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The peroxidation reaction of some liposomes, namely egg yolk phosphatidylcholine (PC), dioleoyl- (DOPC) and
dilinoleoyl- (DLPC) phosphocholines, promoted by ferrous ions (Fenton reaction) has been studied at the
physiological pH value, in the absence and in the presence of calf thymus DNA. A catalytic effect of DNA, where the
lag time reduces or is completely annihilated, together with an increase in both the yields and the rates of the
reactions, has been observed. This effect of DNA has been attributed to the ability of the three components,
liposomes, DNA and Fe**, to form a stable ternary complex, which produces a reduction of the undulatory
fluctuations of the hydrocarbon tails of liposomes and strengthens the packing between the acyl chains in the lipid
bilayers, with the consequence of enhancing the liposome crystallinity.

Introduction

We have recently investigated the structure and morphology
of some ternary complexes obtained by 1,2-diacyl-sn-glycero-
3-phosphocholine liposomes (L), calf thymus DNA and var-
ious bivalent metal cations (Me?*),"* using synchrotron X-ray
diffraction and freeze-fracture transmission electron microscopy
(TEM). When buffered aqueous solutions (buffer HEPES, pH =
7.2) of the neutral zwitterionic liposomes, DNA and metal ions
are mixed, supramolecular structures are formed which consist
of ordered multilamellar assemblies (L,© phases) where the
helices of DNA are sandwiched between the liposome bilayers
and the hydrated metal ions act as a bridge between the negative
liposome headgroups and the negative phosphate groups of
DNA. The structure and morphology of the ternary complex
with Mn?** have already been reported.! The hydrated Mn?*
ions that lie between the liposome bilayers and DNA in the
ternary complex strengthen the interactions between the latter
two components. This structure is similar to the ones obtained
by the condensation of DNA with cationic liposomes (CL-DNA
complexes or lipoplexes).®!

It was observed! that the Bragg’s peaks associated with the
ternary complex with Fe** are weaker and less resolved than
the ones obtained with other cations, namely Mn**, Mg and
Co*". Such different behaviour could be due to the ability of
Fe** to catalyse the oxidation of the phospholipids (Fenton
reaction) in experimental conditions. Among the numerous
papers that have been published on lipid peroxidation, many
deal with the damage that the products or the intermediates
of peroxidation (namely malondialdehyde and peroxy radicals)
cause to DNA,>?? whereas only two have dealt specifically with
the effect that DNA induces in liposome peroxidation. It has
been reported®* that while incubating a mixture of methyl
arachidonate enriched samples of egg yolk phosphatidylcholine
and DNA in the presence of oxygen, at buffered pH = 7.5, DNA
is able to act as an antioxidant, giving rise to a concentration
dependent retarding, but not an inhibiting effect on the rate of
oxidation. This behaviour was interpreted as due to the ability of
DNA toact as a scavenger of "OH and other radicals (HO,", RO,
ROO) that form during liposome peroxidation, a chain radical
reaction initiated by any radical able to abstract a hydrogen
atom from an allylic or bisallylic methylene of the phospholipid
hydrocarbon chain.”® We show in this paper that DNA is able to
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influence also the Fe** induced peroxidation of phospholipids,
but in a different way, namely by increasing both the rate and the
yield of the reaction. In view of the possibility, which is presently
under investigation, of using the ternary complexes obtained by
zwitterionic liposomes, DNA and Me** as DNA transfection
agents in gene therapy, we thought it was useful to study such
peculiar behaviour of DNA. As a matter of fact, even if iron
in biological material is stored in specific proteins that prevent
any effect on lipid peroxidation, some evidence exists?** that
hydroperoxide groups (LOOH), which are normally present in
commercial liposomes? or can originate during the preparation
and storage of the complexes, react with haemoglobin to release
iron, which can promote DNA degradation and stimulate lipid
peroxidation by a Fenton reaction.

Results and discussion

The Fe** catalysed peroxidation of liposomes has been carried
out, unless stated otherwise, on multilamellar vesicles (MLV)
at the buffered pH of 7.2 and at room temperature. As
reported in the experimental section, the reactions have been
followed through a procedure described by Ohyashiki et al.,”
which consists of the colorimetric determination at 532 nm, by
means of 2-thiobarbituric acid, of the whole of the carbonyl
end products (or thiobarbituric acid reactive species, TBARS)
formed in the oxidative degradation of the phospholipids. No al-
ternative methods, such as oxygen uptake or chemiluminescence
determinations, have been checked, being demonstrated®® that
the different methods normally used by authors in determining
the extent of lipid peroxidation lead to substantially comparable
results. Before doing peroxidation experiments it was checked
that no TBARS were determined at the pH of 7.2 and within
the time of the experiments described (6 to 8 hours), either
in the multilamellar vesicles of phosphatidylcholine (PCMLV)
incubated with oxygen in the absence of Fe?*, or in the samples of
DNA incubated with oxygen in the presence or absence of Fe*.

In order to have a consistent comparison of the results of the
present work with the ones reported in the literature cited,” a
preliminary peroxidation of multilamellar vesicles of egg yolk
phosphatidylcholine (PCMLV) was performed in the presence
of Fe**, as shown in Fig. 1 (curve a). An induction time of
only 3 hours was observed, which is much lower than the one
of 21 hours for the uncatalysed oxidation. This remarkable
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effect on the induction time is certainly the consequence of a
Fenton type reaction, that probably starts on LOOH groups
already present in some phospholipid molecules of commercial
samples. This well known reaction has been reported as LOOH-
dependent lipid peroxidation®® for which Scheme 1 represents a
simplified pathway. Peroxides are transformed into alkoxy and
peroxy radicals that are responsible for hydrogen abstraction
from the allylic or bisallylic methylenes and then for the initiation
of a well known chain reaction.® In order to check if a
mechanism like the one described above could be operating
in the conditions of the present work, we incorporated on the
PC some triphenylphosphine (TPP), which is able to cleave
the O-O bond,**** with reduction of peroxides to alcohols;
under these conditions no TBARS were detected, within a
time of 6 to 8 hours (the time scale normally used for Fe*
catalysed peroxidation experiments) either from PCMLV or
from PCMLV-DNA. Fig. 1 shows also the results obtained
when increasing amounts of calf thymus DNA are added to
PCMLYV. A gradual disappearance of the induction time and
an increase of the rate and yields of the oxidative degradation
are achieved (Fig. 1, curves b, ¢, d, e). This striking effect
made by the DNA in liposome peroxidation could be related
to the finding that ternary complexes are formed when neutral
liposomes, DNA and Me?* ions are mixed: this suggests that a
ternary complex with Fe?* is the reaction intermediate.
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Fig. 1 Effect of calf thymus DNA on the Fe** induced peroxidation of
egg yolk PCMLYV. (a) PCMLYV; (b) [DNA] : [PCMLV] = 0.5; (c) [DNA] :
[PCMLV] = 0.75; (d) [DNA] : [PCMLV] = 1; (¢) [DNA] : [PCMLV] =
1.5. The starting solution is 4 mM on PCMLYV and 10 mM on Fe?*.

Fe*” + LOOH — Fe** +LO" + OH™
Fe** + LOOH — Fe** + LOO +H'
LO" +LH —L +LOH
LOO +LH—L +LOOH

Scheme 1 Pathway of the Fe?* induced LOOH dependent lipid
peroxidation (from ref. 32).

Considering that the phosphatidylcholine from egg yolk used
in this work is a mixture of different saturated and unsaturated
lipids, as reported in Table 1, and that the hydrogen abstraction
by alkoxy and peroxy radicals is easier on allylic (C—-H bond
energy equal to 368 kJ mol~') and bisallylic carbon atoms (C-H
bond energy equal to 320 kJ mol™") than on the saturated ones
(C-H bond energy equal to 422 kJ mol~"), we have repeated the
peroxidation with Fe**, in the presence and absence of DNA, of
liposomes originated both from 1,2-dioleoyl (DOPC) and 1,2-
dilinoleoyl (DLPC)-sn-glycero phosphatidylcholine, which are
the main unsaturated components of egg yolk PC. Using the
same conditions as for PCMLYV, the results described in Figs. 2

Table 1 Mass composition of the different fatty acids of the commer-
cial egg yolk phosphatidylcholine

Acid Composition (%)

Palmitic 16:0
Stearic 18:0
Oleic 18:1 30
Linoleic 18:2
Arachidonic 20:4

0,18 -
0,16
0,14 —

(b)

0,12

o

-

o
1

(2)

A (532 nm)

T T T T T T T T T T T T T 1
120 180 240 300 360 420 480
time (min)

—T
0 60

Fig. 2 Fe** induced peroxidation of DOPC (a) and DOPC-DNA (b).
The mole concentrations are: DOPC = 4 mM; DNA = 6 mM; Fe** =
10 mM.
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Fig. 3 Fe** induced peroxidation of DLPC (a) and DLPC-DNA (b).
The mole concentrations are: DLPC = 4 mM; DNA = 6 mM; Fe** =
10 mM.

and 3 were obtained, which are consistent with the ones from
egg yolk PCMLYV and confirm the positive effect of DNA on
liposome peroxidation. It must be observed that in the oxidation
of the two unsaturated components of egg yolk PCMLYV,
the induction time vanishes completely independently of the
addition of DNA. This means that the induction times shown
in the peroxidation of both PCMLV-Fe** and PCMLV-DNA-
Fe?* must depend on the 47% of unsaturated phospholipids
present on egg yolk PC. This is confirmed by the lack of
peroxidation on a saturated liposome like the one from 1,2-
dipalmitoyl-sn-glycero-phosphatidylcholine (DPPC).
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The hypothesis of a direct correlation between complex
formation and the peroxidation pathway can be confirmed from
some results obtained by studying the analogous, but more stable
and well identified ternary complex DOPC-DNA-Mn**. The
synchrotron XRD study of the model self assembly obtained
by DOPC, calf thymus DNA and Mn** shows (Fig. 4) the
coexistence of two different supramolecular structures: a binary
assembly L,, formed by the interaction of DOPC with Mn**,
characterised by three orders of reflection, and the ternary
complex L., obtained by addition of DNA to a mixture of
the two former compounds, which in turn gives four orders of
reflection. Assuming that the heights of the X-ray peaks are
a measure of the concentrations of the two complexes, their
partition depends (i) on the ratio DNA : DOPC, at constant
[DOPC]: [Mn?*] (Fig. 5A), (ii) on the amount of Mn?* added, at
constant [DNA] : [DOPC] (Fig. 6A) and (iii) on the temperature
(Fig. 7). These results can be compared with the ones of the
peroxidation experiments: if one plots the values of absorbance
at 532 nm due to TBARS of a series of experiments performed on
samples obtained using different molar ratios DNA : PCMLV
at constant [PCMLV] : [Fe**], a linear correlation (Fig. 5B),
analogous to the one shown in Fig. 5A is observed. The same
analogy appears if one compares the results of a series of
peroxidations carried out on samples formed using different
[Fe**] : [DNA] ratios at constant [DNA] : [PCMLV] (Fig. 6B)
with the partition between ternary (DOPC-DNA-Mn?**) and
binary (DOPC-Mn**) complexes reported in Fig. 6A. Finally,
Fig. 8 reports the results of the peroxidation of samples of
PCMLV-DNA-Fe** at three different temperatures: it is clear
that the peroxidation extent rises as the temperature increases.
Such behaviour is in accord with that reported in Fig. 7, which
shows increasing X-ray peak intensities of the ternary complex
DOPC-DNA-Mn** with increasing temperature. Fig. 9 shows
that a good linear correlation with temperature is obtained in
both experiments.
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Fig. 4 Synchrotron XRD pattern of DOPC-DNA-Mn?** and
DOPC-Mn** obtained by mixing aqueous solutions of DOPC, calf
thymus DNA and Mn? at a 3 : 4 : 12 mole ratio, at buffered pH =
7.2. The SAXS pattern exhibits a separate set of peaks associated with
the ternary complex L, and the binary one L,.

All the results discussed above strongly support the hypothesis
that the catalytic effect of DNA on peroxidation of PCMLV
must be attributed to the fact that the reaction takes place on
the ternary complex. Nevertheless, this statement may be limited
by the level of reliability of the comparison between results
obtained on complexes of different nature, namely the ones with
Fe?*, used on peroxidation measures, against the ones with Mn?*,
used on reference X-ray measurements. Unfortunately the X-ray
spectrum’ is not well defined and hence does not allow a detailed
structural investigation of the complex with Fe**. Additional
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Fig. 5 (A) Plot of the ratio of the peak intensities of
DOPC-DNA-Mn** and DOPC-Mn?* versus increasing [DNA] :
[DOPC] ratios at constant [DOPC] : [Mn**]. The DNA : Mn* mole
ratio is equal to 1 : 6. (B) Plot of TBARS production versus mixtures of
increasing [DNA] : [PCMLV] ratios at constant [PCMLV] : [Fe**]. The
[PCMLYV] : [Fe**] ratio isequal to 1 : 4.

data can help to clarify the situation however. It is known that
Mn?* is able to interfere with Fe** in peroxidation processes®*
and to protect cells® significantly decreasing the extent of lipid
peroxidation in the liver, spleen and adrenals.*® The peroxidation
with oxygen of the ternary complex PCMLV-DNA-Mn** has
been attempted and, as expected (Fig. 10, curve a) no production
of TBARS was observed. To the contrary, some oxidation takes
place when Fe?* is added to the preformed complex with Mn?**
(Fig. 10, curve b). By comparing this latter result with the
one obtained on oxidation of a sample of PCMLV-DNA-Fe*
originally prepared (Fig. 10, curve ¢), it can be observed that the
extent of oxidation of the former sample is lower than the one
of the latter, the starting concentrations being identical. This
difference could be attributed to a residual negative effect of
Mn?*. If we analyse these results in the light of the hypothesis that
the ternary complex is the species that undergoes peroxidation,
one must conclude that the Fe* added to the solution of
the complex PCMLV-DNA-Mn?* is able to displace, almost
partially, the Mn** ions from the corresponding ternary com-
plex. This process can be assumed possible and demonstrable:
Mn is a paramagnetic atom and liquid solutions of its ions
exhibit a hyperfine structure corresponding to six lines of equal
intensity in the EPR spectrum. It has been demonstrated®”-*
that this hyperfine structure gradually disappears as the Mn?* is
encompassed in a complex.

Starting from this observation and assuming that the intensity
of an EPR line is a measure of the manganous ion concentration,
it is possible to make a series of EPR determinations in order
to draw a scale of Mn?* concentrations from 0 (completely
bound Mn) to 100 (totally free Mn). Each intermediate value
corresponds to a definite concentration of free Mn. If Fe* is
able to displace Mn** from its own complex to form the new
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Fig. 6 (A) Plot of the ratios between the peak intensities of
DOPC-DNA-Mn* and DOPC-Mn** versus increasing mole ratios
[Mn?**] : [DNA] at constant [DNA] : [DOPC]. (B) Plot of TBARS
production versus mixtures of increasing Fe**~DNA mole ratios, at
constant [DNA] : [PCMLYV]. In both experiments the DNA : liposome
mole ratio is equal to 1 : 1.5.

PCMLV-DNA-Fe** complex, to each amount of Fe** entering
the complex a corresponding amount of Mn** must be released
and can be determined. It is then possible to plot the percentage
of the free Mn** versus the ratio [Fe**] : [Mn*"]. Fig. 11 shows
the effect of the addition of different amounts of Fe** on Mn?*
displacement. In the experiment reported in Fig. 10, the amount
of Fe** added to the complex PCMLV-DNA-Mn?*" was set to
give aratio [Fe?*]: [Mn?*] of 1 : 1. In these conditions, the yield on
TBARS (Fig. 10, curve b) is nearly 30% with respect to the one
obtained with complex PCMLV-DNA-Fe** originally prepared
(higher curve). The graph of Fig. 11 indicates that less than 30%
of Mn** should be displaced by Fe**, at the ratio [Fe**] : [Mn**]
of 1: 1; a result that is in good agreement with the one found in
the peroxidation experiment and can satisfactorily support the
hypothesis that the ternary complex with Fe** is necessary for the
catalytic effect of DNA on liposome peroxidation.f Moreover,
an additional argument in favour of a strict relationship between
liposome peroxidation and the existence of an intermediate
ternary complex comes from the observation that unilamellar
vesicles of egg yolk phosphatidylcholine (PCULV) show a
different path to oxidation. As shown in Fig. 12, the addition
of DNA to the liposome is still able to annihilate the lag time,
but the peroxidation yield is higher for PCULV alone than for
PCULY in the presence of DNA. In accordance with this result,
we could not observe any ternary complex, neither PCULV-

+ The result suggests that a dynamic process is operating when Mn** is
replaced by Fe**. Analogous results, with different displacement ratios,
are shown by different cations. Among the ones tested so far, Ni** shows
the higher displacement ability on Mn?*. These results will be published
later.
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Fig. 7 Dependence of the partition between DOPC-DNA-Mn*" and

DOPC-Mn?** complexes on temperature. The peak corresponding to the
ternary complex is the one at the lower ¢ value (after ref. 1).

0,7
(c)
0,6 1
0,54 (b)
—_ (]
£ 04
N
[32]
8 03 @)
<
0,2
0,14
| ]
ot T T
0 60 120 180 240 300 360 420 480

time (min)

Fig. 8 Peroxidation of samples of the ternary complex PCMLV-
DNA-Fe** at different temperatures. (a) 297 K; (b) 310 K; (c) 323 K.

DNA-Fe* nor PCULV-DNA-Mn*, by X-rays. In these cases
an intermediate complex, if it exists, must be very unstable.
Finally, as a latter contribution, Fig. 13 reports the results
of a peroxidation promoted by Fe** of linoleic acid and of a
mixture of linoleic acid and DNA. Both reactions reach almost
identical yields and show an absolutely analogous pathway in
the timescale of the typical experiments reported above. The
conclusion is that no catalytic effect by DNA is possible if no
complexation can take place.

The hypothesis that the effect of DNA on peroxidation is due
to its ability to form complexes with PCMLV in the presence
of Fe** seems to be well supported. Therefore, the question is
why these complexes are able to realise conditions for an easier
oxidizability of liposomes. Data found in existing literature
can help: in his work on the Fe?* induced lipid peroxidation
in phospholipid liposomes, Ohyashiki® found that addition of
AICl; stimulates peroxidation at physiological pH and shortens
the lag phase in a dose dependent fashion. This result has
been interpreted as being due to the influence of AI** in
promoting aggregation of the liposomes* to form liposomal
aggregates. In other words, it is possible that AI** ions bind
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versus temperature. (B) Plot of TBARS production by Fe** induced
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Fig. 10 Peroxidation of complex PCMLV-DNA-Mn?**. (a) No Fe?*
added; (b) Fe** added to reach a ratio [Fe*] : [Mn**] equal to 1;
(c) peroxidation of the control PCMLV-DNA-Fe?*. The initial mole
concentrations for all the experiments are: PCMLV = 4 mM; DNA =
8 mM; Mn** = 10 mM; Fe** = 10 mM.

to the liposomal surface* making a suitable arrangement of
phospholipids in the liposomes, which can suppress the phos-
pholipid chain movements. This concept was later reinforced by
the finding that the stimulatory effect of AICl; on Fe** initiated
lipid peroxidation in phosphatidylcholine liposomes was more
effective if AICl; was substituted by a lipophilic aluminium
complex, namely aluminium acetylacetonate,** which can be
incorporated into the liposomal membranes. The result of the
new arrangement consists of a strengthening of the packing
between the acyl chains in the lipid layer, with the consequence
of a higher crystallinity and an implementation of Fe** induced
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to growing amounts of Fe**.
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Fig. 12 Fe* induced peroxidation of mixtures of unilamellar vesicles
of egg yolk phosphatidylcholine: (a) no DNA added; (b) DNA added.
The mole ratio PCMLV : DNA is equal to 1.
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Fig.13 Fe* induced peroxidation of linoleic acid (a) and linoleic acid +
DNA (b). DNA induces a weak retarding effect.

peroxidation. The finding that lipid peroxidation increases by
increasing the concentration of the complex is in accordance
with the Ohyashiki result. As a matter of fact, an analogous
situation is realised in the PCMLV-DNA-Fe?* complexes. The
DNA added to samples of liposomes and Fe** is able to form
stable aggregates in which the hydrocarbon chains of the lipids
are able to rearrange giving rise to a regular semicrystalline
structure. In addition, it may be considered that a higher packing
leads to a stiffening of the lipid bilayers and then to a reduced
fluidity of the phospholipid chains, with the consequence
of an acceleration of the peroxidation itself. In the case of
the model ternary complex DOPC-DNA-Mn?, it has been



possible to ascertain® that a lowering in the bilayer undulations
occurs as a consequence of the condensation of DNA within
the lipid bilayers. This situation reduces the flexibility of the
lamellae in the complex and suppresses almost completely the
undulatory fluctuations. X-Ray data allowed us to calculate
the mean square amplitude (|z?|) of the layer fluctuation in
the DOPC liposome. Assuming that vesicles behave as liquid
crystalline systems, one must take into account that two different
contributions have a part in the total fluctuation: the thermal
term, which is related to the bilayers’ mean position and the
undulatory effect, which is due to fluctuation of individual
bilayers. Calculations led to the conclusion that the latter
contribution is almost completely annihilated in the complex
by the insertion of DNA helices between the lipid bilayers. In
other words, DNA allows only thermal fluctuation, significantly
reduces the fluidity and, by consequence, facilitates peroxidation
of the hydrocarbon tails. This result agrees also with literature
data that demonstrate the existence of a relationship between
membrane fluidity and the rate of peroxidation of lipid bilayers.*
An increase in the rate of peroxidation of arachidonic acid
in dipalmitoylphosphatidylcholine*** has been related to the
fluidity of the bilayers and it has been demonstrated** that in
relatively rigid bilayers, a minimal decrease in bilayer fluidity
results in a large increase of the rate of peroxidation; a result
which matches the experimental findings discussed in this paper.

Experimental
Chemicals

3-sn-Glycero-phosphatidylcholine from egg yolk, 99% chlo-
roform solution (PC), DNA from calf thymus, 4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), FeCl,,
trichloroacetic acid (TCA), 2-methylthiobarbituric acid (TBA),
butylated hydroxytoluene (BHT) and triphenylphosphine (TPP)
were purchased from Fluka. DOPC, DLPC and DPPC, 99%
chloroform solutions, were purchased from Avanti Polar Lipids.
All chemicals were analytical grade and used without further
purification. Bidistilled deionized water was used to prepare
solutions and emulsions.

Procedures

MLV liposomes were prepared from chloroform solutions of the
different phosphocholines, evaporating to dryness with a stream
of nitrogen gas and removing the residual solvent under vacuum.
The appropriate amount of HEPES solution was added in order
to reach a buffered pH = 7.2. The solutions were sonicated in
order to have MLV within the range of a 2 pym diameter. The
peroxidation experiments were done at a temperature range of
297 to 323 K and followed for six to eight hours. Solutions for
peroxidation experiments were prepared as already described*’
by adding 1 ml of a buffered aqueous solution of FeCl, to 1 ml
of a buffered solution of PCMLYV, for blank experiments on
simple liposomes; and by adding 1 ml of a buffered solution
of FeCl, to a preformed buffered solution made by 1 ml of
aqueous DNA and 1 ml of aqueous PCMLYV, for experiments
on PCMLV-DNA. For typical experiments, the concentration
of each reagent was calculated in order to have 4 mM samples
both on the MLV liposome and DNA and 10 mM on FeCl,;
the concentrations of DNA and the liposome being determined
as phosphates. The same molar ratios were normally used in
the preparation of complexes of DOPC and DLPC with Mn*".
Different ratios have been used in experiments aimed at studying
the influence of DNA concentration on peroxidation: details
referring to these experiments are reported in specific figure
captions. The extent of peroxidation at different time intervals
was assessed using the TBA reactivity method.” At the time
intervals indicated in the kinetic diagrams, the reaction was
stopped by adding 20 ul of BHT (20 mM in ethanol) and to
the resulting mixture was added 2.0 ml of an aqueous solution

of 0.1 M HCI, containing TBA (0.375%, w/v) and TCA (15%,
w/v). The final suspension was vortexed and incubated for
15 min at 363 K, cooled on ice and centrifuged for 7 min
at 3000 rev/min. The supernatant was checked at 532 nm on
a UV-Vis Uvikon spectrometer and the result expressed as a
thiobarbituric acid reactive species (TBARS). The TBA reaction
was not influenced by the buffer system. Before doing Fe®
catalysed peroxidations, it was checked that no TBARS were
detected from simple PCMLV and PCMLV-DNA incubated
with oxygen in the absence of Fe**, and from simple DNA in the
absence and in the presence of Fe**, within 8 hours.

SAXS experiments

SAXS analysis of the mixture of supramolecular structures
shown in Fig. 4 was carried out at ID02 beamline at the
European Synchrotron Radiation Facility, Grénoble, France.
The wavelength of the incident beam was 4 = 0.99 A (12.5KeV),
the distance sample-detector was set at 1.2 m. The diffraction
patterns were collected by a 2D CCD detector. Measurements
were performed at room temperature and a maximum exposure
time of 6 sec/frame was used to avoid radiation damage.

EPR and displacement determinations

We started measuring the EPR spectrum of an aqueous solution
of Mn** buffered at pH = 7.2 containing 0.4 moles of Mn?>* per
liter. To different aliquots of this solution, mixtures of DNA
and DOPC were progressively added in order to reach final
concentrations equal to 0.92 and 1.30 mM, respectively. At
these concentrations, no hyperfine structure for free Mn was
detected. The volume of each sample was equal for all the
determinations in order to maintain the same initial concen-
tration on Mn?*. Assuming the height of a line is proportional
to Mn** concentration, the value 100 was attributed to the EPR
spectrum corresponding to totally free Mn and 0 to the com-
pletely bound Mn identified by a lack of any hyperfine structure
in the spectrum. Each intermediate intensity of the EPR lines
corresponds to a definite value of free Mn**. The calibration
curve for the Fe?* displacement determinations has been drawn
by adding increasing amounts of FeCl, solutions to an aqueous
solution of the complex PCMLV-DNA-Mn?** with the Mn*
completely bound (no hyperfine structure shown). Final con-
centration ratios [Fe**] : [Mn?*] from 0.5 to 1.5 were checked
and the free Mn?* displaced was reported as a corresponding
percentage on the total Mn>*present.
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