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The Role of Cholesterol and Structurally Related Molecules in
Enhancing Transfection by Cationic Liposome-DNA Complexes

Alexandra Zidovska, Heather M. Evans, Ayesha Ahmad, Kai K. Ewert, and Cyrus R. Safinya*
Materials, Physics, and Molecular, Cellular and Developmental Biology Departments, University of
California at Santa Barbara, Santa Barbara, CA 93106, USA

Abstract

Motivated by its important role in gene delivery, we have studied the effect of cholesterol and analogs
on the transfection efficiency (TE) of lamellar cationic liposome-DNA (CL-DNA) complexes in
vitro. Addition of cholesterol to low-transfecting DOTAP/DOPC-DNA complexes increases TE,
with 15 mol% cholesterol already yielding tenfold improvement. Steroids lacking the alkyl tail only
modestly enhance TE, while molecules retaining it strongly enhance TE. All steroid-containing CL—
DNA complexes retain the lamellar structure. The increase in experimentally determined membrane
charge density (a universal parameter governing TE of lamellar CL-DNA complexes) with
cholesterol content alone can not account for the rapid increase of TE. Instead, the reduction of the
hydration repulsion layer of the membrane, caused by replacement of DOPC by cholesterol, promotes
fusion between cationic membranes of CL-DNA complexes and anionic endosomal membranes,
thus facilitating release of complexes and enhancing TE.
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Introduction

Cationic liposomes (CLs) have attracted a lot of scientific interest over the past two decades
as their advantages as gene delivery vectors were recognized and they became the most
prevalent synthetic carriers (vectors) of genes worldwidel-4. The major benefits of CLs for
gene delivery are the ability to transfer DNA of unlimited size (enabling transfer of large human
genes and even artificial chromosomes; in contrast, viral capsids can carry a maximum of about
40 kbp) and the ease of preparation (since the vector is formed spontaneously by self-
assembly5'7). There is ongoing extensive research activity to overcome the major drawback
of CL-vectors, which is their low transfection efficiency (TE, a measure of the ability to transfer
DNA into a cell followed by gene expression) compared to viral vectors2:3. For this purpose,
numerous lipid formulations have been systematically studied 8.9, They typically contain a
combination of cationic and neutral (helper) lipids such as DOPE or cholesterol. Lipid mixtures
for successful transfection in vivo seem to require cholesterol, but this phenomenon is not
understood!0. Several reports in the literature claim that DOPE, while successfully used for
in vitro gene delivery, is a poor helper lipid for in vivo applicationsll'15. Cholesterol has also
been included in liposomes along with cationic DOTAP and fusogenic DOPE to form a potent
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mixtti%e 1u7sed to study the treatment of ovarian cancer by delivery of the p53 tumor suppressor
gene+9:+1.

The goal of the present work is to help to elucidate our discovery of an unexpectedly large
enhancement of the TE of cationic lipid-DNA (CL-DNA) complexes upon incorporation of
cholesterol. The starting point of this investigation are CLs comprised of DOTAP and DOPC.
The structure and transfection behavior of these CL-DNA complexes have been studied
previously 5-8,18,19 e have investigated the effect of added cholesterol and structurally
related molecules (B-estradiol, ergosterol, ergocalciferol, dihydroisoandrosterone and
progesterone) in the low-transfecting regime of the DOTAP/DOPC-DNA systemlgllg. In
particular, we attempted to determine the structure-function relationship of the CL-DNA
complexes containing cholesterol or other structurally related molecules. While keeping the
charge (corresponding to the molar fraction of cationic lipid, here monovalent DOTAP)
constant, we gradually replaced DOPC molecules by cholesterol. Employing structural studies
via X-ray diffraction and transfection efficiency measurements, we were able to uncover the
correlation between the TE and structure of these cholesterol-containing CL-DNA complexes
in vitro. TE increases by a factor of ten with the inclusion of only 15 mol% cholesterol, and
further inclusion of cholesterol continues to increase TE.

X-ray diffraction confirms that DOTAP/DOPC-DNA complexes retain the lamellar structure
upon addition of cholesterol and other structurally related molecules. Previous work has
identified the membrane charge density (o) as a universal parameter for TE of lamellar, DOPC
containing CL-DNA complexes18'2 , with TE following a bell-shaped curve as a function of
chg. These studies further demonstrated that upon endocytosis CL-DNA complexes were
trapped within endosomes at low cM18. The nearly exponential increase of TE with increasing
op Was attributed to a kinetic barrier for endosomal fusion, with increases in o), decreasing
the barrier. For cholesterol-containing charged membranes however, the changes in o), alone,
experimentally determined via XRD, cannot explain the unexpectedly rapid increase of TE
with cholesterol content. We have shown that the reduction of the average hydration repulsion
layer of the membrane, caused by replacement of DOPC by cholesterol, is crucial for the
exponential TE enhancement. This suggests that decreased hydration leads to reduced
hydration repulsion and thus enhanced fusion of the cationic membranes of CL-DNA
complexes with the anionic membrane of the endosome, facilitating endosomal release. Thus,
our findings suggest that suppression of hydration repulsion, independent from the effect of
opm on the kinetic barrier for endosomal fusion, also reduces that barrier. Steroid molecules
that are more hydrophilic than cholesterol and lacking the alky! tail (such as B-estradiol,
progesterone and dehydroisoandrosterone) only modestly enhance TE. In contrast, analogs
retaining the alkyl chain (ergosterol and ergocalciferol) give large TE enhancements similar
to cholesterol, even when the polycyclic steroid framework is disrupted as in ergocalciferol.

Materials and Methods

Lipid Solutions

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-3-trimethylammonium-
propane (DOTAP) were purchased as solutions in chloroform from Avanti Polar Lipids.
Cholesterol, ergosterol, ergocalciferol, p-estradiol, progesterone, dihydroisoandrosterone and
PC-cholesterol were purchased in powder form from Sigma Aldrich, and dissolved in
chloroform to prepare stock solutions. Lipid solutions were combined at the desired ratio of
lipids and dried, first by a stream of nitrogen and subsequently in a vacuum for 8 to 12 hours.
To the residue, high conductivity (18.2 MQ) water was added and the mixture was incubated
at 37 °C for at least 12 hours to give solutions of a final concentration of 30 mw for X-ray
samples. For transfection, solutions were prepared at 0.6 mw. Lipid mixtures containing higher
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molar fractions of DOPC formed opaque suspensions, which were sonicated to clarity and
filtered through 0.2 um filters. The lipid solutions were stored at 4 °C until use.

Optical Microscopy

A Nikon Diaphot 300 inverted microscope equipped for epifluorescence and differential
interference contrast (DIC) and a SensiCamQE High Speed digital camera were used. A Nikon
Optiphot-2Pol microscope was used for polarized microscopy. We observed lipid mixtures
prepared for transfection studies at 0.6 mm. The samples were first checked for birefringence
by polarized microscopy, and then studied by DIC microscopy.

Transfection

Mouse fibroblast cells L-cells (CCL-1) were a gift from C. Samuel (UCSB). Cells were cultured
at 37 °C in supplemented cell medium (Dulbecco's Modified Eagle's Medium (DMEM) with
1% penicillin-streptomycin and 5% fetal bovine serum, v/v; from Gibco BRL) in an atmosphere
containing 5% CO, and reseeded approximately every 72 hours to maintain sub-confluency.
The day before the transfection experiment, cells were seeded in 24-well plates. At the time of
transfection, the cells were approximately 70% confluent. Luciferase plasmid DNA (pGL3
Control Vector, Promega) was prepared using a Qiagen Giga Kit (Qiagen). For each well, 1
ng of luciferase plasmid DNA was used. Lipid solution (0.6 mw total lipid at lipid/DNA charge
ratio of 2.8) was added to the DNA and the mixture was diluted to a final volume of 0.5 ml
with non-supplemented DMEM. This mixture was allowed to incubate for 15 minutes. The
cells were incubated with this solution for six hours, rinsed three times with Phosphate Buffered
Saline (PBS, Invitrogen) and incubated with supplemented cell media for an additional 24
hours. Luciferase gene expression was measured with the Luciferase Assay System (Promega)
and light output readings were taken on a Berthold AutoLumat luminometer. Transfection
efficiency, measured as relative light units (RLU), was normalized to the weight of total cellular
protein determined using Bio-Rad Protein Assay Dye Reagent (Bio-Rad). TE experiments (of
two independent TE measurements per data point) with cholesterol were performed 6 times;
TE experiments with ergosterol, ergocalciferol, progesterone and dehydroisoandrosterone
were performed 4 times; and TE experiments with p-estradiol and PC-cholesterol were
performed 2 times over a period of one year. All experiments included a measurement of a
reference sample consisting of 30 Mol% DOTAP and 70 Mol% DOPC used for normalization
of the obtained data. The data was then averaged over all experiments and the standard
deviation computed.

Small Angle X-ray Scattering

Lipid solution (see above) was added to 0.2 mg of highly polymerized calf thymus DNA
(HPCT, from USB; prepared at 5 mg/ml in water). Samples were centrifuged for 2.5 hours at
19,000 RPM in a Sorvall SS34 rotor and stored at 4 °C for at least two days to reach equilibrium.
Typically, the CL-DNA complexes formed a white precipitate and these pellets were
transferred to 1.5 mm quartz capillaries and flame sealed. X-ray scattering data was collected
at beamline 4-2 of the Stanford Synchrotron Radiation Laboratory (SSRL) during four runs,
over the course of two years. The X-ray scattering patterns were reproducible between samples
on different runs. The beam energy was 8.98 keV and the distance of the sample to the detector
was 1 m. A charge-coupled device-based area detector (MarCCD165, Mar USA, Evanston,
IL) was used. Silver behenate was used as a calibration standard. X-ray scattering data was
collected for 5 min (no radiation damage occurred in sample during this time). The acquired
radial scattering patterns were integrated over 360° to obtain plots of scattering intensity versus
momentum transfer. All displayed X-ray data was automatically corrected for beam intensity
fluctuations by the data acquisition software in use at the synchrotron source.

J Phys Chem B. Author manuscript; available in PMC 2010 April 16.
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Results and Discussion

Transfection Efficiency of DOTAP/DOPC/Cholesterol CL-DNA Complexes

Fig. 1 A shows the transfection efficiency of CL-DNA complexes composed of a binary lipid
mixture of monovalent DOTAP and neutral helper lipid DOPC (circles). The TE of this system
increases over several orders of magnitude as the molar fraction of cationic lipid (DOTAP)
increases. As reported earlier, DOTAP/DOPC CL-DNA complexes form the highly organized
lamellar L,° phaseG. Inthis structure, lipid bilayers alternate with layers of DNA in a sandwich-
like fashion. The TE of these lamellar CL-DNA complexes is strongly dependent on the
membrane charge density oy, unlike the TE of DOPE containing hexagonal CL-DNA
complexes, which is known to be independent of the membrane charge density of the CL—
DNA complex. This phenomenon suggests that there are different transfection mechanisms/
pathways for CL-DNA complexes of distinct structures, which was confirmed by confocal
microscopy by Lin et a8,

We held the charge of the system constant by keeping the DOTAP content in the DOTAP/
DOPC CL-DNA complexes unchanged. Furthermore, we prepared all samples at a constant
DdpoTap = 0.3, and gradually replaced DOPC molecules by cholesterol molecules. A different
individual sample was prepared for each specific composition of the ternary lipid mixture
(DOTAP/DOPC/cholesterol). As shown in Fig. 1B (markers of different shapes correspond to
different ®cholesterols S€€ legend in Fig. 1 A), TE of the ternary lipid mixture DOTAP/DOPC/
cholesterol increases by a factor of ten with the addition of only 15 mol% cholesterol, and
further addition of cholesterol continues to increase the TE. Thus, TE strongly depends on the
cholesterol molar fraction. A direct comparison of TE levels of the binary lipid mixture
DOTAP/DOPC (circles) and the ternary lipid mixture DOTAP/DOPC/cholesterol (grey
markers) as a function of cationic lipid content is displayed in Fig. 1A. Addition of cholesterol
results in an exponential enhancement of TE without increasing the charge of the lipid mixture
(the amount of cationic lipid is constant).

Structure Determination of CL-DNA Complexes via Small Angle X-ray Scattering

A possible explanation for the dramatic increase in the TE of DOTAP/DOPC CL-DNA
complexes upon addition of cholesterol is a phase transition from the lamellar phase towards
a different, highly transfecting phase. However, X-ray diffraction shows that the lamellar
structure of the DOTAP/DOPC-DNA complexes is retained upon addition of cholesterol. Fig.
2 A shows small angle X-ray scattering data for DOTAP/DOPC/cholesterol-DNA complexes,
where ®potap = 0.3 and DOPC molecules are gradually being replaced by cholesterol
molecules (Ppopc + Pcholesterol = 0.7). The structure of these CL-DNA complexes remains
lamellar as cholesterol content increases. First and second order of the lamellar peak are marked
by dqgo1 and qggp. Black arrow heads point to the DNA peak at qpna. At @cholesterol > 0.4, phase
coexistence of CL-DNA complexes and cholesterol monohydrate crystals is observed (Qchol,
marked by grey arrows).

From the X-ray data the lamellar spacing d (d = 2n/qgg1 = dm + dy, Where dpy, is the membrane
thickness and dyy is the thickness of water layer) as well as the spacing between the DNA
molecules dpna (= 2n/gpna) Can be obtained®. Fig. 2 B shows the variation of dpya With
cholesterol content at the isoelectric point of the CL-DNA complex (lipid/DNA charge ratio
=1). At the isoelectric point, dpna allows calculation of the membrane charge density of the
lipid bilayer, because the negative charge of DNA has to neutralize the positive charge on the
adjacent lipid bilayer56’21. Simple geometrical arguments, taking the lamellar geometry of the
CL-DNA complex into account, yield:

J Phys Chem B. Author manuscript; available in PMC 2010 April 16.
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oy=¢e/(dyy, - 34 A) (1)

where e is the elementary charge and 3.4 A corresponds to the bare distance between two
charges along a DNA molecule. Therefore, the DNA spacing obtained by X-ray diffraction is
a direct experimental measurement of the membrane charge density of lamellar CL-DNA
complexes. A decrease in dpya from 63 A to 29 A with increasing cholesterol content thus
signifies an increase of the membrane charge density. This is expected, because the headgroup
area of cholesterol (Acholesterol = 40 A2) is smaller than that of DOPC (Apopc = 72 A?), thus
reducing the total membrane area 23 As the total membrane area shrinks while the
membrane charge, given by ®pgoTap = 0.3, remains constant, the membrane charge density
necessarily increases. Fig. 2 C displays the intralamellar spacing of cholesterol-containing CL—
DNA complexes. The lamellar spacing first rises from 70 A to 72 A and then drops to 65 A as
a function of increasing cholesterol content.

As observed with X-ray diffraction, there is a transition from a single-phase regime (where all
cholesterol is incorporated into the lipid bilayer) to a multiphase regime (excess cholesterol
coexists with CL-DNA complexes as cholesterol monohydrate crystals) at ®cholesterol = 0.4
(cf. Fig. 2 B & C). This is in agreement with previous reports in the literature which also observe
membrane saturation with cholesterol at about 40 mol%24:23, This implies a reduction of the
molar fraction of cholesterol in the membrane and thus a change in membrane composition,
most notably of ®porap. We will address this issue in detail below.

Membrane Charge Density: Experiment vs. Theory

Recent work has identified the membrane charge density o) as a universal parameter for TE
of lamellar, DOPC containing CL-DNA complexesls' 0 with TE following a bell-shaped
curve as a function of o). Given the fact that cholesterol-containing CL-DNA complexes
accommodate the lamellar structure, it is instructive to plot the TE of these complexes against
om to check whether they follow the universal behavior shown by Ahmad et al.19. we have
determined the membrane charge density both experimentally and theoretically (Fig. 3 A). Fig.
3 A (squares) shows the membrane charge density experimentally obtained from X-ray
diffraction data using Eq.1. A particularly strong increase in o) is apparent for ®¢pgjesterol >
0.4, where the system enters the multiphase regime.

Fig. 3 A (triangles) shows oy resulting from our theoretical calculations. These calculations
of membrane charge density use

O-M :eZq)DOTAP /(q)[)o'['Ap ADO’[‘AP +q)[)()pCAD()pC +q)cholester0| Acholeslerol ) (2)

where ®poTaP/DOPC/cholesterol 1S the molar fraction of DOTAP, DOPC or cholesterol,
respectively; Z is the valence of DOTAP (Z = 1); and ApoTAP/DOPC/cholesterol IS the headgroup
area (cross-sectional area per lipid) of DOTAP, DOPC or cholesterol, respectively. As
elaborated below, we used Acholesterol = 40 A2, Apopc = 63.3 A2, and ApoTap = 60.4 A2, In
addition, our calculation assumes membrane saturation with cholesterol at ®cplesterol = 0.4,
independent of membrane composition. This means that for lipid mixtures of an initial
Dcholesterol = 0.4, there is only ®ghgjesterol = 0.4 in the membrane because the remaining
cholesterol crystallizes as cholesterol monohydrate. Thus, the effective ®potap in membrane
(which was constant at ®pgTap = 0.3 in all initial lipid mixtures) increases. ®poTtap increases
from ®poTap = 0.3 for Ogholesterol = 0.4 10 @poTap = 0.6 for an initial @¢nojesterol = 0.7, thus

J Phys Chem B. Author manuscript; available in PMC 2010 April 16.
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contributing to the increase of o). In this regime, ®popc is calculated from mass balance as
®popc = 1 - PpoTap — Peholesterol = 0.6 — PpoTap.

The headgroup area of cholesterol was assumed to be constant, independent of the membrane
composition (Acholesterol = 40 A2)22. This is a reasonable presumption considering the rigid
structure of the cholesterol molecule. The headgroup areas for DOPC and DOTAP were
determined by a combined experimental and theoretical approach as follows. For a binary
mixture of a cationic and a zwitterionic lipid such as DOPC, it has been shown previously in
calculations based on Poisson-Boltzmann theory26!27 as well as in related experimental
systems (i.e. DMPC/DMTAP monolayerszs) that the value of the headgroup area of the
zwitterionic lipid passes a minimum with increasing molar fraction of the charged lipid. This
is due to changes in the orientation of the P-N dipole of the phosphatidylcholine headgroup
caused by the electric field of the charged lipids. The effective electric field is strongly
dependent on the amount of charged lipid in the membrane. The headgroup area of the
zwitterionic lipid reaches a broad minimum at roughly an equimolar lipid mixture. In analogy
to the calculations of Gurtovenko et al.2’ for DMTAP/DMPC mixtures, we have calculated
the headgroup area for DOPC in the binary mixture with DOTAP. We have used an initial
Apopc =72 A2 for ®popc =1 and ®poTap = 0 to estimate Apopc for @poTap = 0.3-0.6,
which is the interval relevant for our experiments. We find that Apopc is roughly constant at
63.3 A2 for ®poTap = 0.3-0.6. Using this value of Apopc, we finally calculated ApgTap from
Eq. 2, using o) obtained by X-ray diffraction (Eq. 1) of CL-DNA complexes at OpoTap =
0.3 and ®popc = 0.7 (Peholesterol = 0). This yields ApoTap = 60.4 A2,

As evident from Fig. 3 A, the calculated (triangles) and experimentally (squares) obtained
om agree well, supporting our assumptions. To further analyse the membrane charge density
data, we have calculated ApoTap from Eg. 2 using the experimentally obtained oy, Apopc =
63.27 AZ and Acholesterol = 40 AZ. Fig. 3 B shows the ratio r = ApoTap/Apopc, illustrating the
variation of ApoTap With increasing ®cholesterol: The Nonmonotonical changes in r with
membrane composition may be explained by considering the absolute electrostatic interaction
between zwitterionic DOPC and monovalent DOTAP, a mechanism proposed by Gurtovenko
etal.2’ At low molar fractions of DOTAP, the reorientation of the P-N dipoles of DOPC leads
to a tight packing of alternating DOTAP and DOPC laterally compressing the bilayer. The fact
that DOPC is gradually replaced by the smaller and more rigid cholesterol then explains the
initial decrease in r for ®¢pgjesterol < 0.4. FOr Ocholesterol = 0.4, DpoTap Significantly increases
as explained above. This corresponds to an increasing number of neighboring cationic DOTAP
molecules, which electrostatically repel each other. Thus, the distances between the DOTAP
molecules increase, effectively increasing their headgroup area.

TE and Membrane Charge Density

Fig. 4 shows the TE of DOTAP/DOPC/cholesterol-DNA complexes (empty circles) plotted
as a function of experimentally obtained o). TE of the ternary DOTAP/DOPC/cholesterol
lipid mixture shows a significantly different behavior as observed for binary systems, which
follow a universal bell shaped curve as a function of the chg. TE of cholesterol-containing
CL-DNA complexes dramatically increases more than two orders of magnitude with
increasing cholesterol content, while holding the charge (PpoTap) COnstant. An exponential
TE enhancement can be observed for 0 < ®¢nojesterol < 0.4, no further TE increase is seen for
Deholesterol > 0.4 (here, membrane is saturated with cholesterol, ®chol membrane = 0.4 = const.).
The changes in the membrane charge density o) alone (as discussed above) cannot explain
such a significant increase in TE. A possible explanation for this TE increase, however, could
be the overall reduction of the hydration repulsion layer of the membrane, when DOPC gets
replaced by cholesterol. The hydration repulsion layer is a strongly bound and oriented layer
of water molecules at the surfaces.2 If the hydration layers of two surfaces overlap, the

J Phys Chem B. Author manuscript; available in PMC 2010 April 16.
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arrangement of the water molecules in the hydration layer is disturbed and an exponentially
repulsive force arises. It is known that the hydration repulsion layer of cholesterol is much
smaller compared to popc29:30, Therefore, when we exchange DOPC by cholesterol, we
reduce the average membrane hydration layer leading to reduced repulsion and thus to
enhanced fusion29. In other words, the CL-DNA complexes would more readily fuse with the
endosomal membrane, facilitating endosomal release and increasing the probability of a
successful transfection. After the membrane saturation with cholesterol has been reached
(Deholesterol > 0.4, but Denor membrane = 0.4 = const.), there is no further reduction of the
hydration repulsion layer. TE seems to remain around its maximum value. As we discussed
earlier, there is a significant increase in ®poTap for @cnolesterol = 0.4, which results in a
significant increase of opy.

Structurally Related Molecules: Steroids and Ergocalciferol

To investigate the structural basis for the TE improvement upon addition of cholesterol, we
have studied molecules structurally related to cholesterol such as sterols (ergosterol, p-
estradiol), other steroids (progesterone and dihydroisoandrosterone) and ergocalciferol, which
derives from a steroid precursor by opening of a central ring. The TEs of DOTAP/DOPC-
DNA complexes containing these molecules are shown in Fig. 5 A. Two distinct trends can be
observed. The data for ergosterol and ergocalciferol seems to show a dependence of TE on the
steroid content similar to that of cholesterol: TE monotonically increases with the increasing
molar fraction of steroid, leading to dramatic improvements in TE. In contrast, when §-
estradiol, progesterone and dihydroisoandrosterone are incorporated into CL-DNA
complexes, TE increases only very slightly as a function of their molar fraction until high
steroid contents (35 mol% and higher) are reached, where TE suddenly increases to values
comparable with TE data for cholesterol. The only deviation from this behavior is seen at small
(5 and 10 mol%) contents of dihydroisoandrosterone, where the averaged TE data for this
steroid is very similar to that of cholesterol. However, the error in the data is large and the data
at higher sterol contents (which is more relevant for applications) strongly suggests grouping
the steroids as listed above. The major structural differences between the two groups are the
absence of the short alkyl chain attached to the hydrophobic core and the presence of a second
polar moiety on the other end of the molecule (attached to the five-membered ring of the core)
in case of p-estradiol, progesterone and dihydroisoandrosterone. The chemical structures of
the studied molecules are presented in Fig. 5 B.

We have characterized the structural properties of CL-DNA complexes containing steroids
and ergocalciferol using X-ray diffraction. Fig. 6 shows a summary of X-ray diffraction data
for ergosterol (Fig. 6 A) and ergocalciferol (Fig. 6 B). The data for DOTAP/DOPC complexes
containing ergosterol (Fig. 6 A) shows that their structure remains lamellar with increasing
Dergosterol (first and second order of the lamellar peak are marked by doo; and ggop). For
Dergosterol = 0.4, ergosterol crystals are observed (gergo, marked by grey arrows). Black
arrowheads point to the DNA peak at gpna. In case of ergocalciferol, the X-ray diffraction
data (Fig. 6 B) reveals a more complex behavior: at ®ergocalciferol = 0.1, the structure of the
CL-DNA complexes is lamellar (first and second order of the lamellar peak are marked by
doo1 and Qoo2), however, for @grgocalciferol = 0.2, @ second lamellar phase occurs (first and
second order of its lamellar peak are marked by black arrows). At ®grgocalciferol = 0.4,
coexistence of ergocalciferol crystals can be observed (gec, marked by grey arrows), suggesting
membrane saturation with ergocalciferol. Black arrow heads point to the DNA peak at gpnA.-

Fig. 7 shows a summary of small angle X-ray scattering data for DOTAP/DOPC complexes
containing p-estradiol (Fig. 7 A), progesterone (Fig. 7 B) or dihydroisoandrosterone (Fig. 7
C), labeled as the data in Fig. 6. The structure of these CL-DNA complexes remains lamellar
for all Ogeroig Studied. Both ggg2 and gpna can be discerned for all membrane compositions,
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as demonstrated in Fig. 7 F, which shows an enlargement of the boxed section of Fig. 7 C. No
peaks corresponding to steroid crystals are visible in the X-ray diffraction data. This is due to
the low density of the crystals of B-estradiol, progesterone and dihydroisoandrosterone which
macroscopically phase separate from the CL-DNA complexes during sample preparation by
centrifugation. However, crystals of these steroids are observed at ®gerig > 0.3 by polarized
microscopy as shown in Fig. 7 D and Fig. 7 E for progesterone and dehydroisoandrosterone.
The structural features of B-estradiol, progesterone and dihydroisoandrosterone, i.e., absence
of an alkyl tail and the presence of a second polar group, seem to favor crystallization at lower
molar fractions of steroid compared to cholesterol.

From the X-ray diffraction data, we have obtained the lamellar repeat distance d and dpya Of
the CL-DNA complexes. As shown in Fig. 8 A, the DNA spacing dpna monotonically
decreases from 63 A to 27 A for all studied steroids. However, dpna in CL-DNA complexes
containing cholesterol and ergosterol is always about 1-2 A larger than dpna in CL-DNA
complexes containing p-estradiol, progesterone or dihydroisoandrosterone. Fig. 8 B shows the
lamellar repeat distance d of CL-DNA complexes containing steroids. For cholesterol and
ergosterol, d is generally up to 5 A higher than for the other steroids, suggesting a different
packing of these groups of molecules within the lipid bilayer. This is also supported by our
observation that p-estradiol, progesterone and dihydroisoandrosterone crystallize at lower
Dteroid than cholesterol and ergosterol. Ergocalciferol was not included in this structural
analysis because two lamellar phases coexist for ®ergqcalciferol = 0.3

Fig. 9 shows the TEs of the DOTAP/DOPC/steroid-DNA complexes plotted as a function of
opm- The membrane charge densities were obtained from X-ray diffraction data using Eqg. 1.
The data for cholesterol (dark circles) and ergosterol (dark triangles) deviate significantly from
the universal TE curve (black solid line), whereas the TE data for progesterone (grey
triangles) and dehydroisoandrosterone (grey circles) nearly follow the universal behavior. The
interpretation of the TE data for DOTAP/DOPC/cholesterol-DNA complexes was discussed
earlier and we expect it to hold for ergosterol as well, due to very similar results in transfection
as well as X-ray diffraction experiments. On the other hand, CL-DNA complexes containing
progesterone and dehydroisoandrosterone show different behavior in transfection or X-ray
diffraction experiments, even though they likely reduce the average hydration repulsion layer
of the membrane in the same way as cholesterol. A possible explanation for this phenomenon
is that these steroid molecules enhance the repulsion of the membranes because of increased
protrusion forces. Both progesterone and dehydroisoandrosterone possess two polar groups
which dictate a positioning of the molecules close to the water interface (due to their increased
hydrophilicity). The resulting protrusion forces seem to cancel the benefits of the reduced
hydration repulsion layer with respect to the activated fusion with the endosomal membrane.

In order to test our hypothesis that the reduction of the hydration repulsion layer by cholesterol
is responsible for the enhancement of TE, we have performed transfection experiments with
DNA complexes of a ternary mixture of DOTAP, DOPC and a cholesterol derivative, PC-
cholesterol (cholesteryl-phosphatidylcholine), in which the hydroxyl group of cholesterol has
been replaced by a phosphatidylcholine group. The chemical structure of PC-cholesterol is
shown in Fig. 10 B. The headgroups of PC-cholesterol and DOPC are essentially identical,
thus having a similar (if not identical) hydration repulsion layer. Fig. 10 A compares the TE
of DNA-complexes of DOTAP/DOPC/cholesterol (black squares) and DOTAP/DOPC/PC-
cholesterol lipid mixtures (grey markers). CL-DNA complexes containing PC-cholesterol do
not show any enhancement of TE with increasing PC-cholesterol content. This is strong
evidence that the reduction of the hydration repulsion layer is, indeed, crucial for the TE
enhancement.
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Prior work has found that CL-DNA complexes at low oy, remain trapped within endosomes
after endocytosislB. The nearly exponential increase of TE with increasing oy, has been
attributed to a kinetic barrier for endosomal fusion, with increases in o) decreasing the barrier.
Other parameters, such as the membrane bending rigidity « and the membrane Gaussian
modulus kg, were predicted to impact the energy barrier height18. Our findings reported here
have identified the hydration repulsion layer of the cationic membranes of CL-DNA complexes
as a further parameter contributing to the kinetic barrier for endosomal fusion. The hydration
layer decreases as the molar fraction of the cholesterol in the membrane increases, leading to
a reduced hydration repulsion and thus enhanced fusion of the cationic membranes of CL—
DNA complexes with the anionic membrane of the endosome. This facilitates endosomal
release, which strongly increases the probability of successful transfection.

Conclusions

Cholesterol is one of the most studied molecules of all times, and yet it still provides us with
many unexplained phenomena. The biological significance of cholesterol stems from its
involvement in numerous cellular mechanisms and processes. In the cell, cholesterol is
essential for the structure and maintenance of membranes (regulating the fluidity and viscosity
of the membrane), cell metabolism (aiding the digestion of fat soluble vitamins), numerous
biochemical processes (as a precursor in the synthesis of steroid hormones, bile and vitamin
D), signaling and endocytosis (essential for the structure and function of invaginated caveolae
and clathrin-coated pits). As we reported here, cholesterol also plays a key role in lipid-based
gene delivery, enhancing the TE of certain lipid-based vectors by more than a factor of 100.
In this work, we have established a correlation between the effect of cholesterol on TE in vitro
and the structural changes it induces in CL-DNA complexes. This correlation can be explained
in terms of an increase of the membrane charge density and a reduction of the membrane
hydration repulsion layer, utilizing the universal TE curve introduced earlier by Ahmad et
a9, Prior work has found that CL-DNA complexes at low o), remain trapped within
endosomes after endocytosisls. The nearly exponential increase of TE with increasing o) has
been attributed to a kinetic barrier for endosomal fusion, with increases in oy, decreasing the
barrier. We have shown here that the hydration repulsion layer of the cationic membrane of
CL-DNA complexes is another parameter contributing to the kinetic barrier for endosomal
fusion. The hydration layer decreases as the molar fraction of the cholesterol in the membrane
increases, leading to a reduced hydration repulsion and thus enhanced fusion of the cationic
membranes of CL-DNA complexes with the anionic membrane of the endosome. This
facilitates endosomal release and therefore strongly increases the probability of successful
transfection.
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Abbreviations

CL
cationic lipid
TE
transfection efficiency
DOTAP
1,2-dioleoyl-3-trimethylammonium-propane
DOPE
1,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine
DOPC
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DIC

1,2-dioleoyl-sn-glycero-3-phosphatidylcholine

differential interference contrast
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Figure 1.

(A) TE of DNA complexes of binary DOTAP/DOPC lipid mixtures (black circles). Their TE
increases over several orders of magnitude with increasing molar fraction of monovalent
DOTAP (OpoTap)- Grey symbols represent TE of DNA complexes of ternary DOTAP/DOPC/
cholesterol lipid mixtures with constant ®potap = 0.3. Different symbol shapes correspond
to different ®¢nojesterol (Cf. legend). (B) The TE for the ternary DOTAP/DOPC/cholesterol lipid
mixture (Ppopc + Pcholesterol = 0.7), plotted as a function of ®cpglesterol- The increase of TE
With ®cpolesterol 1S €5sentially exponential.
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Figure 2.

(A) Small-angle X-ray scattering data for DOTAP/DOPC/cholesterol-DNA complexes, where
®poT1ap = 0.3 and DOPC is gradually replaced by cholesterol (®popc + Pcholesterol = 0.7).
The structure of these CL-DNA complexes remains lamellar with increasing ®¢hojesterol (first
and second order of the lamellar peak are marked by ggg1 and ggo2). At @cholesterol > 0.4, phase
coexistence of CL-DNA complexes and cholesterol monohydrate crystals is observed (Qchol,
marked by grey arrows). Black arrowheads point to the DNA peak at gpna. (B) The interaxial
spacing between DNA molecules (dpna) obtained from X-ray scattering data acquired at the
isoelectric point of the CL-DNA complexes. At this point (lipid/DNA charge ratio = 1),
dpna is directly correlated with the membrane charge density of the lipid bilayer because the
negative charge of DNA precisely neutralizes the positive charge on the adjacent lipid bilayers.
(C) Lamellar spacing d of cholesterol-containing CL-DNA complexes obtained from X-ray
scattering data. The lamellar spacing rises from 70 A to 72 A and then drops to 65 A as a
function of increasing cholesterol content. In B and C, the transition from single-phase regime
(all cholesterol is incorporated in the membrane) to multiphase regime (coexistence of CL—
DNA complexes and cholesterol monohydrate crystals) is marked by a dashed line.
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(A) The membrane charge density o) of DOTAP/DOPC/cholesterol-DNA complexes: The
squares show oy, obtained experimentally from X-ray diffraction data, using Eq.1 and the
values of dpnya shown in Fig. 2 B. The triangles show o) as calculated according to Eq.2,
taking membrane saturation with cholesterol at ®¢pjesierol = 0.4 into account as described in
the text. (B) The ratio r = ApoTap/Apopc, plotted against O¢pglesterol, illustrates the variation
in ApoTap With increasing ®¢nolesterol-
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The TE of the DNA complexes of ternary DOTAP/DOPC/cholesterol lipid mixtures (empty
circles) plotted against o) significantly deviates from the universal bell shaped curve observed
for binary systems=<.
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(A) TEs of DOTAP/DOPC/steroid-DNA complexes. The TE data for ergosterol 2 and
ergocalciferol 3 follows a similar dependence on the steroid content in the membrane as that
of cholesterol 1: TE rapidly increases with ®geroig. In contrast, addition of p-estradiol 4,
progesterone 5 and dehydroisoandrosterone 6 only modestly enhances TE until high steroid
contents (35 mol% and higher) are reached, where phase separation occurs (cf. Fig. 7) and TE
suddenly increases to values comparable with TE of cholesterol-containing complexes. The
major structural differences between these two groups of molecules are the absence of the
terminal alkyl chain and the presence of a second polar moiety in case of 4-6. (B) Chemical
structure of the investigated steroid molecules.
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(A) Small-angle X-ray scattering data for DOTAP/DOPC/ergosterol-DNA complexes shows
that their structure remains lamellar with increasing ®ergosterol (first and second order of the
lamellar peak are marked by goopz and ggop)- At @ergosterol = 0.4, ergosterol crystals coexist with
CL-DNA complexes (dergo, marked by grey arrows). Black arrowheads point to the DNA peak
atgpna. (B) X-ray diffraction data for DOTAP/DOPC/ergocalciferol-DNA complexes shows
that at ®ergocalciferol = 0.1, their structure is lamellar (first and second order of the lamellar peak
are marked by ggoz and dogz). FOr @ergocalciferol = 0.2, a second lamellar phase is observed (first
and second order of its lamellar peak are marked by black arrows). At ®ergocalciferol = 0.4,
ergocalciferol crystals coexist with CL-DNA complexes (qec, marked by grey arrows). Black
arrowheads point to the DNA peak at gpna-
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Figure 7.

Small-angle X-ray scattering data for DOTAP/DOPC/steroid-DNA complexes containing 8-
estradiol (A), progesterone (B) or dihydroisoandrosterone (C) show that the structure of these
complexes retains lamellar for all ®e(ig Studied (first and second harmonic order of the
lamellar peaks are marked by qgp1 and qgg2). Black arrowheads point to the DNA peak at
dpna. No diffraction from steroid crystals is observed in the X-ray diffraction data, since they
macroscopically separate from the CL-DNA complexes during sample preparation by
centrifugation due to their low density. However, polarized microscopy demonstrates that
steroid crystals coexist with CL-DNA complexes at Ogeroig > 0.3. Examples of progesterone
crystals and dehydroisoandrosterone crystals are shown in (D) and (E), respectively. (F) An
enlarged view of the boxed section from (C) clearly shows the presence of the second order
lamellar peak (qgg1) as well as the DNA peak at gpna.
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(A) Values of dpya for DOTAP/DOPC/steroid—DNA complexes obtained from X-ray
diffraction data. There is no significant difference in dpya for the different steroids, and the
DNA spacing monotonically decreases from 63 A to 27 A for all studied molecules. However,
dpna of CL-DNA complexes containing cholesterol and ergosterol is always about 1-2 A
larger than dpya of CL-DNA complexes containing p-estradiol, progesterone or
dehydroisoandrosterone. (B) The lamellar spacing d of DOTAP/DOPC/steroid—-DNA
complexes obtained from X-ray diffraction data. The lamellar spacing is generally up to 5 A
higher for CL-DNA complexes containing cholesterol and ergosterol than for complexes
containing the other steroids, suggesting different packing of these groups of molecules within
the lipid bilayer.
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Figure 9.

Tlgs of DOTAP/DOPC/steroid—-DNA complexes plotted as a function of experimentally
obtained o). The data for cholesterol (dark circles) and ergosterol (dark triangles) deviate
significantly from the universal TE curve (black solid line), whereas the TE data for
progesterone (grey triangles) and dehydroisoandrosterone (grey circles) nearly follow the
universal behavior.
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Figure 10.

(A) A comparison of the TE of DOTAP/DOPC/cholesterol-DNA complexes (black squares)
and DOTAP/DOPC/PC-cholesterol-DNA complexes (grey markers). The replacement of
DOPC with PC-cholesterol, which has a similarly hydrated headgroup, fails to increase TE.

(B) The chemical structure of PC-cholesterol.
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