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ABSTRACT. We have examined scavenging of a superoxide by various prenyllipids occurring in thylakoid
membranes, such as plastoquinones@tocopherolquinone, their reduced forms, ametocopherol,
measuring oxygen uptake in hexane-extracted and untreated spinach thylakoids with a fast oxygen electrode
under flash-light illumination. The obtained results demonstrated that all the investigated prenyllipids
showed the superoxide scavenging properties, and plastoquinol-9 was the most active in this respect.
Plastoquinol-9 formed in thylakoids as a result of enzymatic reduction of plastoquinone-9 by ferredoxin-
plastoquinone reductase was even more active than the externally added plastoquinol-9 in the investigated
reaction. Scavenging of superoxide by plastoquinol-9 and other prenyllipids could be important for
protecting membrane components against the toxic action of superoxide. Moreover, our results indicate
that vitamin K is probably the most active redox component of photosystem | in the generation of
superoxide within thylakoid membranes.

The main source of oxygen uptake in chloroplasts that is oxygen-evolving complex4. Therefore, there exists special
dependent on thylakoid-bound components is chlororespi- enzymatic systems protecting chloroplast components against
ration and photoreduction of oxygen in photosystem | (PSI). toxic action of superoxide6j. However, within thylakoid
Only the superoxide generation in PSI is directly light- membranes, where theyOlifetime is extended, superoxide
dependent, whereas chlororespiration reactions are light-and HO, scavenging enzymes cannot be active. This
independent. The main component associated with PSlfunction could fulfill thylakoid prenyllipids such as plasto-
contributing to a generation of superoxide in intact chloro- quinol (PQH-9), a-tocopherol ¢-Toc), ora-tocopherolquinol
plasts under strong light illumination was identified as (o-TQH,), which are well-known antioxidant§{10). Until

monodehydroascorbate reductasg €ontaining FAD as a
redox cofactor. However, this enzyme is loosely bound to
thylakoid membranes and is not present in isolated thylakoids
(1, 2). It was suggested that within PSI, superoxide is
produced in the aprotic, hydrophobic interior of the thylakoid
membrane by FeS centers: k and Rg (3, 4). After

now, no systematic study was performed on these reactions.

For the measurements of superoxide production in pho-
tosynthetic systems, mass spectrometry of oxygen isotopes
was applied 11), as well as superoxide-dependent cyto-
chromec reduction that can be followed spectrophotometri-
cally (1, 3, 12). The first method requires special and

diffusing to the membrane surface, the superoxide undergoes,, sensive instrumentation, while the latter is indirect and

protonation and dismutation to hydrogen peroxide and

can be unspecific. In our present experiments, we applied

oxygen. It was suggested that superoxide is able to reducg,gp_jight illumination and used a fast oxygen electrode for

oxidized cytochrome and PC §), forming superoxide-
mediated cyclic electron transport around PSI. When super-
oxide is formed in the aprotic interior of the membrane, its
lifetime is extended, and it can directly induce membrane
lipid peroxidation or destruction of membrane proteins. In
the water phase, after dismutation tgd4 and oxygen, it is
especially toxic to Calvin cycle enzymes and also to the
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measurements of superoxide generation in thylakoid mem-
branes. To avoid interference of oxygen formed photosyn-
thetically, the oxygen evolution was inhibited by DCMU,
and hydroquinone (HQ) was used as an artificial electron
donor. It is known that under flash illumination, production
of superoxide by PSl is considerably increased as compared
to continuous illumination3), where it can reach up to 20
30% of total electron flux under strong light in intact leaves
(12). The reason for this difference is probably the fact that
under continuous illumination, the generation of the proton
gradient lowers the quantum yield of photosystem Il and
suppresses the electron donation from photosystem Il to PSI.
In the presence of HQ, an artificial electron donor, the
electron donation to PSI should not be limited.

In the present work, we measured selectively the effect
of various thylakoid prenyllipids on superoxide generation
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in isolated thylakoid membranes, following oxygen uptake T T T T T T T T T T T T T
with the fast oxygen electrode, and the significance of the
observed effects was discussed.

MATERIALS AND METHODS

Spinach thylakoids were isolated according to the method
described in rell3. The oxygen uptake measurements were
performed on dark adapted thylakoids (1&fmL Chl, 600
uL sample volume) in 50 mM Hepes buffer (pH 7.5),
containing 10 mM NaCl and 5 mM Mgglusing a three
electrode system in the presence of/80 DCMU and 10
mM HQ as an electron donor. The electrode system is
described in refl4 in detail. The signal of the oxygen level
presented in the figures is the direct amplified amperometric
current due to the reduction of oxygen on the electrode. +*DCMU +HQ

Saturating light flashes of &s (full width at half-maximum) E e {( ( Jl AL Al
were provided by a xenon lamp (Stroboscope 1539A from "’YW 1 |
1 ] 1 1 | | | 1 1 |

B +DCMU

Oxygen evolution (a.u.) —

General Radio). The samples were illuminated by 15 flashes
spaced 300 ms apart after 10 min of sedimentation and dark L1

adaptation time. The oxygen uptake for single flashes was 123 456 78 9101112131415
measured from the obtained traces taking the difference Flash number

between the minimum in the signal after a flash and the Fgure 1: Oxygen evolution pattern of spinach thylakoids under
signal level just before the flash. The samples where short saturating light flashes (A); panel B as panel A after addition
plastocyanin (PC) was released from thylakoids were pre- of 50u4M DCMU; and panel C as panel B after addition of 10 mM
pared by repeated (5-fold) freezéhawing of thylakoids,
whereas the sample where PC was removed from thylakoids
was obtained as the previous samples with an additional
centrifugation and suspension of the sedimented thylakoids : :
in the buffer. Mercuric chloride treatment was performed we compare the total oxygen evolution at the first four

by incubation of thylakoids at Hg@Chl = 1:1 (mol/mol) Eii?rif’S;V,?]e?ethe-trf]uttggk cyé:ILe 'Stgﬁéngtle;est.ﬂl’ lLO;I;ZE o
for 40 min at 0°C (15) and KCN treatment (KCN/Cht= pie wi Xygen up N9 W

1:1, mol/mol) was performed for 60 min at’C before the can estimate that the oxygen uptake in the presence of HQ

0,
measurementd.6). The lyophilized thylakoids (1 mg of Chl) cor@sponds to about 25./0 qf the totallelectron flux. The
were extracted three times using 1 mL of hexane for each positive drift of th_e basell_ne In trace c IS probably due_to
extraction (20 min). After centrifugation and removal of the ?hxggglr; ;efi?eod n et?]efr%';nm;aigpmr:;&'%n (;f seuthr(;}(lde,
supernatant, thylakoids were dried in a rotatory evaporator the acti tS mem)t()>r/§ne-bo nd ascorbate erc? . dge)?;uen d
and suspended in the buffer, giving a final concentration of the inslt\r/:}nent reSDONSE u peroxi
Chl of 1 mg/mL. This suspension was used as a stock . P ' . .
solution. PQ-2 was obtained from Hoffman-La Roche (Basel To examlne.the electron donation site of HQ to the e]ectron
Switzerland), and PQ-9 was obtained as described in#ef " transport chain, we measured the influence of different

Prenylquinols were prepared from the corresponding oxidized 'tﬂzlb'tgsseﬁgg tor?a;men;?ag?oéhzn(?:yggg Egt?lé?eggezsflr(;ﬂ]
forms according to the method described in18f Vitamin b Q. yani

K, was from Aldrich, spinach ferredoxin from Sigma, and thylakoids by a repeated freezthawing procedure(]) and

R L .~ can be removed from thylakoids by centrifugation. Figure 2
&;&%I;@SM;W;BQ:L glrimltlﬂgz were added to thylakoid shows that the release of PC from thylakoids inhibited the

oxygen uptake by 23%, while the removal of PC by
RESULTS centrifugation inhibited it by as much as 73%. The use of

PC inhibitors (KCN and HgG) had also pronounced effects

To measure superoxide generation in thylakoid membraneson the inhibition of the investigated reaction. The measure-

with the oxygen electrode under illumination, which mani- ments of oxygen uptake in the presence of cytochrbghe
fests in oxygen uptake, it is necessary to inhibit photosyn- inhibitors (DNP-INT and DBMIB) 22) show that the
thetic oxygen evolution by DCMU and to use an artificial inhibition was negligible (Figure 2). The obtained results
electron donor. The appropriate electron donor should beindicate that the site of electron donation by HQ is at
neither lipid-soluble nor a superoxide scavenger to avoid cytochromef of the cytochromessf complex or at PC. It is
interference of a donor with the measured reaction. Among known that HQ is able to reduce both of these components
many compounds tested (e.g., ascorbate, duroquinol) thatand cannot reduce cytochrorbgbecause of the low-redox
were able to donate electrons to PSI, the most suitable forpotential of this cytochrome. We were not able to find
our purposes turned out to be hydroquinone (HQ). Figure 1 whether the HQ reduction site is at cytochrofer PC
shows that the control sample evolves oxygen with the because there are no specific inhibitors of the cytochrbme
oscillation period of four under flash-light illumination, which ~ function.
is consistent with the four-state model of the oxygen evolving  To obtain the control sample free of prenyllipids, we
complex (9). The addition of DCMU abolishes completely performed lyophilization and hexane extraction of thylakoids.

oxygen evolution, while the subsequent addition of HQ
stimulates oxygen uptake without any clear oscillations. If
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Ficure 2: Influence of cytochromésf inhibitors (20uM DNP- 0 2 4 6 8 10 12 14 16
INT, 5 uM DBMIB), PC inhibitors (KCN, HgC}), and PC release Flash number

and removal from thylakoids on the oxygen uptake in flash-

illuminated spinach thylakoids in the presence of;38 DCMU Ficure 3: Oxygen evolution pattern of hexane-extracted thylakoids

and 10 mM HO. The diven oxvaen uptake values are the avera eunder flash-light illumination and the effect of vitamin.KThe
Q. h ygen up u . 9€05xygen uptake for single flashes was measured as described in
for all 15 flashes applied and from three to five replicates. The Materials and Methods

oxygen uptake for single flashes was measured as described in
Materials and Methods.

A PL/Chl= EIE 1:5 [EZ1:10
Table 1: Effect of the Hexane Extract and Vitamin &h Oxygen 100} _l_ ]
Uptake in Hexane-Extracted Spinach Thylakoids (§0mL Chl,
50 mM Hepes, pH 7.5, 10 mM NaCl, 5 mM Mgglin the Presence sol ; )
of 10 mM HQ and 5uM DCMU?2 _
average oxygen Yi/Y, I / i
sample uptake (mV) signal rati@ ; .
control 15+ 1 1.06 = 40} 7 ; J
+ extract (1:1) 12t 1 1.30 £ 7 .
+ extract (5:1) 5+ 1 2.02 S 20 j /
+ 1 uM vit. K4 15+1 1.26 S i o 7 |
+ 10uM vit. K41 16+ 2 1.71 =2 o 7
aThe numbers in brackets denote the amount of the added extract £ 0
in relation to its original amount in thylakoid8Y; and Y, refer to the 2 B
oxygen uptake intensity at the first and second flash, respectively. The 2 100+ rh
given oxygen uptake values are the average for all 15 flashes applied %
and from three replicates. The oxygen uptake for single flashes was s ]

measured as described in Materials and Methods.

This procedure removes selectively prenyllipids from thy-

lakoid membranes preserving their structure and function
(23). In the first approach, we added the total hexane extract
containing different membrane prenyllipids back to hexane-
extracted thylakoid membranes. In the presence of DCMU
and HQ, apart from the inhibition of oxygen evolution, a

considerable change in the ratio of the first two oxygen comol Tec  TQ  Pa? PGS TaH  FH.2 PoH- O

uptake signals was observed with th_e increase in the am(_)umi:|GURE 4: Influence of different prenyllipids (PL) on oxygen uptake
of the added extract (Table 1). Since hexane extractionin hexane-extracted (A) and untreated thylakoids (B) under flash-
removes also partially vitamin from PSI @4), we tested light illumination in the presence of 56M DCMU and 10 mM

the effect of this vitamin on oxygen uptake by illuminated HQ at a PL/Chl molar ratio of 1:5 and 1:10 (A) or 1:2.5 and 1:5

thylakoids. It was found that adding relatively low concen- %B)' The given oxygen uptake values are the average for all 15
. . . . . ashes applied and from three to five replicates. The oxygen uptake
trations of vitamin K changed the ratio of the first two o, gingle flashes was measured as described in Materials and
signals (Figure 3, Table 1) similarly to the effect of the added Methods. The inhibition was uniform on every flash within given
extract but without any pronounced effect on the average errors, and the positive drift of the baseline in the original traces,
oxygen uptake. The other membrane prenyllipids that could like those in Figure 1C, was proportional to the extent of the oxygen
be present in the extract, like PQJFD, a-TQ(H), and uptake signal. FQR stands for ferredoxin-PQ reductase.
o-Toc, had no effect on the ratio of the first two signals investigated prenyllipids. The well-known antioxidaril oc
(data not shown), indicating that autoxidation of vitamin K was relatively inactive in the measured reaction, as well as
in PSI is mainly responsible for the observed oxygen uptake a-TQ. The other prenyllipids showed similar inhibition
in our system. The effect of other membrane prenyllipids efficiency with the highest effect for PQF. Generally, the
and the synthetic PQ@#2 couple on the oxygen uptake in reduced forms were more active than the corresponding
hexane-extracted thylakoids is illustrated in Figure 4A. The oxidized forms in the inhibition of oxygen uptake. The
results show that oxygen uptake was inhibited by all the inhibitory effect of both PQ-2 redox forms, PQ-9 and

3 8 8 8
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7
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o-TQH,, was lower for hexane-untreated thylakoids than in
the case of extracted samples even though higher prenyllipid
concentrations were used in this experiment (Figure 4B). In  roma

contrast to the extracted membranasTQ was the most
active in the inhibition among the investigated prenylquino- Toc o,
nes. Similarly to the extracted thylakoids, PQ¥Hshowed PQ «—
the highest inhibition of the oxygen uptake for untreated =
thylakoids either when it was added externally or when it PQH,
was obtained by reduction of the native PQ-9 by a membrane-

lumen

bound ferredoxin-PQ reductase in the presence of ferredoxin
and NADPH (Figure 4B) 45). The control experiments
showed no significant influence of ferredoxin or NADPH
added alone on the measured reaction. The reduction of theFicure 5: Model showing generation sites of superoxide radical
PQ-pool in thylakoid membranes was evidenced by mea- in PSI and its scavenging by membrane prenyllipids. The size of
surements of fluorescence induction kinetics (data not Eggsg'heml'r‘ggulsé”f}tz)%slzri‘;fllﬁgti Atj‘%'rrerney?‘”c;'i‘é%hvl"fg).s”perox'de
shown). Taking into account the strongest inhibitory effect
of PQH-9 and that PQ-9 together with P9 dominate vitamin K; should be the main source of superoxide released
among prenyllipids of thylakoid membraneg 26—28), it into the membrane interior. It is known that there are two
can be deduced that both PQ-9 redox forms contributed vitamin K; molecules within PSI responsible for two active
mainly to the inhibitory effect of the hexane extract on the branches with two different electron-transfer rat@)(
average oxygen uptake shown in Table 1. Hexane extraction removes one of the two vitamin K
molecules 24), probably the one responsible for the slower
DISCUSSION component. The increased oxygen uptake after reincorpo-
The presented data show that the fast oxygen electroderation of the extracted vitamin Kmolecule suggests that its
can be successfully applied to the measurements of light-autoxidation could be the reason for the observed effect,
induced, PSl-related oxygen uptake in the presence ofwhile the tightly bound, extraction-resistant vitamin K
photosynthetic oxygen evolution inhibitor (DCMU) and an molecule is the main source of the superoxide generation
appropriate electron donor. Under our experimental condi- and oxygen uptake in the extracted thylakoids. The question
tions, the only reason for the observed oxygen uptake canarises as to the reason the addition of vitamirsKmulates
be superoxide generation in PSI and its dismutation to oxygen consumption only at the first flash (Figure 3). The
hydrogen peroxide and oxygen. The observed inhibition of reason for this could be that the added vitamimtkolecule
oxygen uptake by thylakoid prenyllipids was not affected incorporates into its pocket within the PSI protein, and after
by externally added superoxide dismutase (data not shown),one-electron reduction to the polar semiquinone form it
so it suggests that the superoxide was generated by PSthanges the surrounding protein conformation because of
components located within the thylakoid membrane and not strong electrostatic interactions in the way that its subsequent
on its surface, such as monodehydroascorbate reductase gohotoreduction is not possible anymore. Possibly, hexane
ferredoxin-NADP reductase. extraction of the loosely bound vitamim Khodifies irrevers-
The stimulatory effect of vitamin Kon the oxygen uptake, ibly the protein pocket of this molecule so that its reincor-
at very low concentrations, is interesting in respect to its poration in the fully active form is not possible.
possible contribution to the superoxide generation in PSI.  Among the investigated thylakoid membrane prenyllipids,
Originally, it was suggested that the main sites of superoxide PQH:-9 showed the highest inhibitory effect on the oxygen
generation from which it is released to thylakoid membrane uptake both in the extracted thylakoids as well as in the
interior are Fe-S centers: kand R (3, 4). In light of the untreated membranes, and it was especially active when it
currently known 3-D structure of PSI and kinetics of the was reduced in situ enzymatically. The higher REH
electron-transfer reaction29, 30) it seems that the vitamin  activity than that of other prenyllipids is probably connected
K, radical is the main source of superoxide generated in PSI.with their different localization in thylakoid membranes. The
Both Fy and ks centers are localized outside the membrane headgroups of PQ-2,-TQ, their reduced forms, angToc
surface at the stroma exposed side, and their redox potentialare supposed to be located close to the membrane surface
are not much lower than that of ferredoxin, which is known (18, 33, 34), while the headgroups of the reduced and
for its very low autoxidation rate3(l). It suggests that even  oxidized form of PQ-9 are supposed to reside closer to the
if Fa and ks centers are the sites of superoxide generation, interior of the thylakoid membrand @, 33, 35) where the
this reaction is of low efficiency, and the formed superoxide superoxide is generated. The lower activity of PQ-9 than
will be released to stroma rather than to the membrane that of PQH-9 is probably due to a different mechanism of
interior. The K center is located near the stromal surface at reaction of these prenyllipids with superoxide. Considering
the edge of the membrane plane and shows considerablythe superoxide scavenging effectiveness of the investigated
lower redox potential than thess centers 80). Thus, it thylakoid prenyllipids, we should also take into account their
could be the effective source of superoxide that could relative proportions in the membrane where PQ{® are
partially diffuse toward the membrane interior. Vitamin K the most abundant prenyllipid¥,(26—28). The relative
is located deeper within the membrane; at about one-fourthsuperoxide scavenging activity of major thylakoid prenyl-
of the membrane thickness from the stromal side, it shows lipids is illustrated in Figure 5.
lower redox potential than,Fand its reoxidation is slower The question arises as to the mechanism of superoxide
than that of the Fcenter 29). All these facts suggest that scavenging reactions by the prenyllipids. Prenylquinones (Q)
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could be reduced by superoxide to the corresponding
semiquinones:

Q+0,"—~Q " "+0, 1)
and the formed semiquinone can undergo dismutation to the
corresponding quinone, and the quinol anion and the latter
after protonation is converted to the hydroquinone form.
When prenylquinols on-Toc reacts with superoxide, the
reaction probably follows the mechanism suggested for 3,5-
di-tert-butyl alcohol in aprotic media (i.e., by proton abstrac-
tion from the prenylquinol on-Toc molecule 86)).

It is important to realize that electrons transferred from
superoxide to PQ-9 via the semiquinone form of PQ-9
(reaction 1) may reenter the PQ-pool in a form of P
When PQH-9 is further oxidized by the cytochromsf
complex in a linear electron transport chain, electrons are
transferred to PSI forming superoxide-mediated cyclic
electron flow around PSI.

The results of our experiments indicate that the RQH
PQ-9 couple, as well as other natural membrane prenyllipids,
such aso-Toc or a-TQ(H),, plays an important role in
scavenging the superoxide radical formed in PSI, preventing
thylakoid membrane components from deleterious effects of
the superoxide. Moreover, the superoxide-dependent reac-
tions of prenyllipids reduce the level of superoxide diffusing
toward the membrane surface and inhibit formation of toxic
hydrogen peroxide in chloroplasts.
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