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Abstract

The electroporative transfer of gene DNA and other bioactive substances into tissue cells by electric pulses gains increasing importance in
the new disciplines of electrochemotherapy and electrogenetherapy. The efficiency of the electrotransfer depends crucially on the adsorption
of the gene DNA and oligonucleotides to the plasma cell membranes. Here it is shown that the adsorption of larger oligonucleotides such as
fragments (ca. 300 bp) of sonicated calf-thymus DNA, to anionic lipids of unilamellar vesicles (diameter @ =300+90 nm) is greatly enhanced
by divalent cations such as Ca®"-ions. Applying centrifugation, bound and free DNA are monitored optically at the wavelength /=260 nm.
Using arsenazo 111 as a Ca®*-indicator and atomic absorption spectroscopy (AAS), Ca**-titrations of DNA and vesicles yield the individual
equilibrium constants of Ca**- and DNA-binding not only for the binary complexes: Ca/lipids, Ca/DNA and DNA/lipids, respectively, but
also for the various processes to form the ternary complex DNA/Ca/lipids. The data provide the basis for goal-directed optimization protocols

for the adsorption and thus efficient electrotransfer of oligonucleotides and polynucleotides into cells.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The direct electrotransfer of “naked” gene DNA and
other bioactive molecules into tissue cells is of crucial
interest in the new medical disciplines of electrochemother-
apy and electrogenetherapy [1]. The concept and technique
of membrane electroporation (MEP), introduced in 1982 [2],
gains increasing functional importance in medical therapies
with minimum risk of undesired side effects [1,3,4]. The
efficiency of the electrotransfer of oligonucleotides [5] and
polynucleotides, especially at the lower, harmless field
strengths of the applied electric pulses is greatly enhanced
by prior adsorption of the bioactive polyelectrolytes on the
cell membrane surfaces, before the actual therapeutic
pulsing.

In order to quantify DNA adsorption to electrified cell
surfaces, we use anionic lipid vesicle surfaces to mimic the
lipid parts of cell plasma membranes for the Ca®*-dependent
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binding of DNA. There are many studies on the interaction
between Ca®*-ions and lipid vesicles with different compo-
sition of lipids in the absence of DNA [6—9] or with DNA
and zwitterionic and positively charged liposomes [10,11].
Also the binding of different cations to DNA has been
quantified previously [12—14]. Here, we address the
thermodynamics of ternary complexes in general and the
ternary complex Ca/DNA/lipid vesicles, in particular. We
continue to model the lipid part of curved cell membranes
by spherical unilamellar lipid vesicles, using a mixture of 1
mM PS:2POPC (VET 400) which at pH 7.4 form negatively
charged lipid surfaces providing electrified interfaces. Since
DNA is a negatively charged polyelectrolyte, divalent
cations such as Mg®" and Ca®" have been traditionally used
to bridge the DNA with negatively charged cell membranes
[2,15,16]. The formation of ternary complexes Ca/DNA/
lipids is also indicated at the interface air/solution of lipid
monolayers [17].

Here these interface complexes are further quantified. In
detail, using centrifugation techniques, the individual
equilibrium constants of Ca®’- and DNA-binding are
determined not only for the binary complexes Ca/lipids,
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Ca/DNA and DNA/lipids, respectively, but also for the
various processes to form the ternary complex DNA/Ca/
lipids on the electrified lipid bilayer surface. The data
provide chemical-compositional information for goal-direc-
ted optimization protocols for the adsorption of oligonu-
cleotides and polynucleotides to cells, to be used for the
efficient electrotransfer into cells.

2. Materials and methods

Synthetic palmitoyl-oleoyl-phosphatidylcholine (POPC)
is from Lipoid GmbH (Ludwigshafen, Germany). Bovine
brain extract type III (containing 80%—85% phosphatidyl-
serine (PS)), for the monolayer experiments, and synthetic
PS (98% purity) is from Sigma Chemie GmbH (Deisen-
hofen, Germany). Unilamellar lipid vesicles of 1 mM PS:2
POPC are prepared by the vesicle extrusion technique
(VET) [18,19]. Pressing the lipid mixture 21 times through
a porous (400 nm) polycarbonate membrane in a LipoFast
Extruder (Avestin/Milsch, Germany) yields vesicles with
diameters of 300+£90 nm. In this way, the vesicle samples
have been prepared for each individual total Ca*"
concentration [Cay] in the suspension. To avoid osmotic
pressure problems, CaCl, is added to the buffer solution
before the vesicle preparation to balance [Ca,]. The DNA
has been added to the vesicle suspension at various [Cay].

High polymeric deoxyribonucleates (DNA type I) from
calf thymus (Sigma Chemical GmbH) have been used to
obtain DNA fragments of lengths 102+ 17 nm or 300+50 bp
(determined by gel electrophoresis) by 180 sonication cycles
(3 30 s) within 90 min using an ultrasound transducer
(Branson Sonic Power Company, USA).

All solutions are | mM HEPES, pH 7.4 buffer, 7=293 K
(20 °C). The total lipid concentration is [L]=1 mM,
corresponding to a vesicle density of 6.6 x 10" per mL
buffer solution. The number of DNA molecules, for instance
at the lowest concentration 35.5 uM (bp) in molar base pairs
(bp), refers to 7-10'> DNA molecules per mL buffer.

The centrifugations have been performed at 2.3-10° g,
60,000 rotations per minute for 45 min. The total concen-
tration of DNA in the supernatant, [D]™P, is determined
from the absorbance 4,49 at the wavelength A=260 nm
using an UVIKON 943, double beam UV/VIS spectropho-
tometer (Kontron Instruments).

The sedimentation coefficient for DNA fragments of 250
bp is s20w=11 S. To have sedimentation, the centrifugal
velocity must be at least twice as large (5 x 10° g) as the one
(2.3 x 10° g) used here; see also [20,21]. Therefore, we can
safely neglect contributions from sedimentation.

The Ca**-indicator arsenazo III (Ar IIT) (Aldrich Chem-
ical Company Inc.) is used to determine the concentration
[Ca] of free Ca®" in the supernatant. A 100 uM stock
solution is diluted with Ca®" solutions to a final concen-
tration of [Ar]=10 pM. The calibration curve is determined
from the differences in the absorbance A4y, at A=602 nm

(Ca**-sensitive wavelength) of these samples and a sample
with 1 mM EDTA ([Ca]=0) [22].

Atomic absorption spectroscopy (AAS, PYE UNICAM
SP 1900 (Philips GmbH, Kassel, Germany)) has been used
to determine the total Ca®" concentration in the supernatant.
The calibration of the apparatus has been performed in two
ranges. Standard calcium solutions have been obtained by
dilution of a 1 M standard calcium stock solution. LaCls
(stock solution 10%) has been added to yield a final
concentration of 1% La. The calcium content of the probe is
determined by spraying aliquots of 190 ul into an air—
acetylene flame and measuring the absorbance at the
resonance line 422.7 nm. LaCl; has been also added to
each supernatant sample (1%). A mean value from 3
measurements is used to quantify the total Ca®" concen-
tration, [Ca]*"P, in the supernatant.

The monolayer experiments have been carried out in a
Teflon trough (10x24x0.3; cm) from Riegler and
Kirstein GmbH, Potsdam, Germany. The trough is filled
with 1 mM HEPES, 10 mM NaCl, pH 7.4, 7=293 K (20
°C). The Ca*" concentration is varied with CaCl, in the
range 0 <[Ca//mM < 1. The surface pressure is measured
by the Wilhelmy method. After spreading 20 pL of the
mixture 1 PS:2 POPC (1 mg/mL) dissolved in n-hexane at
the air—water interface and waiting for n-hexane evapo-
ration, the surface pressure-area isotherms are recorded. In
the case of 1 mM CaCl, and 35.5 uM (bp) DNA, the DNA
is added together with the buffer in the sub-phase. The n/
A isotherms are recorded 10 times and a mean isotherm is
documented.

3. Results
3.1. Monolayer/DNA interaction

In Fig. 1, typical surface pressure/area isotherms of a
lipid mixture PS:2POPC are shown. In the case of [Ca,]=0,
the collapse point is given by Aoy ([Ca]=0)=92 cm?. At
[Ca]=0.5 mM, A, ([Ca]=0.5 mM)=93 cm?; the iso-
therms are almost identical. However, at [Ca]=1 mM, the
collapse point is shifted to the lower value 4., ([CaJ=1
mM)=82 cm?. When 35.5 uM (bp) DNA is added into the
subphase at [Ca;]=1 mM the collapse area 4., ([Ca]=1
mM; DNA)=97.5 cm? is larger than that for [Ca]=0.

3.2. Optical densities of the suspensions

As seen in Fig. 2, the optical density, OD3¢s, at the
wavelength 4=365 nm of a vesicle suspension increases
with increasing [Cay]. It is noted that the data points of the
two documented sets refer to samples which are separately
extruded at the given [Ca]-values, respectively. The data
scatter within the indicated range, but they are consistent
with a binding isotherm. Hence, OD34s will be used to
determine the equilibrium constant for the binding of Ca**
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Fig. 1. Surface pressure (m)—area (A) isotherms of the lipid mixture
PS:2POPC (1 mg/ml) in n-hexane spread at the air—water interface and
sub-phases at the conditions [Ca]J/mM=0 (—), 0.5 (--), 1 (---) without
DNA and [Ca]]=1 mM (—-) with 35.5 pM (bp) DNA, 7=293 K (20 °C), 1
mM HEPES, 10 mM NaCl, pH 7.4. The arrows indicate the collapse points.

to the vesicle surface. In line with previous experience [23],
aggregation of lipid vesicles starts only at [Ca,] >2 mM. At
our conditions of [Ca,] < mM, the turbidity (OD) data are
consistent with classical binding isotherms; there is not any
sign indicative for vesicle aggregation.

3.3. Ca®* -binding to DNA

The absorbance 4,67 of DNA at the wavelength =260
nm (absorbance maximum) is traditionally used to calculate
the concentration of DNA and to indicate interactions of
DNA with other substances. Generally, the concentration

OD365

[Ca]/ uM

Fig. 2. Spectrophotometric (ODs¢5) Ca” *titration of two selected sets of
vesicle preparations. The data of set 1(M) and set 2 (@) refer each to a given
[Ca], respectively. The difference AOD=0D345 —ODYs is assumed to be
proportional to Ca”®" bound [Cap]. The initial 0OD%5=0.09+0.02 refers to
Ca" bound at [Ca,]=0. The apparent maximum OD5%=0.23+0.02 refers
to [Cay,] ™. The dashed lines represent the data fit with Eq. (10) of the text,
yielding the equilibrium constant K&,=15+5 uM at 1 mM HEPES, pH 7.4,
7=293 K (20 °C). The full thick line represents the mean of the fitting line
for the two documented, separated data sets.

[D] of DNA in solution is calculated from Lambert—Beer’s
law according to:

[D] = A260/8'd (1)

where d is the optical path length and ¢ is the absorption
coefficient at =260 nm. In buffer solution, the absorption
coefficient of the free DNA double strand is given by
ep=13,200 M~ ' cm™ !, where [D] refers to molarity of base
pairs (bp). In Fig. 3, 4,60 decreases with increasing total
Ca”" concentration [Ca,], starting at [Ca]=0, where we
assume that the degree of binding is fc.p=0, down to
apparent saturation A, referring to fc.p=1, yielding
ecan=12,600 M~ ' cm™'. Note that Ca®>" induces aggrega-
tion of DNA fragments only at the high concentration of
[Ca] >50 mM [24]. Thus, our condition of [Ca]=1 mM is
far below the aggregation limit. Experimentally, the
absorbance of the DNA/Ca®" titration looks like a classical
binding isotherm (Fig. 3). There is not any sign indicative
for aggregation.

3.4. Ternary complex DNA/Ca/lipids

The Ca®'-titrations of lipid vesicles in the presence of
DNA of total concentration [D(] in the suspension show that
the absorbance A,40([D;])=0Dyg0(Ves+[D;]) — OD,go(Ves)
changes differently with increasing total Ca®" concentration
[Cay], see Fig. 4A. The A,go-values are calculated from the
differences of the optical densities OD4o(Ves+[Dy]) in the
presence of DNA and vesicles, and that in the absence of
DNA, respectively. As already seen in Fig. 3, 4,59 of DNA
in the absence of vesicles reflects both the complexed DNA
and free DNA starting with Ag=¢p-d-[D,] and heading at
the saturation value A4 ;,=¢cap d-[D¢], where all DNA is
complexed; see below.
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Fig. 3. Spectrophotometric (4,50) Ca’*-titration of a DNA solution at
[D{=32 uM (bp). Here the initial absorbance 4,=0.422+0.002 refers to
the degree of Ca*'-binding to DNA fc.p=0. The estimated saturation
value A i, =0.388+0.002 refers to ffcap=1. The dashed line (- -) represents
the data fit with Eq. (13) of the text, yielding the equilibrium constant
K%.p=24+5 uM at | mM HEPES, pH 7.4, T=293 K (20 °C).
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Fig. 4. Ca®"-titration of the DNA/vesicle suspension at [D]=35.5 uM (bp)
and of the supernatant (sup), respectively. Measured data points (A): (M)
A260([D1])=ODs60(Ves+[D,]) — OD,6o(Ves) of the suspension; (@), (9),
As60([D]*"P) refers to the supernatant. The values (A), (V) are calculated
from As50([Dp])= A260([D1]) -A260([D]™F) of the pellet. Calculated [D]-
values (B): (W), [D{] calculated with Eq. (1) of the text; (@); (©) refer to the
total DNA ([D,J*"?=[D]+ [CaD]) in the supernatant; (A), (V) refer to the
calculated concentration ([Dy,]=[DB]+[DCaB]) of bound DNA in the pellet.
Note, that the data points at the various [Ca,] refer to aliquots of the same
vesicle preparation, the supernatant data to two aliquots at a given [Cay].
T=293 K (20 °C), | mM HEPES, pH 7.4.

The absorbance A,4o([D ™) of the supernatant of the
centrifuged mixture of vesicles decreases after a ‘delay’ in
the range of 0<[Ca]/mM <0.1, tending finally to an
apparent saturation value. The difference A,q0([Dp])=
As60([Dy]) — A260([DJ*"P) reflects the increase of bound
DNA with increasing [Ca,]. If higher concentrations of
DNA are used, all A,4-values are larger, but the relative
changes with increasing [Ca,] are the same as for the lowest
DNA concentration with [D]=35.5 pM (bp). Using Eq. (1),
the quantities 4,49 of Fig. 4A are converted to the respective
concentrations: [D,] and [DJ*"® of Fig. 4B. Mass con-
servation dictates then that the bound DNA is given by:

[Dy] = [Di] — [DJ™. (2)

In Fig. 4B, it is seen that [D,] sigmoidally (delay)
increases and then appears to saturate with increasing [Cay].
Note that already at [Ca]=0, there is some DNA bound to
the vesicle surface, denoted by [Dy].

3.5. Determination of [Ca] with arsenazo III (Ar)

The Ca**-indicator arsenazo III is traditionally used for
the optical indication of Ca*" at the wavelength 1 =602 nm
[25]. Here, we apply Ar to the supernatant of the centrifuged
samples. First the absorbance 44, of a solution of [Ar]=10
puM is measured as a function of [Ca,] to yield an optical
calibration curve (data not shown). Formally, the assump-
tion of a simple stoichiometry Ca:Ar=1:1 [22,26] is
sufficient to estimate the concentration [Ca] of free Ca®"
according to the mass conservation:

[Ca] = [Ca] — [CaAr] = [Cai] — Peaar[Ar] (3)

where the degree of Ca>* bound to Ar is given by:

[CaAr] [Ca] _ Aden

= = = 4
ﬁCaAr [AI’J [Ca] ¥ KCaAr A %azx ( )

It is readily shown that the concentration of free Ca”" is
given by:

(Cal = 5 [(1Ca] ~ [Ar] ~ Kear) + ¥],

where X = \/([Cat] + [Ar] + Kcanr)® — 4[CaJ-[Ar].  (5)

As expected, [Ca]=[Ca,] for a solution without DNA and
without vesicles. See Fig. Al of the Appendix.

3.6. The total Ca** concentration in the supernatant by AAS

The calibration line, A4,, versus [Ca]*"P, at the
resonance line for Ca?’, 1=422.7 nm, is established with

standard solutions containing 1% (weight) La®" for the two
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Fig. 5. Ca*"-binding isotherms. [Ca] versus [Ca,]*""=[Ca]+[CaD] in the
supernatant of the centrifuged vesicle suspensions for different DNA
concentrations: [D]/uM (bp)=(m) 0, (@) 35.5, (A) 71, (¥) 107 and (#)
143; from top to bottom. The data fit, using Eq. (12) of the text with
[CaD]™™=[D ™™ , yields K ,p=24+5 uM at T=293 K (20 °C), | mM
HEPES, pH 7.4. The straight full line refers to: [Ca]=[Ca]*"" at [D,]=0.
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concentration ranges: 0 <[CaJ/uM <100 and 100 <[Ca,]/
1M < 500 (data not shown). The La®*-ions displace Ca*" -
ions from the binding sites and make them available for the
AAS measurements in the supernatant [27,28].

As seen in Fig. 5, at a given [Ca]™P, [Ca] in the
supernatant decreases with increasing amounts of DNA [Dy]
in the suspension. Comparisons refer to the same [Ca]*"P
consistent with [Ca]=[Ca,]*"P —[CaD]. As expected, with
increasing concentration of free DNA, [D], in the super-
natant, the concentration [CaD] is also increasing. In the
case of vesicle suspensions without DNA, the equality
[Ca]*™=[Ca] holds (straight full line). The scatter of the
data points is relatively large, because two methods are used
to determine the Ca®’ concentration in the supernatant.
[Ca]*"™ is measured by AAS and [Ca] is determined by
using arsenazo III as an optical indicator.

4. Data evaluation and discussion

4.1. Evidence for DNA binding to a PS:2POPC lipid
monolayer

As recalled from Fig. 1, the monolayer data exhibit
different values for the collapse area in the ©/A4 isotherms.
The area per molecule at collapse, .o, is calculated
according to:

deoll = Acot/N = AcoiM /(Nyrc'V) (6)

from the experimental collapse area, Ay, of the lipid film.
N4 is the Avogadro constant, M=784.06 g/mol is the
average molar mass of a lipid in the mixture of 1 PS:2
POPC, N the number of lipid molecules in the mixture, ¢ =1
mg/ml the mass concentration and V'=20 pl, the volume of
the lipid solution spread on the surface. The areas per
molecule occupied by the lipids are: a.o([Ca]=0)=0.6
nm?, aeon([Ca]=0.5 mM)=0.605 nm® and a.([Ca]=1
mM)=0.535 nm”. The quantities dqo=0.58 nm? for PC and
deon=0.574 nm? for PS have been obtained by NMR studies
[29]. A value of 0.42 nm? has been found for DMPC [30].

)KS/(

0

Ca>*+D+B —=%

The decrease of the area per molecule at collapse in the
presence of Ca®'-ions (see also Huster et al. [29]) is
consistent with the binding of the divalent cations to the
negatively charged groups of phosphatidylserine [31],
leading to a denser packing of the lipids in the monolayer
films; hence a smaller area is occupied by one lipid
molecule. When DNA is added to the aqueous phase at
[Caj=1 mM, the area per molecule increases up to 0.635
nm?, indicating DNA inserting into the lipid film. It appears
that DNA binds at the lipid monolayer interface through
Ca”*"-ions, providing indirect evidence for the ternary
complex Ca/DNA/lipids.

4.2. Overall scheme for the Ca’* and DNA binding
reactions

Fig. 6 displays the overall scheme for the various binary
complexes and the ternary complex DNA/Ca/B, where B
refers to binding sites on the vesicle surface. In detail,
DNA (D), Ca*"-ions and the binding sites B on the surface
of the vesicles form the complex D/Ca/B along different
pathways. The scheme expresses all binding steps as 1:1
complexes. Note that D refers to one base pair (bp) and B
to probably two charged lipid head groups (of two PS
molecules).

The apparent dissociation equilibrium constants of the
binary complexes are defined as:

K= (ol g, Kl = (Gl s
KY = [D]~[1[§2] (7)

respectively. The three different ternary complex formations
are characterized by:

Kb =D} [[DCCa:g]  Ktwp=[CaD} [Dgg] ’
Keu= (Gl e (8)

The individual reaction steps are treated now separately.

D + CaB
Ko
K;)aD
CaD +B =——— DCaB
DB + Ca**

Fig. 6. Overall cyclic reaction scheme for the binding of Ca”*-ions to DNA (D) and to B-sites on the lipid vesicle surface, leading to the various binary
complexes and the ternary complex DCaB on the outer vesicle surface. The B-sites for the binding of DNA and Ca®" are the anionic head groups of the lipids.
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4.3. Ca®* -binding to sites B on the vesicle surface

In the absence of DNA, the binding of Ca®" to surface
sites B is described by: Ca+B = CaB, where B represents
one or more anionic lipid head groups. Written in
dissociation direction, we have:

CaB = Ca+B 9)

characterized by the dissociation equilibrium constant K,
defined by Eq. (7). The degree of Ca®'-binding, fc,, to B-
sites on the vesicle surface is given by:

[Cay) [CaB] [Ca]

oo = Ta™ = 8] " [Cal+ K, 1

where [B(] is the total concentration of B-sites. The
differences in the optical densities (turbidities), AODszqs5=
ODs5s —OD36s and AODSE3=0D3gs — OD3gs (Fig. 2),
where OD%s refers to [Ca]=0, are used to determine
Bca=AO0D/AOD™, In Eq. (10), [Cay] is the concentration
of bound Ca*' in the pellet, [Ca,]™ is the maximal
concentration term and [Ca] is determined in the super-
natant (by AAS and with arsenazo III).

As seen in Fig. 2, the data fit using Eq. (10) faces the
problem of large data scatter, inherent in the method of
vesicle preparation and handling as a pellet and the
supernatant. Nevertheless, the fit yields reliably K=
15£5 pM and [Ca,]™™=170+20 uM at 7=293 K (20
°C), 1 mM HEPES, pH 7.4.

For consistency check, two other methods, AAS and
arsenazo III, have been used to determine the dissociation
equilibrium constant K2, and [Cap]™ in the pellet; here
[Ca]*"P=[Ca]. See Fig. A2 of the Appendix. The data fit for
the relation [Ca,]=[Ca] —[Ca] versus [Ca] yields the same

values for K2, and [Ca,]™ as obtained from the spec-

trophotometric Ca”"-titration of the vesicles.

If B for the binding of Ca®" refers to 2 anionic PS
molecules, the maximum concentration of the bound Ca”"
on the vesicle surface is [Cap] ™™ =[Ca(PS),]"**=[PS, ]/
2; that is approximately equal to half the concentration of
complex (or bound) PS on the vesicle membrane. With the
total lipid concentration [L]=1 mM, we obtain [PS]=[L]/
3=0.33 mM. Since DNA-binding in the titration method
occurs only on the outside monolayer of the vesicle bilayer,
the head group concentration available for the DNA/Ca/PS
complexation on the outside is [PS]/2=0.165 mM.

A survey of the binding of Ca*'-ions to membrane
surfaces, modelled by monolayers, bilayers and lipid
vesicles, indicates largely different equilibrium constants.
Note that apparent equilibrium constants are dependent on
the ionic strength. In particular, when [NaCl] decreases from
100 mM to 10 mM, the apparent dissociation constant of the
Ca/PS system decreases about two orders of magnitude
[8,32]. See Table 1.

4.4. The binding of Ca”* to DNA

4.4.1. The binding of Ca’* to DNA in solution (without
vesicles)

If the binding of Ca®" to DNA (D) is specified as a
dissociation reaction according to:

CaD = Ca+D, (11)

the degree of Ca>* binding to DNA in solution is defined as:
[CaD] [Ca]
ﬂCaD [CaD]max [Ca] + KgaD ( )

where K¢, is the respective apparent equilibrium constant
(Eq. (7)) and fcap is obtained from the absorbance ratio
according to ﬂCaD:AA /AA():(AO —A)/(AO _Amin) (Flg 3)

Table 1

Apparent dissociation equilibrium constants of the binding of Ca>" to lipids

Keo Lipid composition Buffer Reference

0.07 uM (7 mN/m) PS (monolayer) Distilled water, 7=293 K (20 °C) [33]

0.035 pM (32.4 mN/m)

6 UM PS (bilayer, vesicles) 1 mM Ca®", T=293 K (20 °C) 9]

98 uM PA/PS (1:5) 145 mM NaCl, pH 7.4, T=293 K (20 °C) [34]

100 uM PA/PS (1:2)

79 uM PA/PS (4:5)

85 uM PC/PS

83.3 mM PS (vesicle) 100 mM NaCl, pH 7.5, T=293 K (20 °C) (8]

27.7 mM 10 mM NaCl, pH 7.5, T=293 K (20 °C)

28.6 mM PS (vesicle) 100 mM NaCl, 2 mM L-histidine, 2 mM TES, pH 7.4, [6]
7=293 K (20 °C)

265 M PS (vesicle) 100 mM NaCl, pH 7.4, T=293 K (20 °C) [7]

124 mM PC/PE/PS (4:4:1) 100 mM NaCl, 10 mM HEPES, pH 7.4, 7=298 K (25 °C) [29]

multilamellar liposomes

1.840.3 mM Yeast cells 1 mM sorbitol, 1 mM Tris—HCI, pH 7.4 [16]
T=293 K (20 °C)

39.5 mM Neuroblastoma cells Dulbecco’s, Eagle’s [35]
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Note that D represents two neighbouring phosphate residues
or, formally, one base pair. Here, the maximum concen-
tration [CaD]™, of the CaD complex is approximated by
[CaD]™=[D,]. The data (Fig. 3) are evaluated according
to:

Keap
[Ca] + KgaD

with 49=0.422+0.002 and A,,;,=0.388+0.002. K2, is
calculated from the half-point at fc.p=0.5, using:

A _Amin = (AO _Amin) (13)

KgaD = [Ca], 5 = [Cady 5 — [D/2. (14)

In the example shown in Fig. 3, [Cag5s=40+5 pM and
thus K2,p=24+5 uM at 7=293 K (20 °C), | mM HEPES,
pH 7.4.

4.5. The binding of Ca’* to DNA in the supernatant

In the presence of vesicles, the Ca*"-binding to DNA is
evaluated from the supernatant data. The equilibrium
constant K2, is related to Pcap with the specification
[CaD]™™=[DJ™"; Eq. (12).

Graphically (Fig. 7), for a given total DNA concen-
tration, [D(J*"P, in the supernatant, the equilibrium constant
K2.p is determined from the half-points at fic,p=0.5. See
Eq. (A2) of the Appendix. There is another consistency
check for the determination of K%, according to the
relationship:

K2 = [Ca (ﬁ - 1) (1s)

which is obtained from Eq. (12) by using [CaD]™**=[D]*""
and mass conservation according to: [CaD]=[Ca]*"" — [Ca].
See Fig. A3 of the Appendix. The calculation yields
K2,5=26+6 pM, being close to Ke,p=24+5 uM from
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Fig. 7. The degree of binding fic.p in the supernatant, calculated with Eq.
(12) (or (A2) of the Appendix) at [D,}/uM (bp)= (@) 35.5, (A) 71, (V) 107
and (#) 143. [D{] refers to the total concentration of DNA in the vesicle
suspension. The arrows represent [Ca, ™ at f¢.p=0.5.

Fig. 3. Previous documentations of Ca/DNA dissociation
equilibrium constants strongly vary. Apparent dissociation
constants of Kc,p=0.5 mM and Kc,p=0.3 mM have been
reported for DNA from Micrococcus lysodeikticus in 50
mM electrolyte solution at 23 °C [12]. For Mg*", the low
value Kyiop=1.6 uM refers to the low ionic strength of 1
mM [13] and is thus comparable with K,p=24+5 uM for
Ca”" found here. It is recalled that generally the apparent
equilibrium constant depends on the type of divalent ion and
the ionic strength.

Note that the data for the Ca>* binding to vesicles (Fig. 2)
and for the DNA binding to vesicles (Fig. 3) both refer to
the suspension (no precipitation by centrifugation). The data
in Fig. 4 refer separately to the Ca®*-binding to DNA in the
supernatant and, on the other hand, to Ca**-binding to DNA
and vesicles in the pellet. Remarkably, suspension data,
supernatant data and pellet data lead to the same K-values
within the margin of error. Therefore, as already reflected in
the spectrophotometric data, there is no sign of Ca*'-
induced aggregation neither of DNA nor of vesicles, in the
range of [Ca] <1 mM used here. Naturally, there is vesicle
aggregation in the pellet.

4.6. Overall DNA-binding to sites B on the vesicle and to the
complex CaB

It is appropriate to describe the overall binding of DNA
by the overall reaction scheme:

D+ (B + CaB) = (DB + DCaB) (16)

where the Ca”**-dependent overall dissociation equilibrium
constant is given by:

(o) _ rpy. (Bl +[CaB] . 1-Bp
Kp™ = [D] [DB] + [DCaB] 1] By
= [D]E:O.s (17)

and the overall degree of binding f3,, refers to:

—  [DB]+[DCaB]  [Dy]
P ([DB] + [DCaB])™ D™
__ D
- B (18)

where [Dy]™=[BP] is the total concentration of B sites
available for the DNA-binding on the vesicle surface. The
concentration [D] of free DNA in the supernatant decreases
with increasing concentration [Ca] of free Ca®>" in the
supernatant, as expected in line with the relationship:

Keap
[Ca] + K2.p

obtained by substitution of [CaD]™*=[D]**" and [CaD]=
[DJ*P —[D] in Eq. (12). See Fig. A4 of the Appendix. The

[D] = D™ (19)
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Fig. 8. The graphical determination of [Dy,]™* and K, () from the double-
reciprocal relationship according to Eq. (23) for [Ca,J/uM=(m) 0, (@) 25,
(A) 75, (¥) 100, (¢) 200 and (O) 300. The insert shows the enlarged
intercept and the abscissa intersections.

overall equilibrium constant E’; (Ca) can also be expressed
as:

— Ca] + K°
K (Ca) — K/ . [ Ca .
P P [Ca] + K¢,

Eq. (20) is derived from Eq. (17); see Eq. (A4) of the
appendix. In the case [Ca]=0 (full line in Fig. 8), the
reaction scheme (16) reduces to:

D+B = DB (21)
and Eq. (20) yields:

(20)

Kp'“) = KhK, /Kt = K, (22)

where K} (=[D] [BV[DB]) refers to the adsorption of DNA
to lipid surfaces in the absence of added Ca” "-ions [36].
Rearranging now Eq. (18) as a double-reciprocal relation-
ship we obtain:

1 1 E)(Ca)
[Dbfm(” D] )’ 23)

for different [Ca,] of the suspension (Fig. 8).

In the case of DNA binding in the absence of Ca®"-ions
([Cay]=0), we obtain the solid line in Fig. 8. The intercept
yields the common value [BY]=160+20 pM and the
abscissa yields the various numerical values of K}, . The
concentration [BY] of binding sites for DNA is approx-
imately equal to the maximum concentration, [Ca,]™*/2,
represented by the head group concentration [PS]/2 of PS
available at the outer vesicle surface. For, KD( =
[D}- 7,—0.5» at each value of [Ca/] and at the half-point of
bound DNA, [Dyp]os=[Dp]™/2=[B"]/2=80 pM, we
obtain the respective value for the DNA-binding (data
not shown) and a value [Ca]ps of the free Ca concen-
tration at f5,=0.5 according to:

[Ca]ys = KCaD([Dt]sup [D]ys — 1)- (24)

Again, Eq. (24) is obtained by substitution of [CaD]™** =
[DJP"P and [CaD]=[D*? — [D] into Eq. (12). In Fig. 9, it is
seen that K/ D(Ca) decreases with increasing half- point
concentration [Ca]g s, accordmg to Eq (20) with K2,>
KCa At [Ca] = O KD K’D KCa/K C&:_KD and at
[Ca] > K. and [Ca]l > K'c,, we have K, "=K'p. The
data fit with Eq. (20) yields K$=1.7£0.1 mM (bp) and

"'p=85%15 uM (bp) at 7=293 K (20 °C), 1 mM HEPES,
pH 7.4. The results are in line with K&,=24+5 uM, being
indeed larger than K&,=0.75+0.25 pM; see below. As a
further consistency check, the values of Kp Y are
calculated for each value of [Dy], [DJ*® and [Ca].
Introducing Eq. (19) into Eq. (23), rearrangement yields:

77 (Ca) __ [BtD] ,[Dt]sup'KOaD
K™ = ([Db} 1) Cal KLy #3)

Data fit analogous to the data fit with Eq. (20) yields

=85+15 uM (bp) and K% 1.7£0.1 mM (bp). See Fig.

A5 of the Appendix. The results are consistent with those
obtained from Eq. (23).

4.7. Overall Ca’*-binding to sites B on the vesicle and to
the complex DB

Similar to the overall reaction scheme (16) for DNA-
binding, we express the overall binding according to:
Ca+ (B+ DB) = (CaB + DCaB(DCa)) (26)

where the DNA-dependent overall equilibrium constant is
defined by:

(D) [B] + [DB]
K& = [Cal
¢ =[O BT IDCaB(DCa)
1 = P,
= [Ca] Bed = [Ca]%d:o& (27)
2000
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Fig. 9. The overall equilibrium constants K_j)(ca) obtained from the abscissa
intercepts in Fig. 8. The data fit with Eq. (20) yields K{=1.7£0.1 mM (bp)
and K’ p=85+15 uM (bp) at 7=293 K (20 °C), 1 mM HEPES, pH 7.4.
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The overall degree of Ca**-binding refers to:

o |CaB| 4 [DCaB(DC)] _ _[Cay
" ([CaB] + [DCaB(DCa)))™ "~ [Cay (D)™
- el (28)
[Ca] + K.

The part (DCa) in the complex DCaB(DCa) accounts for the
Ca”"-binding to those base pairs of DNA which are not yet
bridged by Ca**-ions to the lipid surface. Consistent with
expectations, the concentration of bound Ca*" in the pellet
[Cap]=[CaB]+[DCaB(DCa)] increases with increasing
[Ca] and [D{], respectively (Fig. 10).

Trivially at [D]=0, [Ca,]=[CaB]. With increasing [D],
[Ca,] in the complex [DCaB(DCa)] increases first due to
Ca*"-bridging D and B as complex DCaB and then
additionally due to further Ca®"-binding to the DNA (as
DCa) not yet bridged to B-sites as DCaB, reducing the
amount of CaB.

Parallel to the formalism used for the overall DNA-

binding, the overall equilibrium constant K_(’;aD for the
Ca**-binding is given by:

(D) D] + K

Ko =Kty ———. 29
Ca Ca’ [ D] + K LS ( )

Eq. (29) is derived from Eq. (27); see Eq. (AS5) of the
Appendix. From Eq. (28) we obtain the double-reciprocal
relationship:

— o 1
1+ K& —) (30)

1 (
[Cas] — [Cay (D)™ [Cal

Using Eq. (30) at . dgfferent [D{], the intercepts yield
[Cay (D)]™ and K¢, ~, respectively (Fig. 11). For each
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Fig. 10. The concentration [Ca,]=[CaB]+[DCaB(DCa)]=[Ca,]— [Ca]*""
of bound Ca?" in the pellet for [D,J/uM (bp)=(m) 0, (®) 35.5, (A) 71, (V)

107 and (#) 143 versus [Ca,]. Note, that [D,] refers to the concentration of

DNA in the vesicle suspension.
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Fig. 11. Determination of K, = and [Ca,]™ from the double-reciprocal
relationship Eq. (30) for [DJ/uM (bp)= (M) 0, (®) 35.5, (A) 71, (¥) 107
and (#) 143. (The intersection point is at: 1/[Ca];=—0.0032 pM~ 'and

1/[Cap];= 0.0032 M~ ' (see the Appendix).

——(D . . . .
KCa( ) at a given [D,] there is a half-point concentration

[Caplo.s=[Cap(D)]™*/2 at given [Calos, [Calos and
[Dlo.s, respectively. It is seen that the values of Kc;
are equal to those of [Ca]ys, within the error margin. The
coordinates of the intersection point are given by Eq. (A6)
of the Appendix.

As seen in Fig. 12, the overall equilibrium constant
Kca decreases with increasing half-point concentration
[D]os according to Eq. (29) with K >K'p. At [D] =0
KeP) =KOK,, /K, =K%, and at [D]>[D,] (satura-
tion) we obtain K(?)=K'c,. The data fit with Eq. (29)
yields K2,=15+5 puM and K'¢,=0.75+0.25 pM at T'=293
K (20 °C), 1 mM HEPES, pH 7.4, confirming that indeed
K %a >K Ca-

The maximum concentration [Cay(D)]™ of Ca** bound
to the outer vesicle surface in the presence of bound DNA
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Fig. 12. The overall equlllbrlum constants KCa determmed with Eq. (30).
Data fit with Eq. (29) yields K&,=15+5 pM and K’,=0.75+0.25 pM at
T=293 K (20 °C), 1 mM HEPES, pH 7.4.
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Table 2
The apparent dissociation equilibrium constants for the system DNA, Ca®*-
ions, lipid vesicle surface (PS) in 1 mM HEPES, pH 7.4, 7=293 K (20 °C)

Binary complexes

K2,=15+5 uM
KQp=24+5 uM
K5=1.7£0.1 mM (bp)

Ternary complexes

K ¢a=0.75£0.25 uM
K’ cap=53£10 pM (bp)
K'p=85+15 uM (bp)

increases with increasing total concentration of DNA
according to mass conservation:

[Cay(D)]™™ = [CaB]™ 4 [DCaB(DCa)]™™
= [CaB]™ + [D] — [DCaB. (31)

Note that [DCaB]™*+[DCa]™*=[D,] and [CaB]™"=
[CaB]™™ —[DCaB]. See Fig. A6 ofileD Appendix.

As a further consistency check, K¢, is calculated using
the values for [D], [Ca]®P, [Ca,] and [Cay(D)]™*.
Introducing Eq. (12) into Eq. (30) and rearranging yields:

(D) _ <[Cab(D)]max _ 1>. [Cat]sup.KgaD (32)

Kea [Car) DETA

Data fit with Eq. (29) yields K&,=15+5 pM and K'c,=
0.75+0.25 uM at 7=293 K (20 °C), 1 mM HEPES, pH 7.4.
See Fig. A7 of the Appendix. These results are consistent
with those obtained with Eq. (30).

The equilibrium constant K’ ¢,p is calculated using the
definitions of the apparent equilibrium constants in Egs. (7)
and (8), respectively; according to:

Kpyp — [C2DV1B] _ [D}[CaB] | [Ca)(B]/[Cab]
*» = " [DCaB] [DCaB] [Ca|[D]/[CaD]
0
— Ky Ifw , (33)

Eq. (33) yields K'c,p=53+10 uM (bp) at 7=293 K (20
°C), 1 mM HEPES, pH 7.4.

As seen in Table 2, the dissociation equilibrium constants
for the binary complexes are greater as the respective
constants for the ternary complexes, i.e. the ternary
complexes are more stable than the binary complexes.

5. Conclusions

Using centrifugation, atom absorption spectrometry and
arsenazo III absorbance, the binding of DNA at lipid vesicle
surface mediated by Ca®"-ions is measured. The independent
spectroscopic measurements permit the determination of the
apparent dissociation equilibrium constants for the binary
complexes: Ca/lipid vesicles, Ca/DNA and DNA/lipid
vesicles and for the various processes leading to the ternary

complex DNA/Ca/lipid vesicles. The thermodynamic for-
malism has been developed such that the experimental
overall dissociation equilibrium constants for the binding of
Ca”" and DNA to the vesicle surface, respectively, appear as
combinations of the individual binary equilibrium constants.
The thermodynamic stabilities of the respective ternary
complexes are two orders of magnitude greater than that of
the binary complexes: Ca/lipids and DNA/lipids.

The knowledge of the equilibrium constants for the
adsorption of DNA and the binding of DNA to the vesicle
surface, provide the basis for choosing the respective
optimal concentrations, to optimize the conditions of the
adsorption for the direct electrotransfer of gene-DNA into
biological cells and tissue.
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Appendix A
A.1. The binding of Ca®" to DNA in the supernatant

In the presence of vesicles, the degree fcap of Ca**
binding to DNA in the supernatant is given by:
[CaD] [CaD] [Ca]
ﬁCaD [CaD]max [Dt]sup [Ca] +K8aD ( )
where the relation [D**?=[CaD]™ holds.
Note that KQ,p=[Ca]-[D]/[CaD]=[Ca] (1 —fcap)/
Beaps hence Beap” (Keap+[Cal)=[Ca] yielding Eq. (A1)

200

100

[Ca] / uM

[Ca]/uM

Fig. Al. Ca2+-binding isotherms for different DNA concentrations: [D,]/uM
(bp): (m) 0, (@) 35.5, (A) 71, (¥) 107 and (#) 143; from top to bottom. The
data are fitted with Eq. (12) of the text, where [Ca,]=[Cay]+[Ca,]*"". The
straight dashed line represents the case without vesicles and without DNA
for which [Ca]=[Ca,]=[Ca/]™".
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200

[Ca,]™ =170 + 20 uM

[Ca]/uM

Fig. A2. Ca®"-binding isotherms in the absence of DNA, [Cap]=
[Ca]—[Ca], in the pellet as a function of [Ca] in the supernatant. The
data points represent mean values of two measurements of Ca®" in the
supernatant by arsenazo IlI-absorption and atomic absorption spectroscopy.
Here, [Ca]=[Ca]*"". Data fit with Eq. (10) of the text yields the equilibrium
constant K, =15+5 uM and [Ca,]™™*=170+20 pM at T= 293 K (20 °C), 1
mM HEPES, pH 7.4.

or the relationship: [CaD]=[DJ*"" [Ca]/([Ca]+K2ap).
Insertion into [Ca*"P=[Ca]+[CaD] yields: [Ca]=
[CaJ**? — [D**-[Ca]/([Ca]+K Cap).

The equilibrium constant KOCaD:[Ca]'BC“D ., in the
presence of vesicles is related to the total Ca®' concen-
tration [Ca,] of pellet and supernatant and the total DNA
concentration [D]*"" in the supernatant by:

[Calys = Keap + [DI™/2. (A2)

A.2. Determination of [Ca] with Ar

Similar to Eq. (A2), the equilibrium constant
Kcaar=3.5+0.5 pM is obtained from the midpoint (half-
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Fig. A3. The equilibrium constant K&,, calculated with Eq. (15) for [D,}/
uM (bp)= (@) 35.5, (A) 71, (¥) 107 and (#) 143 as a function of [Ca]. The
straight thick line represents the mean of K2.p=26+6 uM.
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Fig. A4. The relationship between [D]=[Ca]+[DJ*P —[Ca/]*"" and [Ca]
for [D,)/uM (bp)= (@) 35.5, (A) 71, (¥) 107 and (#) 143. [D,] refers to the
concentration of DNA in the vesicle suspension. The data are fitted with the
Eq. (19) of the text.

point) of the relation Adgy, vs. log ([Ca]/mM) (data not
shown) according to:

Kcaar = [Cay] s — [Ar/2, (A3)

Bearr=0-
where [Cag., o5 refers to Adgeo=AAgs5 /2 and
Adso2=As02 —As02, and A202:8Ar'd‘[Art] at [Ca]=0
(experimentally realised with 1 mM EDTA).

A.3. Overall DNA-binding to sites B on the vesicle surface
and to complex CaB

Using the definitions of the apparent equilibrium
dissociation constants in Eqs. (7) and (8), respectively, of

\
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Fig. A5. The overall binding constant @D) calculated with Eq. (25) for
[DJ/uM (bp)= (@) 35.5, (A) 71, (¥) 107 and (#) 143 as a function of [Ca].
[D,] refers to the total concentration of DNA in the vesicle suspensions. The
data fit with Eq. (20) yields K’ ,=85+15 uM (bp) and K%=1.7£0.1 mM
(bp) at =293 K (20° C), 1 mM HEPES, pH 7.4.
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Fig. A6. The total concentrations of sites available for Ca®'-binding on the
vesicle surface [Cay(D)]"*=[CaB]"™+[D,]—[DCaB]. [Cay(D)]™™
increases linearly with [D(] due to the increased number of sites D(bp)
not involved in the ternary complex DCaB, but binding Ca”*-ions as CaD
within the DNA partially attached to the lipid surface.
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Fig. A7. The overall equilibrium constants E(L)) as a function of [D]
calculated with Eq. (32) of the text for [D,J/uM (bp)= (M) 0, (®) 35.5, (A)
71, (¥) 107 and (#) 143. Data fit with Eq. (29) yields K&,=15+5 uM and
K'¢,=0.75+0.25 uM at 7=293 K (20 °C), 1 mM HEPES, pH 7.4.

the main text, the overall equilibrium constant for the Ca**-
dependent binding of DNA is defined as:

[B] + [CaB]
[DB] + [DCaB]

D} [B]-(1 + [CaB]/[B])
[DB](1 4+ [DCaB]/[DB])
1 + [Ca] /K2,
Kg 1+ [Ca]/[(sc:a
K'c, [Ca + K2,
K% [Cal+Kea

K = (D}

e+ K2,
[Ca] + Kta

4

=K} (A4)

where the relation K% /K2,=K'p/K’ c, of the cyclic scheme
(Fig. 7) is used. See Eq. (20) of the main text.

A.4. Overall Ca**-binding to sites B on the vesicle surface
and to complex DB

The overall equilibrium constant for the DNA-dependent
binding of Ca*" according to scheme (26) is given by:

(D) _ 1. [B] + [DB]
Kea™ = [Cal teoBT + IDCaB(DCa)]
. (DB (1 + [81/DB)
[DCaB(DCa)]-(1 + [CaB]/[DCaB(DCa)])
[

1+K2/[D] D]+K°

=Kk M o R

(AS5)
where the relation K’ ,=K',, K2./K$ is inherent; see Eq.
(29) of the main text.

The intersection point in Fig. 11 is obtained from Eq.
(30) of the main text for [D]#0 and [D]=0, where 1/
[Cap]=(1/[Cap]™™)(1+K2,/[Ca]). The coordinates 1/[Ca];
and 1/[Cay]; of the intersection point are given by:

1 - [Cab(D)]max _ [Cab]max
[Cal;  [Cap (D)™ K2, — [Cap]"™ Ko

1 K, — K" (A6)
[Cab]j [Cab (D)]max_Kga _ [Cab]max_Ea(D)

In Fig. 11, we see that 1/[Ca];=—0.03 uM~" and 1/

[Cay],=0.0032 uM . Figs. A1-A7.
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Glossary

Ar: arsenazo 111

a.on- collapse area per molecule

B: binding sites on the outside surface of the vesicles

Bca Bcain Peap: degree of Ca®'-binding to vesicle surface, arsenazo 111
and DNA, respectively

[Ca,], [D,]: total concentrations of Ca®" and DNA, respectively

[Ca], [D]: free concentrations of Ca’" and DNA in the supernatant,
respectively

[Ca ™, [DJ**?: total concentrations of Ca®" and DNA in the supernatant,
respectively

[Cap], [D,]: concentrations of bound Ca*>" and bound DNA in the pellet,
respectively

[Cap(D)]™™: maximum concentration of sites available for Ca>*-binding
on the vesicle surface, including the bound DNA

[D,]°: concentration of DNA bound to the vesicle surface at [CaJ]=0

K%, K% K%,p: dissociation equilibrium constants for the binary
complexes

K'ca, K'p, K'cup: dissociation equilibrium constants for the respective
ternary complex formations

J R K€ gverall dissociation equilibrium constants for the respective
Ca®"- and DNA-binding

PS: phosphatidylserine

POPC: palmitoyl-oleoyl-phosphatidylcholine

PA: phosphoric acid

VET: vesicle extrusion technique
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