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Abstract: Plant plasma membranes are known to produce superoxide radicals, while
the production of hydroxyl radical is thought to occur only in the cell wall. In this
work it was demonstrated using combined spin-trap and spin-probe EPR spectro-
scopic techniques, that plant plasma membranes do produce superoxide and hydro-
xyl radicals but by kinetically different mechanisms. The results show that superoxide
and hydroxyl radicals can be detected by DMPO spin-trap and that the mechanisms
and location of their production can be differentiated using the reduction of spin-pro-
bes Tempone and 7-DS. It was shown that the mechanism of production of oxygen
reactive species is NADH dependent and diphenylene iodonium inhibited. The ki-
netics of the reduction of Tempone, combined with scavengers or the absence of
NADH indicates that hydroxyl radicals are produced by a mechanism independent
of that of superoxide production. It was shown that a combination of the spin-probe
and spin-trap technique can be used in free radical studies of biological systems,
with a number of advantages inherent to them.

Keywords: maize plasma membrane, EPR, spin-trap, spin-probe, superoxide, hyd-
roxyl radical.

INTRODUCTION

Oxygen free radicals have been shown to be produced by a multitude of cellu-
lar mechanisms in various organelles and enzymatic reactions.! In plants besides
intracellular, plasma membrane and apoplastic sources of reactive oxygen species
(ROS) have been shown to exist and be involved in phenomena such as the oxida-
tive burst, considered to play a role in signaling, stress response, growth and devel-
opment.2:3 The production of extracellular activated ROS in plants may be medi-
ated by the activity of enzymes located in the plasma membrane or in the apoplast.
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Plant plasma membranes are known to produce superoxide radicals, while the pro-
duction of hydroxyl radical, previously detected in complex plant tissues, is
thought to occur in the cell wall, as was recently demonstrated.# Studies of purified
plasma membranes have demonstrated the presence of NAD(P)H-superoxide
synthase activity in cells of numerous plants.5>~7 On the other hand, the involve-
ment of plasma membrane peroxidase activity in ROS generation has also been
demonstrated.® Hence, it has not been unequivocally determined whether supe-
roxide is produced extracellulary by membrane bound superoxide synthase or cell
wall peroxidase(s). To the best of our knowledge, there are no reports, showing the
production of "OH radicals by isolated plant plasma membranes.

The detection of short-lived free radicals is a difficult task, even in pure free
radical generating chemical systems. It is more cumbersome in biological systems,
since these regularly produce more than one free radical species and their presence
results in some methodological limitations. For example, the frequently used
superoxide probe lucigenin should not be used, since it has been shown that it itself
can generate ‘O, in the presence of flavoprotein reductases or other enzymatic re-
ducing systems.? Other assays of ‘'OH and "O,™ radicals, such as nitroblue tetrazo-
lium reduction and cytochrome ¢ reduction, suffer from the disadvantages of ques-
tionable specificity and low sensitivity.!9 Due to this, the use of the EPR technique
of spin-trapping has an illustrious history in detecting ‘OH and ‘O, in biology and
chemistry. Although frequently used in investigations of free radical production in
animal systems, the spin-trapping technique has seldom been used in plant sys-
tems. To date only three studies have been performed.%11:12 one of them on iso-
lated membranes in which a spin-trap sensitive to only ‘O, radicals was used.
Thus, we used the frequently employed DMPO spin-trap to investigate the free
radicals produced by isolated plant cell plasma membranes. The EPR spectra of the
DMPO/OOH and DMPO/OH adducts have different hyperfine splitting constants,
which provide a means to distinguish between the spin-trapping of ‘'OH and ‘O~
free radicals.!3 However, analysis of the kinetics and mechanisms is hampered by
the well known problem associated with the reduction of once trapped adducts by
free radicals freshly released from the membrane!4 and transformation of the OOH
adduct to the OH adduct.!3 To overcome these obstacles, nitroxide spin-probes
were used instead of spin-traps. These probes are themselves free radicals and their
reaction with the free radicals produced by the membranes reduces them to
hydroxylamines, which can be readily detected from the diminished intensity of
their EPR spectra. The reduction of nitroxides in biological systems has been stud-
ied in detail, 1618 but these studies were mostly aimed at elucidating the site of rad-
ical production within cells and not to distinguish the different types of free radi-
cals. Combining the two approaches, it was shown in this study that it is possible to
differentiate between the oxygen radical species released by the membrane and to
determine the kinetics and mechanisms involved.



FREE RADICALS IN PLASMA MEMBRANES 179

EXPERIMENTAL
Plasma membrane isolation

Inbred line VA35 of maize (Zea mays L.) was used. The seeds, germinated 3 d on water, were
grown for 14 d on a modified Knopp solution, the concentrations of NO;” and NH, " being 10.9 and
7.2 mM. The plants were grown in a controlled environment under a 12 h light/dark regime at 22/18
°C and relative humidity of 70 %. The plasma membranes were isolated as described previously.’
The cut roots were ground in cold grinding buffer (250 mM sucrose; 3 mM EDTA; 50 mM Tris-HCI,
pH 7.5; 1 mM DTT; and 10 % w/v glycerol) with a chilled mortar and pestle. The microsomal frac-
tion obtained from the homogenate (10 min at 12,000 g and 30 min at 100,000 g) was washed and
suspended in phase buffer (5 mM K-phosphate buffer, pH 7.8; 330 mM sucrose; 3 mM KCl) in order
to purify the plasma membranes by three steps of phase partitioning in a two-phase system (6.5 %
(w/w) dextran T 500, 6.5 % (w/v) polyethylene glycol 335, 330 mM sucrose, 3 mM KCI, 5 mM
K,HPOy, pH 7.8). The final upper phase was diluted (2 mM Tris-HCI, pH 7.5, 250 mM sucrose) and
centrifuged. The resulting pellet, containing purified plasma membranes, was resuspended in the
same buffer to give a final concentration of 3—4 mg of protein per ml and stored at —60 °C. The re-
sults presented were obtained from 4 independent membrane isolations.

Sample preparation

The spin-trap DMPO (5,5-dimethyl-1-pyrroline N-oxide) was purchased from Sigma-Aldrich
Chemical Co. (St. Louis, MO, USA). It was purified by a standard procedure.!® DPI (diphenylene
iodonium) was purchased from Sigma and NADH was purchased from BDH; only freshly prepared
solution was used to avoid auto-oxidation. Authentic DMPO/OH and DMPO/OOH spin adducts
were generated by hydroxyl and superoxide generating systems, respectively. The hydroxyl radicals
were generated in a Fenton reaction system consisting of 0.5 mM H,0, and 75 uM Fe?", the stock
solution of FeCl, being prepurged with N, to ensure that only Fe?" was present in the reaction sys-
tem. Superoxide radicals were generated in a hypoxanthine/xanthine-oxidase system (HX/XO) con-
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Fig. 1. (a) Formation of hydroxyl and superoxide adducts of DMPO. (b,c) Structures of Tempone
and 7-DS, respectively.
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sisting of 0.4 M hypoxanthine and 0.4 i.u/ml of xanthine oxidase (Sigma) dissolved in a 50 mM
HEPES buffer.20

A standard membrane sample preparation consisted of 2.75 mg protein/ml of membranes, 3.3
mM NADH, in 50 mM HEPES buffer, pH 7.5. The concentration of DMPO was 240 mM in all ex-
periments. All preparations for the spin-trapping experiments, except the Fenton system, included 1
mM of the chelating agent DETAPAC (diethylenetriamine pentaacetic acid) to ensure that trace
metal impurities (especially iron) were removed. Nitroxide spin-probes (Fig. 1b, ¢) Tempone
(2,2,6,6-tetramethylpiperidine-N-oxyl-4-one) and 7-DS (2-(5-carboxypentyl)-2-undecyl-4,4-dime-
thyloxazolidine-3-oxyl) were purchased from Molecular Probes, (Junction City, OR, USA).

EPR spectroscopy

The EPR spectra were recorded at room temperature using a Varian E104-A EPR spectrometer
operating at X-band (9.51 GHz) using the following settings: modulation amplitude, 2 G; modula-
tion frequency, 100 kHz; microwave power, 10 mW; scan range, 200 G. The spectra were recorded
and analyzed using EW software (Scientific Software). Spectral simulations were performed using
WINEPR Simfonia (Bruker Analytische Messtechnik GmbH).

RESULTS AND DISCUSSION

Figure 2a shows the EPR specrtum of the DMPO adduct obtained in the radi-
cal generating Fenton system; it is typical for the DMPO/OH adduct.2! Figure 2b
shows that the half-life of the trapped DMPO/OH adduct is rather long, which is
consistent with its reported half-life of about 2 hours.22
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Fig. 2. (a) EPR spectrum of the DMPO/OH adduct obtained by performing the Fenton reaction in
the presence of DMPO; reaction time = 60 min. The dashed line is a computer simulation of the
spectrum using the following parameters: ay = 14.9 gauss, ayy = 14.9 gauss.2! (b) The time
course of the DMPO/OH formation and disappearance in the Fenton system. The relative inten-
sity was obtained by measuring the peak-to-peak line height of the adduct.

Figure 3 shows the EPR spectra of the DMPO spin adducts obtained in the
HX/XO radical generating system. Although the HX/XO system is supposed to pro-
duce only ‘O, radicals, it is obvious that the EPR signal does not originate only from
the DMPO/OOH adduct, but also from the DMPO/OH adduct. The signal of the
DMPO/OOH adduct decreases with time whereas that of the DMPO/OH adduct in-
creases, which, of course, does not imply that HX/XO system produces "OH radicals,
but shows the well known OOH/OH adduct transformation!3 depicted in Fig. 1a. It
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is difficult to assess the kinetics of the transformation and the kinetics of natural de-
cay of the individual species directly from the peak heights since the EPR spectra of
the two adducts have a different number of lines. Double integration of EPR spectra
can provide information on the total amount of trapped radicals, but the sig-
nal-to-noise ratio prevents an accurate deconvolution of the individual components
of spectra. Therefore spectral simulation was used to assess the relative amounts of

adducts and the curve in Fig. 3d shows that the transformation is rather rapid.
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Fig. 3. EPR spectra of DMPO adducts generated in the HX/XO reaction system in the presence of
DMPO at =2 min (a); =20 min (b); =35 min (c). The dashed lines are computer simulations
of the spectra using ay = 14.9 gauss, ay = 14.9 gauss for the OH adduct and ay = 13.83 gauss,
app = 11.19, ag, = 1.15 gauss for the OOH adduct?! using the ratio of OOH/OH adducts equal to
78:22 (a), 67: 33 (b), and 33: 67 (¢). (d) Time course of the DMPO/OOH-to-DPMO/OH ratio
produced in the HX/XO system. The relative intensity was obtained from spectral simulation of
these adducts (see Figs. 3a—c).

The spectra of the DMPO adducts in the presence and absence of plasma
membranes are show in Figure 4a and 4b, respectively. It is obvious that a negligi-
ble amount of free radicals is present in the system without plasma membranes
(Fig. 4b). In the presence of plasma membranes, the spectrum includes lines from
both the DMPO/OOH and DMPO/OH adducts. Their individual amounts and their
ratio remained the same over a 60 min time period (Fig. 4c). The data in Fig. 4c im-
ply some kind of steady state, however, the system is a non-steady state one and the
analysis of this feature is fairly complex. The almost constant concentration of the
DMPO/OOH adduct is a consequence of the equilibrium achieved by its produc-
tion and disappearance through transformation into DMPO/OH and through its
natural decay. The DMPO/OH adduct can arise from two independent sources: i)
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Fig. 4. EPR spectra of a standard plasma membrane preparation including 3.3 mM NADH and
DMPO. (a) EPR spectrum of the trapped radicals obtained at # = 50 min. The dashed line is a
computer simulation of the spectrum using the same parameters as in Figs. 1 and 2 and the ratio
of OOH/OH adducts equals to 67:33. (b) The spectrum showing the trapped radicals under the
same conditions as in (a), but in the absence of membranes. (¢) Kinetics of DMPO/OOH and
DMPO/OH adducts. The relative intensities were obtained from spectral simulation of the EPR
spectra.

membrane production of ‘OH radicals and ii) OOH/OH transformation. This
should lead to a continuous increase in the amount of DMPO/OH adducts, since
their natural decay is slow (Fig. 2b) compared to both processes leading to their
production. The probable explanation for the absence of such an increase is the re-
duction of already trapped DMPO/OH adducts by ‘O, radicals.?2

The results shown in Fig. 4 clearly demonstrate that it is feasible to use DMPO
for detecting and distinguishing between the oxygen free radicals produced by
plasma membranes. There is little doubt that the energized membranes are capable of
producing ‘O, radicals,3-7-11 but the problem remains whether there is an independ-
ent production of ‘'OH radicals. Our results would argue in favor of such an assump-
tion; however it is virtually impossible to analyze the mechanisms of the production
of radicals using the data shown in Fig. 4. For example, the analysis of the produc-
tion of DMPO/OH adducts would require knowledge of the rate constants of at least
three independent reactions. In addition, the detection of DMPO/OH adducts, apart
from the OOH/OH transformation, does not necessarily imply authentic production
of "OH radicals by the plasma membranes, bacause significant levels of "'OH could be
formed through the reaction of H,O, with Fe2*, which is generated by the reduction
of Fe3* by ‘0,212 For this reason, in almost all studies, specific inhibitors and/or
scavengers were employed to clarify the mechanism of free radical produc-
tion.3:47.12 However, the application of inhibitors further diminishes the sig-
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Fig. 5. Reduction of nitroxide spin labels in the presence of isolated membranes. (a) Reduction of
Tempone and 7-DS nitroxides (37 uM) in a standard membrane preparation (7-DS-to-membrane
lipid ratio: 1:100). (b) Kinetics of the reduction of Tempone in a standard membrane preparation
and in the presence of 0.1 mM of DPI. The straight lines represent the deconvolution of the over-
all kinetics into two exponential components. (c) Kinetics of the reduction of Tempone in a stan-
dard membrane preparation in the presence of thiourea (1 mM) and in the absence of NADH.

nal-to-noise of the EPR spectra of trapped radicals, thus increasing the difficulties in
spectral simulation and the hinderance of OOH/OH adduct transformation is not re-
moved. Novel spin-traps DEPMPO and EMPO, the adducts of which are more sta-
bile and have a slower OOH/OH adduct transformation20-23 can be used instead of
DMPO (work in progress) and alleviate problems associated with the quantitative
assessment of trapped radicals. However, their adducts also are not immune to reduc-
tion by membrane produced free radicals and still represent a rather complex system
for investigating of the production of free radical species.

These results imply that an additional approach has to be used. Spin probes ap-
pear to be capable of complementing the above-presented spin trapping studies.
Spin probes are themselves free radicals, which can be reduced to hydroxylamines
by membrane produced free radicals. Such an approach has several advantages: 7)
spin-probes can be reduced by both “OH and ‘O,~,24 but there are no processes
analogous to OOH/OH adduct transformation, #7) spin-probes exhibit an intense
EPR signal allowing quantitative analysis due to the high signal-to-noise ratio, i)
localization of production of free radicals is possible, since spin-probes located in
or excluded from the membranes can be used.16:17

Figure 5a shows the very slow reduction of membrane-residing 7-DS relative
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to the reduction of Tempone, which is known to reside almost exclusively outside
the membranes. These results suggest that free radical are readily released from the
membrane inducing rapid reduction of Tempone, and that only a minor portion of
them remains in the membrane long enough to reduce 7-DS. Tempone can readily
cross the membrane, however, the kinetics of reduction shown in Fig. 5a implies
that the amount of Tempone reduced within the membrane is negligible as com-
pared to the rate of reduction caused by membrane released radicals.

Figure 5b shows the complex kinetics of Tempone reduction, which can be
deconvoluted into two componenets using double exponential decay. This implies
that plasma membranes have a complex system of simultaneous production of both
the superoxide and hydroxyl radical species. DPI decreases significantly the fast
component (Table I) indicating that DPI is capable of inhibiting at least one of the
sources of ROS production. In the literature, it is disputed as to whether DPI inhib-
its only the superoxide synthase in the plasma membranes, or whether it is also ca-
pable of inhibiting a peroxidatic mechanism of ROS production at higher DPI con-
centrations,’-25 such as those used in the present experiments. Here, it is demon-
strated that two of the possible sources of ROS can be kinetically differentiated
with specific kinetic constants, which indicates that DPI primarily inhibits one
ROS production mechanism, presumably by inhibiting superoxide synthase medi-
ated production of "0, radicals.!0

TABLE I. Rate constants of Tempone reduction in plasma membrane system

Sample Fast component /s’! Slow component k/s™!
Membranes with NADH 0.122 0.0085
Membranes with NADH and DPI 0.065 0.0096
Membranes without NADH 0.018
Membranes with NADH and thiourea 0.015

Figure 5c shows that the decay of the Tempone signal in the presence of the
hydroxyl scavenging reagent thiourea, as well as in the absence of NADH in the
system follows a first order decay, indicating the presence of a single radical in
both cases. This validates our experimental approach, showing that the reduction
of spin-probes can be used in studies of the production of free radicals in biological
systems. In de-energized membranes (absence of NADH), species capable of re-
ducing nitroxides are still present, showing that such membranes still produce
ROS (most probably only the ‘OH radical). The kinetic constants obtained (Table I)
are not the same as those of the slow component obtained with standard energized
membranes, as well as in the presence of "OH quencher (thiourea), arguing in fa-
vour of the existence of a number of different mechanisms of the production of
ROS in the plasma membranes producing ‘O, and "OH. Thus, the selecitve inhibi-
tion of one of them does not completely stop the production of such radical species.
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CONCLUSIONS

The spin-trap technique, using DMPO enabled the detection of two oxygen
radical species (‘O,~ and "OH) produced by plant plasma membranes. However,
due to the low signal-to-noise ratio and OOH/OH adduct transformation, inhibitors
and/or free radical scavengers could not be employed and the mechanisms of pro-
duction of the radicals were impossible to analyse. Reduction of spin-probes
Tempone and 7-DS was used to complement previous studies. Using these spin-pro-
bes, it was shown that oxygen free radicals are quickly released from the mem-
branes or more probably they are produced at the surface of the membranes. The
complex kinetics of Tempone reduction showed that plasma membranes have a
system for the simultaneous production of both superoxide and hydroxyl radicals.
Also, the combination of spin-probe reduction with the application of various in-
hibitors showed that two independent sets of mechanisms are probably responsible
for the production of these two radical species. While the production of "O,~ radi-
cals has previously been shown to be possible by the plasma membranes in more or
less appropriate experimental procedures, ‘OH production has not been previously
demonstrated. The fact that it is demonstrated here shows that the combination of
the spin-probe and spin-trap technique is very effective for the study of free radical
species produced in biological systems.

Acknowledgement: This work was supported by grants OI-1934 and 1928 from the Ministry of
Science and Environmental Protection of the Republic of Serbia.
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TTPOYYABABE CIIOBOJHUX PAJVKAJIA KOJE ITPOM3BOJE ITNTASMA
MEMBPAHE BUIbAKA METOJJOM CITMHCKHMX XBATAIIA 1 ITPOBA

MUJIOW MOJOBUR!, UBAH CITACOJEBUR 13, MUPJAHA BYJIETURZ, KEJbKO BYUMHUES u
TOPAH BAUWR!

I(Dalcy/uﬁeu_,t 3a Gusuuxy xemujy, Ynueepauiteiti y beozpady, i. tip. 137, 11000 Geozpao, 2I/IHcmuu7ym 3a KyKypy3
"3emyn IMowe", beozpao u > Llenitiap 3a myattiuoucyuiiaunapte citiyouje Ynueep3auiteiia y beozpaoy, u. ip. 33,
11020 Beozpao

ITo capa je mokaszaHoO f1a mIa3Ma MeMOpaHne Omibaka MPOW3BOJIE CYNIEPOKCHIHE pajiuKale,
JIOK ce CMaTpallo Jia ce NPOM3BO/IH-a XUAPOKCUITHUX PajinKajia Offurpasa caMo y heimjckom 3upy.
Y oBome pajy, ynorpe6oM EPR crieKTpockonuje METO[OM CIIMHCKMX XBaTaja 1 mpoda, Mmoka-
3aHO je Jla I1a3mMa MeMOpaHe NPOM3BOJIC U CYTIIEPOKCUJTHE U XUIPOKCUITHE PaIUKAJIe U TO MyTeM
KMHETHYKHN pa3IMIuTuX MexaHn3ama. Haim pesynratu nokasyjy a ce CyepoKCHIHH U XUAPO-
KCHJIHM pajiiKajin MoOry ferekToBatu nomohy DMPO crnmHCKOT XBaTaja M jjla MEXaHU3MH U
JIOKalyja MPOU3BOJIE pajiukaia Moxe o6utn ogpebena nmomohy penykumje CMHCKUX mpoda
Temmnona u 7-DS. Takobe cMo nokaszanu 1a je MexaHu3aM POU3BOHE KUCEOHNYHUX PauKall-
cknx Bpcta NADH 3aBucan, a maxubupan of crpane DPI. Kunetmka pepgykumje Temmona
KOMOMHOBaHa ca yKjamadynMa CIOOOMHUX pajuKkana wnm y oacyctBy NADH yka3syje ma ce
XUJIPOKCIITHYA PAJIKaIN MPOM3BOJIE HE3aBUCHUM MEXaHM3MOM Yy OJIHOCY Ha IPOU3BOMY CY-
nepokcupia. Jlakie, KOMOMHOBaHa yrmoTpeba TeXHWKa CIMHCKUX XBaTala M CIUHCKUX Mpoba
MoKasajia ce Kao BeoMa KOpHCHa 3a npaheme c1o00{HIX paiuKaia y GHOIOIIKUM CHCTEMUMA.

(Mpumibeno 25. maja 2004)
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