perhaps more interesting is
the fact that DOTAP:DOPE CLDCs show similar trends in L
compared with DOTAP CLDCs. Complexes of DOTAP:DOPE
with linear A-phage DNA have previously been shown to coex-
ist as inverted hexagonal and lamellar structures (15). In an
inverted hexagonal structure, a cylindrical distribution of ac-
ceptor molecules around the DNA double helix would negate
the averaging in the distance of HOC from the lipid surface,
resulting in a significant decrease in this distance from 12.5 A
to effectively 0. Thus, a distance of closest approach of HOC to
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BODIPY would be expected to be closer to ~12 A. Because a
marked decrease in L is not observed for DOTAP:DOPE CLDCs
compared with DOTAP alone, the existence of nonlamellar
phases is not apparent.

Studies with DDAB demonstrate a marked increase in the
average distance of DNA from the bilayer. For negatively
charged CLDCs, this distance is 7-17 A greater than observed
for DOTAP. For positively charged CLDCs, the value of L is 4
A greater than that observed for DOTAP. In negatively charged
CLDCs, the increased distance probably reflects the differences
in the association of DNA on the particle surface (Fig. 10).
Closer interhelical spacing of DNA because of the slight in-
crease in charge density for DDAB compared with DOTAP (e.g.
1 charge/60 and 70 A2, respectively) may further extend the
unbound portion of DNA away from the surface. Alternatively,
for positively charged complexes, it has been shown that DDAB
does not cause the same degree of dehydration of DNA as
DOTAP (17).

Increasing the ionic strength more dramatically perturbs the
average distance between DNA and lipid in complexes pre-
pared below charge neutrality. For negatively charged CLDCs,
the increased average distance between DNA and lipid presum-
ably results from the decreased association of DNA with the
surface of the particle or extension of unbound regions of DNA
away from the particle (Fig. 10). The reason for the lack of
effect of ionic strength on the distance between DNA and lipid
in positively charged CLDCs is unclear. The differential effect
of increased ionic strength on positively and negatively charged
CLDCs correlates with observed effects on DNA interhelical
spacing observed using SAXS where the spacing increased
slightly for negatively charged CLDCs but remained un-
changed for positively charged complexes (14).

Correlations between the distance of DNA from the cationic
bilayer and the hydrodynamic size of the complexes are mixed.
For negatively charged complexes, it appears that the in-
creased distance observed by FRET coincides with an increase
in the hydrodynamic size of CLDCs containing only cationic
lipids. This agrees with the model presented in Fig. 10 in which
changes in L reflect changes in the association of DNA with the
surface of the particles. In the case of positively charged
CLDCs, no correlation between L and the hydrodynamic size is
apparent. The much larger size of DDAB CLDCs in this charge
regime probably reflects aggregation of complexes caused by
the destabilization of the rigid DDAB bilayer. Reductions in
particle size by fluidizing the DDAB bilayer upon incorporation
of DOPE or cholesterol have been previously reported (17). For
DOTAP CLDCs at higher ionic strength, the much larger size
observed may also result from aggregation in this case caused
by the reduced electrostatic repulsion between particles.

In conclusion, we have demonstrated the utility of FRET to
define structural features of CLDCs representing a variety of
compositions. These studies support the multi-lamellar model
of CLDCs observed by SAXS and cryo-EM. Most significantly,
this approach permits the examination of these nonviral gene
delivery complexes in the solution state and at concentrations
nearer physiologically relevant values using equipment com-
monly available in most laboratories.
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