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In the present work, Langmuir monolayers were used to
study the interaction of putrescine (a cationic antioxi-
dant) with anionic charged membranes (1,2-dioleoyl-sn-
glycerol-3-phosphate) under oxidative stress caused by
the presence of ozone in the water phase. Calcium ions
and acidic environment were used to compare the elec-
trostatic and antioxidant effects of putrescine with those
of an inorganic cation. It has been shown that the main
role of putrescine in protecting systems against oxida-
tion is its rapid reaction with ROS. The initial rate of ROS
neutralization rose as the concentration of putrescine in-
creased. No such reaction was observed for calcium ions.
The consequence of putrescine’s ozone removal was
lesser lipid destruction that depended on the pH condi-
tions.
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INTRODUCTION

In spite of many actions directed at reduction of high
ozone concentrations in the environment, they are still
reaching levels that are potentially damaging to the crop
production in several regions of the world (Rebougas
et al, 2017). As a strong oxidant, stimulating oxida-
tive stress, ozone decomposition in the apoplast gener-
ates various reactive oxygen species ROS, mainly singlet
oxygen (10,) and superoxide (O,”) Moller ez al., 2007).
Membranes are one of the cellular components reacting
to the oxidative stress and damage of their structure can
even lead to cell death (Demidchik, 2015). Rapid elimi-
nation of ROS excess can provide effective protection of
cellular elements against oxidative stress. The antioxida-
tive ability of substances belonging to the group of an-
tioxidants relies on, among others, their competitiveness
against other biomolecules to react with ROS. The initial
rate of the antioxidant — ROS reaction (usually difficult
to determine), in particular in relation to processes tak-
ing place in cells, is the most important for proper esti-
mation of the antioxidative efficiency.

Among antioxidants protecting cell membranes, pol-
yamines acting as cations can affect the membranes’
structures through electrostatic interactions with nega-
tively charged phospholipid groups of lipids (Roychoud-
hury e/ al., 2011; Rudolphi-Skérska e al., 2014). Changes

in the content of polyamines in plant cells under the
influence of environmental stress have been studied by
many authors. With regard to putrescine (Put), its con-
centration can increase several times. Grzesiak and oth-
ers (Grzesiak ef al., 2013) had shown that under drought
conditions the level of putrescine increased from 0.05
to 0.3 umol/g of fresh mass (approximately 5X10-5 M
to 3X10-* M), which corresponds to concentrations ap-
plied in a model system. Similar Put concentrations were
recorded by Langebartels and others (Langebartels ef al,
1991) in tobacco seedlings (especially the tolerant culti-
vars) treated with ozone.

However, more detailed explanation of the role of
polyamines present in the aqueous phase (cytosol, apo-
plast) is possible only with the use of model systems
(Rudolphi-Skérska & Sieprawska, 2016). The impact of
oxidative stress (induced by ozone) on the lipid mem-
brane in the presence of polar and nonpolar antioxidants
was determined in such systems (Rudolphi-Skorska e af.,
2016; Rudolphi-Skorska ez al., 2018). Here, we show the
results obtained for the next group of compounds fulfill-
ing protective functions, i.e. polyamines.

In the work presented here, a model system was used
to: 1) quantify the effectivity of ozone removal from
aqueous environment by determining the initial rate of
reaction of putrescine with ozone, 2) detect the action
of this polyamine in the model system: phospholipid
membrane exposed to the ozone stress; 3) estimate the
impact of lipid layer surface charge alteration (by adsorp-
tion of divalent cations of Put and calcium, and pH) on
both: oxidant removal from the aqueous phase and lipid
layer oxidation.

MATERIALS AND METHODS

Materials. 1,2-dioleoyl-sn-glycero-3-phosphate (DOPA)
— Avanti Polar Lipids Inc. (USA/Canada); putrescine
(Put), Ca(NO,), — Sigma; solvents (chloroform, ethanol)
of p.a. — POCh (Poland); freshly deionized water pro-
duced by HLLP 5 Hydrolab (Poland).

Ozonation of the water phase. Ozone generator F'M
500 (Grekos, Poland) was used to produce ozone from
pure oxygen. 0.01 mol dm-3 phosphate buffer (pH 7) or
1 mmolXdm= HNO, solution (pH 3) was saturated with
ozone and the speclﬁc ozone concentrations were ob-
tained by appropriate dilution. Concentration of ozone
was determined spectrophotometrically (Evolution 201,
Thermo Scientific) using indigo trisulfonate carmine, ac-
cording to (Bader & Hoigne, 1981).

Reaction of putrescine with ozone in the water
phase. Kinetics of the reaction of Put with ozone were
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Figure 1. The dependence of the initial ozone decay rate on initial ozone concentration in aqueous solutions containing:
1) phosphate buffer (PB), 2) PB+10-*mol dm- Ca(NO,),, 3-6) PB+Put at concentrations: 2%, 5%, 10x and 30x10-¢ mol dm-3, respectively.
Inset: an example of the set of directly measured ozone concentrations as a function of reaction time for various initial ozone levels.

determined by measuring the ozone concentration in
samples removed from the reaction mixture at defined
time intervals. Time zero corresponded to the moment
of mixing the Put solution with ozonised solutions of
phosphate buffer (pH=7) or HNO, (pH=3) to obtain
the final Put concentrations in the range between 2X10-¢
to 3X10-> mol dm3. The dependencies of ozone concen-
tration on the reaction time were fitted to exponential
functions (inset in Fig. 1). The slopes of these functions
at time zero were taken as a measure of the initial reac-
tion rate and are presented in the form of dependence
on initial ozone concentrations at a defined initial Put
concentration (Fig. 1).

Surface Pressure Isotherms. Langmuir trough of the
surface area of 243 cm? (KSV, Finland) was used for sur-
face pressure isotherm registration at constant compres-
sion rate corresponding to 5 mm/min barrier movement.
Lipid monolayer was formed by spreading an appropti-
ate amount of chloroform solution of DOPA (1 mg/
cm?) on the aqueous phase of a specified composition.
Surface tensions were measured with a Pt-Wilhelmy
plate. Experiments were performed at 25°CE1°C. 9 to
12 isotherms were made for each system that served as
the basis for deriving the dependence of lipid monolayer
damage in the presence of ozone.

Liposome Preparation and Characterization. Li-
posomes were prepared according to a classic proce-
dure. The lipid film, dissolved in chloroform, coating
the wall of a round-bottomed glass tube was dried un-
der an argon stream. The dried material was then hy-
drated with pure phosphate buffer (pH=7) or HNO,
(pH=3) and also with addition of 3X10-molxXdm™
Put or 10 molXdm-! calcium ions, and vortexed.
The resulting liposome suspension was extruded us-
ing a polycarbonate membrane. Electrophoretic mo-
bility was determined using the dynamic light scat-
tering method (DLS) with the use of Malvern Zeta-
sizer Nano ZS. The mobility values were converted
into zeta potentials using the Smoluchowski equation.
Each liposome suspension was performed three times.
The results present a Zeta potential value of a mini-
mum of 10 replicate measurements. The data are pre-
sented as mean *S.E.

RESULTS AND DISCUSSION

Ozone removal from aqueous solutions in the absence
and presence of Put and possible influence of Ca ions
was analyzed on the basis of the results presented in
Fig. 1 where the dependence of the initial rate of ozone
decay on its initial concentration in 0.01 mol dm= PB
buffer (pH 7) is shown.

The results presented in Fig. 1 show that ozone dis-
solved in the buffer solution and in the presence of Ca
ions decomposes many times more slowly than in the
presence of Put at the studied concentrations. The rate
of ozone depletion increases with increasing initial con-
centration of Put. This indicates that Put’s presence is
important for the ozone removal in the early periods of
appearance of this oxidant in the aqueous solution. The
obtained results may indicate that the increased Put syn-
thesis that occurs in plant cells under stress conditions
may be important in the antioxidative protection of cells
(Alcazar et al., 2010; Pandolfi et al., 2010). Such effects
were not found for calcium ions, whose presence only
slightly affected the rate of ozone removal in compari-
son to the control conditions (buffer).

The importance of Put’s presence for protection of
membranes exposed to the ozone action was demon-
strated by analysing the results obtained for the system
in which lipid layers were spread on aqueous subphase
containing dissolved ozone. Langmuir isotherms were
registered in the presence and absence of Put at a con-
stant initial concentration equal to 3X10° mol dm?, for
which the most efficient elimination of ozone from the
water phase was obtained (Fig. 1). To model a negatively
charged membrane, DOPA monolayers were used. On
the basis of the isotherms registered at different concen-
trations of ozone in the water environment, the physico-
chemical parameters characterizing the monolayer were
determined. Similarly as in our previous papers (Rudol-
phi-Skérska e al, 2017; Rudolphi-Skorska e/ al.,2018),
the degree of oxidation of lipid layers was expressed by
the ratio of the formal area per molecule of the oxidized
layer corresponding to 1 mN/m surface pressure (A) to
the area per molecule in non-oxidized lipid layer exhib-
iting the same pressure (A’). The values of A and A are
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Figure 2. The dependence of the ratio of formal area per molecule in the oxidized (A) to the area in non-oxidized (A°) DOPA mono-
layers exhibiting 1 mN/m surface pressure on initial ozone concentration.

(a) water phase of pH 7: 1) phosphate buffer (PB); 2) PB+3x10-*molxdm-3 Put; 3) PB+10-*molxdm- Ca(NO,),; 4) PB+103molxdm-Ca(NO,),;
(b) subphase of pH 3: 1) Tmmolxdm-3 HNO;; 2) HNO,+3x10-Smolxdm-3 Put; 3) HNO,+10-*molxdm-3Ca(NO,),.

called lift-off areas. The A/A" ratio can be treated as a
measure of a change in the amount of lipids capable of
forming a monolayer. Results obtained for DOPA layers
are presented in Fig. 2a, for pH=7, and in Fig. 2b, for
H=3.
b Our previous papers on lipid layer oxidation (Rudol-
phi-Skérska er al, 2017; Rudolphi-Skérska e7 4l,2018)
have proven that for various lipids the dependence of
the lift-off areas’ ratio on applied ozone concentrations
can be described by a S-shape function whose features
reflect: i) the threshold level of the oxidant above which
oxidation leads to a significant loss of lipids capable of
maintaining the membrane integrity (the ozone concen-
tration corresponding to half of height of A/A" = f (O,
concentration) dependence; and ii) the state of the oxi-
dized monolayer formed under the action of higher oxi-
dant concentrations, tepresented by plateau A/A" values.

At pH 7, in the absence of any additions to the buf-
fer, the threshold ozone content above which the DOPA
monolayer is disrupted, is about 0.15 ppm which is
slightly higher than in the presence of Ca ions (Fig. 2a).
Addition of putrescine to the solution results in a signifi-
cant shift of the threshold ozone level up to about 0.45
ppm (which means that the membrane’s resistance to
damage in the presence of put increases threefold). The
plateau value of the A/AY ratio is equal to 0.60 (buffer)
showing that much of the lipids remained able to form a
monolayer after oxidation. A small decrease in this value
(to 0.56) was observed in the presence of both, Put and
10~ Ca ions.

Higher calcium salt concentration (103 molXdm= — at
the limit of solubility) leads to a decrease in the plateau
A/A" value, indicating a substantial destruction of the
oxidized layer. This effect is associated with the possibil-
ity of a loss of layer integrity due to the appearance of
calcium salt microcrystallites. A similar influence of mi-
croheterogenicity on the lipid membranes was observed
in the system of silica nanoparticles/DMPC (Roiter e/ al.,
2008).

The experiments presented here show that Put’s
protective actions do not depend on electrostatic inter-
actions. A comparison of Put and Ca allows to under-
stand that although both ions have the same electrostatic
charge, only Put increases the monolayer’s ability to re-
sist the ozone destruction. This is due to the different
effects of Put and Ca on the ozone distribution in solu-
tions and this shows that Put acts as a ROS-scavenger.

A significant shift in the threshold value in the pres-
ence of Put, without meaningful changes in the A/
A0 plateau value, indicates a similarity in the action of
this substance to other effective antioxidants (Rudol-
phi-Skoérska ef al., 2018). In the studied systems, the shift
in the threshold ozone level correlates with effectiveness
of the ozone removal from the water phase. This ad-
ditionally confirms that Put works by scavenging ROS.

Since the degree of ionization of the studied molecules
changes with pH, analogous experiments were done for
solutions of pH 3 (Fig. 2b). Ionization constants taken
from the website of the lipids’ producer (Avanti Lipids)
show that the charge of DOPA molecules that is
e —1 [au] at pH 7 changes to —0.5 at pH 3. Charging

of the DOPA layer is additionally diminished in the

presence of Ca*? and Put*? cations, as indicated by

the values of electrokinetic potentials of DOPA li-

posomes under studied conditions:

e at pH 7: =100£4.3 mV in pure buffer, —92.4+/-4.9
in presence of 3xX10-molXdm Put and —74.6+/-5.7
mV with addition of 10~ molXdm-! calcium ions;

e at pH 3: -77.84/-57 mV in 1 mmolxXdm acid;
—58.4+/-6.2 mV in presence of 3X10- molXdm!
Put*?and —47.34+/-5.1 mV with 10~ molxXdm~'Ca?*.
The measurements performed at pH 3 show that acid-

ification of the water phase did not influence the sur-

face pressure isotherms of DOPA monolayers. A similar
lack of acidification effect on the shape of isotherms for

DPPA monolayers was shown by Zhang e al (20106),

indicating that phosphatidic acid does not decompose

under slightly acidic conditions. Ozone threshold con-
centration, at which DOPA layer deposited at pH 3 re-
sponded to the oxidant’s presence, was equal to 0.1 ppm
with no influence of Ca, whereas Put’s addition slightly
shifted this value to about 0.15 ppm (Fig. 2b). Signifi-
cantly smaller A/A" plateau values (equal to 0.22 for
DOPA and about 0.3 in the presence of Put and Ca)
that were found for acidic conditions indicate a strong
destruction of the lipid layer oxidized at pH 3. In case
of this pH, an important factor is the rate of ozone de-
composition. Under these conditions, ozone lasts many
times longer in a solution and therefore the amount of

O, molecules reacting with lipids that build the mem-

brane is much higher over time. Similar observation on

ozone decay in acidic solutions was also reported by

Gardoni and others (Gardoni e¢# al., 2012). Thus, slower

ozone decomposition goes with lower values of thresh-
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old ozone concentration and its smaller shift in Put*®’s
presence.

CONCLUSIONS

Many articles have shown a significant increase in the
concentration of putrescine in plant cells exposed to fac-
tors that stimulate oxidative stress. The results presented
here were obtained for a model system and show that
Put is part of an effective mechanism protecting cell
components against excessive ROS. The obtained re-
sults indicate that despite the fact that polyamines have a
positive charge (membrane lipids usually have a negative
charge), the mechanism of their protective role is not
related to electrostatic interactions. The protective effect
of these compounds is mainly based on their ability to
act as a low-molecular weight antioxidant and the effec-
tiveness of these compounds is comparable to the action
of polyphenols — the most commonly described antioxi-
dants in the literature.
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