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ABSTRACT: Can Trolox, a water-soluble analogue of a-tocopherol and a scavenger of
singlet oxygen ('0,), provide photoprotection, under high irradiance, to the isolated
photosystem II (PSII) reaction center (RC)? To answer the question, we studied the
endogenous production of 'O, in preparations of the five-chlorophyll PSII RC (RCS)
containing only one f-carotene molecule. The temporal profile of 'O, emission at 1270
nm photogenerated by RCS in D,O followed the expected biexponential behavior, with a
rise time, unaffected by Trolox, of 13 + 1 us and decay times of 54 + 2 us (without
Trolox) and 38 + 2 us (in the presence of 25 M Trolox). The ratio between the total
(k,) and chemical (k.) bimolecular rate constants for the scavenging of 'O, by Trolox in
aqueous buffer was calculated to be ~1.3, with a k, of (2.4 + 0.2) X 10° M™' s and a k,
of (1.8 + 02) X 10° M' s7', indicating that most of the 'O, photosensitized by
methylene blue chemically reacts with Trolox in the assay buffer. The photoinduced
oxygen consumption in the oxygen electrode, when RCS and Trolox were mixed,
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revealed that Trolox was a better 'O, scavenger than histidine and furfuryl alcohol at low concentrations (i.e., <1 mM). After its
incorporation into detergent micelles in unbuffered solutions, Trolox was able to photoprotect the surface-exposed regions of the
D1-D2 heterodimer, but not the RCS pigments, which were oxidized, together with the membrane region of the protein matrix
of the PSII RC, by 'O,. These results are discussed and compared with those of studies dealing with the physiological role of

tocopherol molecules as a 'O, scavenger in thylakoid membranes of photosynthetic organisms.

Singlet oxygen ('0,), the dioxygen molecule in its lowest
excited electronic state, is characterized by its high reactivity
toward biological systems.' ™ In photosynthetic organisms, 'O,
is generated during an encounter between a ground state
dioxygen molecule and a chlorophyll (Chl) molecule in its
triplet excited state.* The yield of 'O, formation is particularly
high in the reaction center (RC) of photosystem II (PSII),
where the donor triplet is produced through the radical pair
mechanism, which comes into play when electron transfer on
its acceptor side is inhibited, or the plastoquinones, denoted Q,
and Qg, are removed or doubly reduced.”~” Chl triplets
produced by intersystem crossing in the antenna complexes of
PSII can also cause the photodamage of PSIL®

The PSII RC from higher plants was the first biological
system in which direct emission at 1270 nm from 'O, with an
endogenous origin was observed.” The pigment arrangement in
the PSII RC imposed by the protein matrix of the D1-D2
heterodimer' is unfavorable for efficient triplet-triplet energy
transfer from P to f-Car,” because the two f-carotene (f-Car)
molecules are far from the accessory Chl molecule in the D1
protein (Chlp,) where the triplet population is mainly localized,
and only a minor population is in the primary donor Pgg,
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denoted Pp, and Pp,.'' Hereafter, P represents the total
population of Chl triplets in the PSII RC (i.e., *Chly; and Py,
in thermal equilibrium). The two f3-Car molecules play an only
marginal photoprotective role against 'O, within the PSII RC,
and the pigments and the D1 protein of the PSII RC remain
very vulnerable during photosensitation of 'O, by P."?

Over the past decade, efforts have been made to gain a better
understanding of alternative photoprotective mechanisms,
mediated by other types of molecules capable of scavenging

'0, more efficiently in PSIL In a series of papers, Trebst and
co-workers proposed that tocopherol molecules must be the
scavenger of 'O, photosensitized in PSIL. Using the herbicide
pyrazolynate, an inhibitor of the 4-hydroxyphenylpyruvate
dioxygenase belonging to the biosynthetic pathway of
tocopherol (and also plastoquinone), they observed a decrease,
when the cells were subjected to high light stress for 2 h, in the
tocopherol content of Chlamydomonas reinhardtii and a
concomitant loss of the D1 protein from PSIL'*'* These
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results were supported by experiments, conducted by other
researchers,* involving the double mutant vtel npql of
Arabidopsis thaliana, which is deficient in the biosynthesis of
both tocopherol and zeaxanthin; nearly half of the D1 protein
was lost when the plants were exposed to high light at low
temperatures. Plastoquinol molecules have also been proposed
to play a role in the photoprotection of PSII through
scavenging of '0,."*"® The studies described above, conducted
with Chlamydomonas cells, showed that tocopherol and
plastoquinone biosynthesis exhibited a fast turnover rate at
high light conditions as a direct consequence of the higher level
of production of 10,1316 Recently, it has been demonstrated
that the deficiency of a-tocopherol in the mutants of A. thaliana
(vtel) and Synechocystis sp. PCC6803 (slr0090) enhances the
susceptibility of PSII to photoinhibition because the repair
cycle of the photodamaged PSII is inhibited, not because the
rate of photoinactivation of PSII is affected.'®>°

In this study, we have used Trolox (6-hydroxy-2,5,7,8-
tetramethylchromane-2-carboxylic acid), a water-soluble ana-
logue of a-tocopherol, as a scavenger of '0,, to determine
whether it can play a role in the photoprotection of PSII in
vitro, similar to that of tocopherol molecules in vivo. The use of
Trolox provides several advantages. First, short-chain a-
tocopherol analogues, in particular those with one carbon, are
in a monomeric form in membranes and exhibit both high
mobility and high scavenging activity in contrast to a-
tocopherol with a chain length of 16 carbons, which, in fact,
has very limited mobility and forms clusters in membranes.*"**
Second, Trolox has two dissociable protons, with pK values of
3.89 for the carboxylic group and 11.92 for the hydroxyl group
(also present in a-tocopherol),**** which affect its solubility in
aqueous media. On the basis of these dissociation constants,
Trolox can be easily dissolved in neutral and basic pH-adjusted
solutions, or it can be solubilized in detergent micelles in
unbuffered aqueous media.>® Third, although the total
bimolecular rate constant for the scavenging of 'O, by Trolox
is known to be approximately half of that for a-tocopherol,**°
the use of Trolox in this study has allowed us to determine the
ratio between the total and chemical bimolecular rate constants
for the scavenging of 'O, in aqueous buffer, where PSII RC and
Trolox are dispersed homogeneously. PSII RC (instead of
PSII) preparations are used here to facilitate the accessibility of
Trolox to the D1 protein and the pigments housed inside the
PSII RC protein matrix. Our results clearly show that Trolox
can photoprotect the surface-exposed regions of the D1-D2
heterodimer from photodamage only when Trolox is in the
detergent micelles close to the PSII RC, but not when it is
freely dissolved in the buffer. This photoprotection requires a
high level of consumption of Trolox. Although Trolox succeeds
in photoprotecting the surface-exposed domain of the D1-D2
heterodimer, the PSII RC pigments and the membrane region
of the protein matrix of PSII RC are left vulnerable to 'O, in
the situations examined here. The relevance of this photo-
protection mechanism is discussed and compared with the
physiological role that tocopherol molecules play in the
scavenging of 'O, in thylakoid membranes.

B MATERIALS AND METHODS

Chemicals. Trolox, L-histidine, furfuryl alcohol (2-hydrox-
ymethylfuran), and sodium azide (NaNj,) were purchased from
Sigma-Aldrich (St. Louis, MO) and used without further
purification.

Isolation of PSIl RCs. The isolation of the five-Chl RC
(RCS) of PSII from 4-week-old pea plants (Pisum sativum L.
var. Lincoln) was performed following the procedure described
in ref 27 with minor modifications.”® The isolation of the
standard RC (RC6) containing a stoichiometric ratio of six Chl
molecules and two ff-Car molecules per two pheophytin (Phe)
molecules was conducted using the method of Chapman et al.*’
with the sole purpose of comparing the linear dichroism (LD)
spectra of RCS and RC6. Samples of RCS were kept in 50 mM
Tris-HCl and 0.01% (w/v) n-dodecyl f-p-maltoside (DM) (pH
7.2) (assay buffer) at —80 °C until they were used.

Linear Dichroism. LD was measured using a Jasco-715
spectropolarimeter (Jasco) equipped with an Optistat Bath
temperature-controlled cryostat (Oxford Instruments).

Samples of the PSII RC with an absorbance at 675 nm (for
an optical path of 1 cm) of ~1 were polymerized in a 10%
(w/v) polyacrylamide gel containing S0 mM Tris-HCl (pH
7.5) and 60% (v/v) glycerol. The PSII RC samples were
polymerized within a block and then squeezed in two
perpendicular axes using a compression factor of 0.83. The
compression factor was calculated as the ratio between the
original and final dimensions in one of the compressed
directions. The compression, which had no effect on the
isotropic absorption spectrum of PSII RC, resulted in creating a
partially oriented sample in which the membrane planes are
preferentially aligned perpendicular to the direction of
compression (that is, parallel to the direction of the gel
expansion); this creates a system with uniaxial symmetry
around the direction of compression (to be called the director).
The absorption anisotropy, defined with the formula p = AA/
A, provides a measure of the orientational distribution of the
transition dipoles around the director; here AA = A — A, and
Ao = (A + 2A,)/3, where A and A; denote the absorbance
recorded by using linearly polarized beams with electric vectors
oriented parallel and perpendicular to the director, respectively.
If 6 denotes the angle between a transition dipole and the

director, one can write p = (3 cos® 0 — 1)/2, where the
overline denotes an average over all the transition dipoles,
which shows that 1 < p < —1/2. The limiting p value of 1
corresponds to perfect alignment with respect to the director,
and a p of —1/2 arises when all dipoles lie randomly in a plane
perpendicular to the director. A positive value of p reflects,
therefore, a preferential alignment toward the director. When
the foregoing considerations are applied to photosynthetic
systems oriented by the polyacrylamide gel squeezing
technique, it is customary® to define Ay and A as the
absorbances measured with light polarized parallel and
perpendicular, respectively, to the longer axis of the oriented
object (that is, perpendicular to the director), and for the sake
of convenience, one measures only AA = A — A, Because this
convention, which will be followed here, interchanges A; and
A, as defined above, negative values of AA =A;—A, are to be
interpreted as a preferential orientation of the transition dipoles
toward the direction of compression.

Oxygen Consumption. The consumption of oxygen by
scavengers of 'O, was measured polarographically using a
Chlorolab 2 system (Hansatech Instruments, Norfolk,
England) at 20 °C. Samples were incubated in the dark for 1
min before the light-emitting diode source was switched on.
The light irradiance in the electrode chamber was 2 mE m™
s™'. Methylene blue (MB) and RCS were used as photo-
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sensitizers of '0,. For each experiment, the absorbance of the
photosensitizer is indicated in the figure legends.

Time-Resolved '0, Measurements. Time-resolved emis-
sion of 'O, at 1270 nm was studied in air-saturated solutions of
RCS at room temperature. Photoexcitation of Chl (and
presumably Phe) molecules at the Q, band (ie, 675 nm)
was achieved by using an excitation pulse with a duration of ~7
ns and an energy of ~1 mJ delivered by an optical parameter
oscillator pumped by a Nd:YAG laser operating at 10 Hz (B. M.
Industries, Evry Cedex, France). The phosphorescence
emission of '0,, collected at a right angle to the excitation
beam, was focused on the photocathode of an infrared-sensitive
photomultiplier tube (R$509-42, Hamamatsu Photonics KK,
Hamamatsu, Japan). Further details about the experimental
setup, including the filters used for isolating the phosphor-
escence signal and digital acquisition of the photomultiplier
output, have already been described with sufficient detail in ref
31. The photogeneration of 'O, by RCS was investigated in
deuterium oxide (D,0), where small aliquots of highly
concentrated RCS samples were dispersed. The content of
water in D,0 was always below 1% (v/v). Additionally,
solutions of MB with increasing concentrations of Trolox were
used to photosensitize 'O, in the (aqueous) the assay buffer
and to determine the total bimolecular rate constant for the
scavenging of 'O, by Trolox.

Electrophoresis and Western Blot Analysis. Aliquots of
10 uL of RCS with an absorbance (for a path length of 1 cm) of
0.3 at 675 nm were subjected to 6 M urea, 12% (w/v) SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) following the
method of Laemmli®* and transferred for 1.25 h to nitro-
cellulose membranes for Western blot analysis. The RCS
samples were incubated with the electrophoresis denaturing
buffer overnight at room temperature containing 8 M urea
before being subjected to SDS-PAGE. Antibodies against the
luminal exposed side of the C-terminal region of the D1 (AS0S
084) and D2 (AS06 146) proteins were purchased from
Agrisera AB (Vinnis, Sweden). The immunodetection of the
D1 and D2 proteins was visualized with the DAB (3,3-
diaminobenzidine tetrahydrochloride) substrate kit (Pierce
Biotechnology, Rockford, IL). Electrophoresis gels were stained
with Coomassie R 250.

The analysis of the protein oxidation of RCS followed the
steps described in the OxyBlot protein oxidation detection kit
from Millipore (Millipore, Billerica, MA). After the sample
treatment of RCS in the oxygen electrode, the RCS samples
were concentrated using a swinging bucket rotor at 4000g in
Amicon ultra-15 centrifugal filter units with a cutoff of 100 kDa
(Millipore). A volume of 7.5 uL of RCS with an initial
absorbance (for a path length of 1 cm) of 10 at 675 nm was
chemically modified with 2,4-dinitrophenylhydrazine (DNPH).
The carbonylated proteins were identified using the anti-DNP
antibody and visualized with DAB.

B RESULTS

Absorption and LD Spectra of RC5. The absorption
spectrum of RCS is shown in Figure la. The spectral features
and pigment composition of RCS were described in refs 27 and
28 and will not be discussed further here. The absorption
spectrum is presented to facilitate explanations of the LD
features of RCS found in the Car region and the photo-
bleaching of the pigments during the exposure of RCS to
several light and chemical treatments. The LD spectrum of RC5
has been studied in the Chl Q, region,33 but not in the Car
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Figure 1. Absorption and LD spectra of RCS. (a) Absorption spectra
of RCS in the assay buffer under several treatments: dark control
(black line), high-light treatment under anaerobiosis (dark gray line), 1
mM Trolox and high-light treatment under aerobiosis in the assay
buffer (blue line), I mM Trolox and high-light treatment under
aerobiosis in 0.01% (w/v) DM (red line), and high-light treatment
under aerobiosis (light gray line). The treatment time was 2 min. The
inset shows the LD spectrum of control RCS at 77 K (black line). For
the sake of comparison, the LD spectrum of RC6 at 77 K is included in
the inset (gray dashed line). (b) Difference absorption spectrum
between RCS treated with 1 mM Trolox and high light under
aerobiosis and dark control RCS in the assay buffer (blue line) and
similar difference absorption spectrum when Trolox is dissolved in
water containing 0.01% (w/v) DM (red line). The vertical dashed line
centered at 675 nm is added to better visualize the photobleaching of
pigments in the Q, region.

region. RCS is characterized by the presence of one f-Car
molecule,”” and therefore, the LD spectrum can give us the
opportunity to determine which f-Car is lost during isolation of
RCS: the “blue” f-Car in D1 (with peaks at 427, 459, and 490
nm) and oriented almost perpendicular to the plane of the
membrane or the “red” §-Car in D2 (with peaks at 442, 474,
and 506 nm) lying close to the plane of the membrane.**~3°
The removal of one of these two f-Car molecules inevitably
leads to absorbance changes in the Car region, and an
enhancement of the LD features of the remaining f-Car
molecule. The inset in Figure 1 shows that, apart from some
small wavelength intervals, AA < 0 in the entire region of Car
absorption, and there are pronounced negative peaks at 458
and 485 nm; these observations allow us to conclude that the
residing #-Car molecule is oriented nearly perpendicular to the
membrane plane (i.e., f-Carygy). The absorption spectra of RCS
after light and chemical treatments depicted in Figure 1b are
discussed below.

Direct Detection of '0, Emission in RC5 Samples.
Phosphorescence emission of 'O, at 1270 nm endogenously
produced by RCS in D,O is depicted in Figure 2. The observed
kinetic traces were fit well to the biexponential function I(t) =
a(k; — k) exp(—kyt) — exp(—k;t)], where a > 0, and the
larger (smaller) of the two rate constants determines the rise
(decay) of the emission signal; here we will identify the larger
rate constant as k;. To conclude unambiguously that the
emission monitored at 1270 nm was due to the photo-
generation of 'O, by RCS, the solution was deoxygenated by
bubbling a stream of N, through it for 15—20 min or a small
amount of NaN; was added. After such a treatment, emission
from 'O, was no longer detectable (data not shown). The
temporal profile of 'O, emission showed that 7, = 1/k; = 13 +
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Figure 2. Endogenous production of 'O, by RCS. Temporal profile
(obtained by averaging 1024 traces) and corresponding residuals of
'0, emission at 1270 nm in RCS dispersed in D,0 without (black
trace) and with 25 ¢M Trolox (gray trace). The absorbance of RCS
(for a path length of 1 cm) is 1.0 at 675 nm.

1 ps, a value in accord with those reported for the
photogeneration of 'O, by standard RC6.>" In this latter
work, the rise constant was observed to be concentration- and
laser power-dependent (here not investigated) and shown to
correspond with the lifetime of *P in air-saturated solutions.
The decay time for 'O, determined in our study (7, = 1/k, = 54
+ 2 ps) is smaller than the natural lifetime, approximately 70
us, for '0, in D,0, presumably because of the presence of trace
amounts of water and other additives present in the assay
buffer.

Because the main aim of this study was to investigate the
photoprotection of the D1 and D2 proteins, and the pigments
within RCS by Trolox, we first analyzed whether its presence in
the medium affected the kinetic traces of 'O, photosensitized
by RCS. Trolox was found to be a strong scavenger of 'O,, and
in fact, submillimolar concentrations of Trolox produced a
visible effect on the temporal profile of 'O, emission. The result
of adding 25 uM Trolox to RCS is illustrated in Figure 2 to
serve as an example. Following the biexponential fitting
described above, the new values for the rise time and decay
time were 12 + 1 and 38 =+ 2 us, respectively. The change in
the kinetic rise constant was minor, implying that Trolox does
not affect the transfer of energy from P to ground state
molecular oxygen. To confirm this point, the lifetime of *P
under anaerobic conditions was investigated in the presence of
0.5-1.5 mM Trolox by transient absorption spectroscopy;
however, no variation in the lifetime of ~1 ms for *P was found
(data not shown). In contrast to the rise time, the decay time
became shorter in the presence of Trolox. This decrease is the
result of both physical and chemical quenching of 'O, by
Trolox in D,0.>® The photooxidation product of the chemical
interaction between Trolox and 'O, has been identified as
Trolox Q_[1,4-cyclohexadiene-1-butanoic acid, R-hydroxy-R-
2,4,5—tetramethyl-3>,6-dioxo—],38 and no further attempts to
confirm its nature were conducted.

Total and Chemical Bimolecular Rate Constants for
the Scavenging of '0, by Trolox in the Assay Buffer. In
brief, the 'O, deactivation by Trolox has been demonstrated to
take place through the reversible formation of an exciplex with
partial charge transfer character;”***® this exciplex may

undergo intersystem crossing and dissociate (physical quench-
ing), or it may yield an allylic hydroperoxide intermediate that
forms Trolox Q (chemical quenching). MB was used as the 'O,
photosensitizer to determine both the physical and chemical
rate constants for quenching of 'O, by Trolox. The analysis was
performed in the assay buffer, where later the photoinduced
consumption of molecular oxygen in RCS samples would be
investigated (see Discussion). The temporal profile of 'O,
emission using increasing concentrations of Trolox is depicted
in Figure 3a. Details of the buildup and subsequent decay of the
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Figure 3. Total and chemical bimolecular rate constants for the
scavenging of 'O, by Trolox. (a) Temporal profile (obtained by
averaging 512 traces) of the phosphorescence emission at 1270 nm of
'0, photosensitized by MB dissolved in the assay buffer containing
increasing concentrations of Trolox: no addition (black trace), 0.05
mM (dark gray trace), 0.1 mM (gray trace), and 0.2 mM (light gray
trace). The inset shows the Stern-Volmer analysis for the deactivation
of '0,. The absorbance of MB is 1.0 at 665 nm. (b) Consumption of
oxygen by Trolox (M) and furfuryl alcohol (@) in the oxygen
electrode chamber, when 'O, is photosensitized by MB in the assay
buffer. The absorbance of MB is 0.3 at 665 nm. All absorbances refer
to a path length of 1 cm.

concentration of 'O, in water when MB is used as the
photosensitizer are given in ref 31. Still, it is worth noting that
the biexponential fitting of the temporal profile of 'O, emission
in the assay buffer in the absence of Trolox indicated a decay
time of 4.6 + 02 us for 'O, which is longer than that
determined in pure water, 3.7 + 0.4 us,>' indicating that 'O, is
partitioned between the aqueous phase and the detergent
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micelles, where the lifetime of 'O, is longer because of the more
hydrophobic environment.”> The linear fitting of the
corresponding decay rate constants is depicted in the inset of
Figure 3a. A bimolecular rate constant (k,) of (2.4 + 0.2) X 10°
M s7! for the scavenging of 'O, by Trolox was derived from
the analysis. This value represents the total rate constant under
our experimental conditions, and therefore, further efforts to
distinguish between physical and chemical quenching were
undertaken. To determine the chemical quenching constant for
Trolox, furfuryl alcohol was used as a reference. This
compound is water-soluble, and its chemical rate constant
(k) in this medium is known to be 1.2 X 10° M~! s71.3%% The
chemical quenching constant for Trolox was obtained by
comparing the rates of oxygen consumption by both furfuryl
alcohol and Trolox over a range of concentrations where these
two compounds maintained a linear relationship with the
oxygen consumption rate. While furfuryl alcohol showed
linearity for a broad range of concentrations, the concentration
of Trolox had to be kept below 0.2 mM in the assay buffer to
ensure a linear dependence. For the range of concentrations
depicted in Figure 3b, a chemical quenching constant (k) of
(1.8 + 0.1) x 10* M™' 57! for Trolox was obtained, giving a
final ratio between the total rate constant and the chemical one
of ~1.3. This result suggests that most of the 'O, photo-
generated by MB chemically reacts with Trolox in the assay
bulffer.

Photoinduction of Oxygen Consumption in RC5
Samples. On the basis of the results presented above, it was
expected that a substantial fraction of 'O, photosensitized by
RCS diffusing out from the Pgg, niche into the surrounding
medium would suffer chemical quenching by Trolox. Before we
describe these results, let us explain the effect of the pH-
dependent solubility of Trolox on the oxygen consumption
when MB is used as the photosensitizer. Trolox dissolves
poorly in water, but its solubility increases when its carboxylic
group is dissociated. At the pH of the assay buffer (i.e., pH 7.2),
the carboxylic group of Trolox is dissociated and Trolox
becomes rather soluble. The rate of oxygen consumption is
insensitive to the solvent [assay buffer or S0 mM Tris-HCI (pH
7.2)], showing that Trolox is free in solution and the presence
of detergent micelles has little effect on its solubility (Figure 4a,
traces S and 6). In contrast, unbuffered solutions containing
Trolox show light scattering due to the poor solubility of the
nondissociated Trolox (data not shown); therefore, oxygen
consumption measurements were not undertaken in these
solutions. Light scattering did not occur if 0.01% (w/v) DM
was present in unbuffered solutions, indicating that the
nondissociated Trolox molecules were solubilized in the
detergent micelles. When the MB-photoinduced oxygen
consumption was measured in 0.01% (w/v) DM, the oxygen
consumption rate decreased to ~20% of the value in the
absence of DM (Figure 4a, trace 2). However, it was not
possible (at this point) to determine whether the severe
decrease in the rate of oxygen consumption was due to a
change in the ratio between the total and chemical rate
constants or whether the detergent molecules hindered the
chemical reaction between 'O, and Trolox. Here, it is worth
underscoring the fact that both MB and RCS are photo-
sensitizers of 'O,, but they behave differently in the sense that
MB produces 'O, in the aqueous medium (ie., exogenous
origin with regard to the detergent micelles) while RCS
produces it inside the micellar medium (ie., endogenous
origin). If the decrease in the rate of consumption of oxygen by
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Figure 4. Oxygen consumption in the Clark-type electrode chamber
using RCS and MB as 'O, photosensitizers, and Trolox, r-histidine,
and furfuryl alcohol as quenchers of 'O,. A light irradiance of
approximately 2 mE m™> s™' was used in all the assays. (a)
Representative traces: trace 1, RCS in the assay buffer without any
addition; traces 2 and 3, MB and RCS, respectively, in water
containing 0.01% (w/v) DM and 0.5 mM Trolox; traces 4 and S, RCS
and MB, respectively, in the assay buffer and 0.5 mM Trolox; trace 6,
MB in 50 mM Tris-HCI (pH 7.2) and 0.5 mM Trolox. The RCS
absorbance at 675 nm was 0.3 for trace 1 and 0.15 for traces 3 and 4.
The MB absorbance at 665 nm was 0.15. (b) Rate of oxygen
consumption in the presence of Trolox (H), furfuryl alcohol (A),
and vL-histidine (4p) in the assay buffer and Trolox (@) in water
containing 0.01% (w/v) DM. The starting absorbance at 675 nm for
each sample was 0.1S. All absorbances refer to a path length of 1 cm.

Trolox is ascribed to changes in the ratio between the total and
chemical rate constants, one would expect that it should also
apply to conditions under which 'O, is endogenously produced.
If the rates of consumption of molecular oxygen by Trolox are
now compared [i.e., when RCS is dispersed in the assay buffer
or simply in 0.01% (w/v) DM], the ratio between both rates
indicates that ~70% of the rate of consumption of oxygen by
Trolox still remains in 0.01% (w/v) DM (Figure 4a, traces 3
and 4), in opposition to the above observation with MB. This
result indicates that Trolox is still an efficient chemical
quencher of 'O, even when this compound becomes part of
detergent micelles containing RCS. However, this experiment
cannot yet exclude the possibility that the physical rate constant
for the quenching of 'O, by Trolox increases in the detergent
micelles (see Discussion). For all the assayed concentrations of
Trolox, we always found that the photoinduced rate of
consumption of oxygen by Trolox was always higher when
RCS was dispersed in the assay buffer (Figure 4b), suggesting
the concentration of Trolox was not a limiting factor. Briefly,
RCS samples in the absence of 'O, scavengers also hold a slight,
but clear, rate of oxygen consumption (Figure 4a, trace 1).

A comparative concentration dependence analysis was
performed with Trolox and other scavengers of 'O, to
determine the maximum rate of oxygen consumption when

dx.doi.org/10.1021/bi201195u | Biochemistry XXXX, XXX, XXX—XXX



Biochemistry

RCS was the photosensitizer (Figure 4b). An analysis of the
oxygen consumption rates showed that 95% of the maximum
rate for Trolox was achieved for a concentration of 1.7 mM
(~60 uM O,/min) in the assay buffer and 1.6 mM (~40 uM
0,/min) in 0.01% (w/v) DM, whereas the concentrations of L-
histidine and furfuryl alcohol required to reach 95% of the
maximum rates were greater, i.e., 4 mM (~70 uM O,/min) and
7 mM (~120 uM O,/min), respectively (both values estimated
by extrapolation of the fitted monoexponential curves). It is
clear that the maximum rate of oxygen consumption for Trolox
is lower than that for r-histidine and furfuryl alcohol at high
concentrations (i.e., beyond ~2.5 mM), which suggests that the
diminution in the rate of oxygen consumption is due to the
poor solubility of Trolox; however, when the concentration of
Trolox is kept below its solubility limit (i.e., approximately <1
mM), this scavenger has the largest rate of oxygen consumption
compared to those of r-histidine and furfuryl alcohol. This
result is similar to the previous one in which MB was used as
the photosensitizer of 'O, to determine the chemical quenching
of Trolox (Figure 3b).

To verify that the photoinduced consumption of oxygen was
due to the photogeneration of 'O, by RCS and not to the
generation of other reactive oxygen species (ROS), several
control experiments were performed. The replacement of water
with D,O in the medium increases the rate of oxygen
consumption by ~60% using 2.5 mM L-histidine. No significant
changes in the photoinduced rate of oxygen consumption were
observed when 500 units (or more) per mL of superoxide
dismutase or catalase were present in the assay bulffer,
indicating that the formation of other ROS such as H,0, or
0O,"” had a very minor role (if any) under our experimental
conditions (data not shown).

Pigment Photobleaching of RC5. So far, we have shown
that Trolox can be an efficient scavenger of 'O, endogenously
produced by RCS, but we have not yet established if this
compound can play any photoprotective role in RCS samples
and prevent the photobleaching of pigments and photodamage
of the D1 and D2 proteins inside the PSII RC complex.
Histidine and NaN; are not able to photoprotect pigments in
RC6,* and we have found that this is true also for the pigments
in RCS (data not shown). To investigate the photoprotective
role of Trolox, a Trolox concentration of 1 mM was chosen
because the rate of oxygen consumption in the assay buffer was
higher than that for 1 mM L-histidine or 1 mM furfuryl alcohol
(Figure 4b). While high-light treatment under anaerobiosis
yielded subtle changes in the absorption spectrum of RCS and
presumably a slight increase in the light scattering of the
solution (Figure 1a), the illumination under aerobiosis brought
an irreversible and substantial photobleaching of pigments in
RCS after high-light treatment for 2 min. These two
experimental conditions were compared with high-light treat-
ments of RCS in the presence of 1 mM Trolox in the assay
buffer as well as in 0.01% (w/v) DM. Clearly, Trolox cannot
protect the pigments of RCS from irreversible photobleaching,
and the level of damage is similar to that seen under aerobiosis
in the absence of 'O, quenchers. The peak positions of the
photobleached pigments at 678 nm in the Q, region and 485
nm in the blue region are ascribed to the loss of Pgy and the -
Car molecule.* No significant differences could be established
between the two treatments with Trolox, even when there is a
clear difference in the rate of oxygen consumption by Trolox in
the assay buffer and in 0.01% (w/v) DM (Figure 4b).

Western Blot Analyses. After the high-light treatment for
2 min, all the RCS5 samples were subjected to Western blot
analysis to determine whether any of the quenchers of 'O,
mentioned above could prevent the photodamage of the D1
protein. Control RCS reveals the presence of two bands that
react against the D1 antibody (Figure Sa, lane 1). The lower

a MWkDa)1 2 3 4 5 6 7 8 b MWkDa)

— D1 a-cytpsse
37 = D1

Figure 5. Western blot analysis of the D1 (a) and D2 (c)
photodamage in RCS in the presence of several chemical and physical
quenchers of 'O,: lane 1, dark control sample; lanes 2 and 3, control
sample under aerobiosis and anaerobiosis, respectively; lanes 4 and S, 1
mM Trolox in the assay buffer and 0.01% (w/v) DM, respectively;
lanes 6, 1 mM furfuryl alcohol; lane 7, 1 mM vr-histidine; lane 8, 2.5
mM NaNj. All the RCS samples had equal protein loading. The
starting absorbance at 675 nm for each sample was 0.3. All
absorbances refer to a path length of 1 cm. A light irradiance of
approximately 2 mE m™ s~ was used in all the assays for 2 min. (b)
Coomassie R 250-stained, 6 M urea, 15% acrylamide gel showing the
polypeptide pattern of control RCS shown for the sake clarity. HD and
D1 a-cytysso stand for D1-D2 heterodimer and the adduct of the D1
protein and a subunit of cytochrome bsgg, respectively.

band corresponds to the monomeric D1 protein (~32 kDa);
the upper corresponds to the D1-D2 heterodimer (~66 kDa),
which in fact was found as the most prominent band (Figure
Sb), an observation in accord with the study by Barber and co-
workers.*” A third, weak band with a molecular mass of ~41
kDa (Figure Sb) was often observed to react against the D1
antibody. This third band corresponds to an adduct between
the D1 protein and the a subunit of cytochrome bsso. A second
Western blot analysis confirmed that the antibody against the a
subunit of cytochrome bgyy reacted with the ~41 kDa band
(data not shown). This band was present in the SDS-PAGE
profile of RCS5,” and it suggests that the RCS isolation
procedure gives rise to a preparation that contains some adduct
and breakdown products not present in standard RC6. Adducts
between the D1 protein and the @ subunit of cytochrome by
have been described under several oxidative and photo-
inhibitory conditions.*> Control experiments under aerobic
and anaerobic conditions clearly showed that the photodamage
of the D1 protein is oxygen-dependent (Figure Sa, lanes 2 and
3), and that an efficient physical quencher of 'O, such as NaNj
at a concentration of 2.5 mM was not able to protect the D1
protein from photodamage (Figure Sa, lane 8). When the
potential photoprotective role of the three scavengers, when
dissolved in the assay buffer, was compared, photodamage of
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the D1 protein was evident (Figure Sa, lanes 4, 6, and 7).
Among the several conditions assayed, only the treatment with
Trolox in 0.01% (w/v) DM was able to significantly prevent the
photodamage of D1 (Figure Sa, lane S). This intriguing result
suggests that Trolox in the detergent micelles can get close
enough to the D1 protein, but not to the pigments.

When the 'O,-mediated photodamage of D2 was investigated
under the same experimental conditions, the results were very
similar to those described for the D1 protein (Figure Sc). A
drastic depletion of the monomeric D2 band was observed,
together with a slight shift of the band toward the cathodic end
of the gel, under aerobic conditions (Figure Sc, lane 2). The
shift was more evident in the band of the D1-D2 heterodimer,
which became broader (Figure Sc, lane 2). The depletion of the
monomeric D2 band and the broadening of the D1-D2
heterodimer band also occurred under the other experimental
conditions in which the 'O, scavenger was dissolved in the
assay buffer (Figure Sc, lanes 4 and 6—8). Only when Trolox
was in 0.01% (w/v) DM was the photodamage of D2 less
pronounced (Figure Sc, lane 5). Although the broadening of
the D1-D2 heterodimer band was small, the monomeric D2
band became weaker than that under anaerobic conditions, and
this suggests that the D2 protein is slightly more prone to
photodamage than the D1 protein in RCS.

It is worth noting that no fragmented products of the D1 and
D2 proteins were visualized in the Western blot analyses,
supporting the view that the proteolytic cleavage of the D1
protein requires the presence of members of the Deg and FtsH
protease families.**

To determine the level of protein oxidation in RCS after the
treatments, the samples were derivatized with DNPH and the
carbonyl-modified amino acids of the protein matrix of RCS
were identified using the anti-DNP antibody. When the
carbonylation levels of control RCS under aerobic and
anaerobic conditions were compared, a significant difference
in the protein oxidation was found between both samples
(Figure 6, lanes 1 and 2). Under aerobic conditions (and the
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Figure 6. Protein oxidation analysis in RCS using the Millipore
OxyBlot kit: lanes 1 and 2, control samples under aerobiosis and
anaerobiosis, respectively; lanes 3 and 4, 1 mM Trolox in the assay
buffer and 0.01% (w/v) DM, respectively; lane S, 2.5 mM NaN;. A
light irradiance of approximately 2 mE m™ s~ was used in all the
assays for 2 min. See Materials and Methods for further details. The
arrowheads indicate the positions of the bands corresponding to the
monomeric DI and D2 proteins (lower arrow) and the D1-D2
heterodimer (upper arrow).

other conditions), some protein aggregation was observed at
the top of lane after derivatization with DNPH that could be
responsible for the continuous background of the unresolved
proteins of RCS. Despite the band smearing, two faint bands
were observed at approximately 30 and 50 kDa, corresponding
to the monomeric D1 and D2 proteins and the D1-D2
heterodimer, respectively; these bands and the absence of
fragmented products suggest that 'O, causes only oxidative
damage on the two proteins and does not trigger their chemical
cleavage.

As expected, Trolox in the assay buffer cannot photoprotect
RCS (Figure 6, lane 3). Intriguingly, Trolox in 0.01% (w/v)
DM can photoprotect only partially, but not at the level
observed under anaerobic conditions, if the intensities of
oxidized proteins in their respective lanes are compared (Figure
6, lanes 2 and 4). The addition of NaNj to the assay buffer
confirms the view that this compound quenches 'O, in the
aqueous surrounding medium but cannot photoprotect RCS. In
this latter case, the level of protein oxidation of RCS is similar
to that reached under aerobic conditions (Figure 6, lane S). If
the Western blot analyses conducted with the D1 and D2
antibodies are compared with the OxyBlot analysis, one can
conclude that Trolox in 0.01% (w/v) DM cannot provide equal
photoprotection to all the regions of the D1 and D2 proteins.

B DISCUSSION

The role of Trolox in the in vitro photoprotection of pigments
and the D1 and D2 proteins of PSII RC has been investigated
with the aim of shedding more light on the role of vitamin E as
a scavenger of 'O, in thylakoids and on how this prenyl li}gid
prevents the photodamage of the D1 protein in vivo.'>'**%¢
Our main conclusion is that, under certain experimental
conditions, Trolox can indeed partly protect the D1 protein
from photodamage. However, our view of how such protection
takes place calls into question the physiological role of vitamin
E in the photoprotection of the D1 protein when it is
assembled into PSII. Before we discuss this issue, let us examine
the results obtained by the analyses of the LD spectrum and the
temporal profile of the phosphorescence emission of 'O,, when
RCS or MB has been used as the 'O, photosensitizer.

RCS is characterized by the loss of one p-Car molecule
during isolation. Since 1995, when the procedure of the RCS
purification was first published,” the location of the bound f-
Car molecule has remained elusive. Attempts to determine its
location inside RCS were undertaken in two independent
spectroscopic studies.”®*” In both of them, it was proposed that
the bound p-Car in RCS was in the DI protein. This
conclusion has now been reinforced by the LD results reported
here. The more negative LD features in the Car region confirm
that the pA-Car molecule remaining in RCS is oriented
perpendicular to the membrane plane. Nevertheless, some
spectral features of -Cary, can still be observed, but these can
be ascribed to trace amounts of this Car molecule in RCS on
the basis of our pigment analysis by HPLC and the spectral
reconstruction method.”®

RC6 can be purified with one or two -Car molecules, and it
has been demonstrated that the intensity of the temporal
profile of 'O, emission by these two types of RC6 depends on
the number of -Car molecules within the complex.*® Telfer
and co-workers observed that the yield of 'O, diffusing into the
surrounding medium, from which the phosphorescence is
emitted, was higher in RC6 with one f-Car molecule because
the concentration of 'O, quenchers inside the protein matrix
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was lower. Because the detected phosphorescence emission
originates only from the 'O, that diffuses into the medium,” no
differences in the deactivation rate constants were observed
between both types of RC6. Admittedly, we cannot perform a
similar comparison in RCS$ preparations, but the absence of one
P-Car molecule in RCS is seen as an advantage, for it leads to a
higher intensity of the 'O, emission, without affecting the
values for the rise and decay kinetic constants, because these
parameters were found to be very similar to those reported for
RC6.>”*® This implies that the conclusions drawn from this
study are equally applicable to the standard PSII RC.

The ratio between the total and chemical bimolecular rate
constants for the scavenging of 'O, by Trolox was calculated in
the assay buffer using MB, instead of RCS, as the 0,
photosensitizer. One straightforward explanation for this choice
is that the total deactivation rate constant of 'O, depends on
the surrounding medium (i.e., type of solvent and presence of
'0, quenchers) but is not dependent on the source of 'O,. A
second explanation is that the ratio between the total and
chemical bimolecular rate constants for the scavenging of 'O,
had to be calculated in an aqueous buffer, where the lifetime of

'0, in the surrounding medium was limited to a few
microseconds, instead of tens of microseconds as in D,O.
This ensured that the level of pigment and D1 photodamage
was simply a direct consequence of the 'O, scavenged inside
the protein matrix, not the result of other factors such as the
return of 'O,, after it has diffused into the surrounding medium
where it has a longer lifetime,* to the PSII RC protein matrix.
Under our experimental conditions, we determined a ratio of
~1.3 of the total to chemical bimolecular rate constants for the
scavenging of 'O, [ie, k = (24 £ 02) X 10 M s}, and k, =
(1.8 £ 0.1) X 10* M™! 57!, respectively], which clearly indicates
that Trolox is a strong scavenger of 'O, and confirms that the
chemical quenching for Trolox is more prominent than the
physical one in polar environments.”® In surveying other
reported values for the total and chemical bimolecular rate
constants for the scavenging of 'O, by Trolox, we found values
ranging from 1.3 X 10" to 4.4 x 10* M™' s7' in aqueous
mixtures containing either H,O or D,O and other addi-
tives.”*>>%°%31 Our results are consistent with some of the
values reported in Table 1. The variability of these values arises

Table 1. Total Bimolecular Rate Constants (k,) for the
Scavenging of 'O, by Trolox Aqueous Mixtures

solvent k (x10® M~ s71) ref

H,0 013 50
H,O/EtOH (50:50, v/v), pH 2.0-8.4 0.6-1.0 25
SDS/H,0, 22 25

hexadecyltrimethylammonium

chloride/H,0
DM/H,0, pH 7.2 24 (1.8)° this

work

D,O, pD 6—12 and pH 6-12 35-36 (22-60)° 38
SDS/D,0, 4.0-4.1° 51

hexadecyltrimethylammonium

chloride/D,0
D,0/acetonitrile (50:50, v/v) 44 24

“Chemical rate constant. “In 6-hydroxy-2,2,5,7,8-pentamethylchro-
mane.

from the use of different mixtures with organic solvents or the
presence of detergent micelles in the medium. It is also worth
noting that the decay time of 'O, in the assay buffer [containing

0.01% (w/v) “non-ionic” DM], namely 4.6 + 0.2 s, is slightly
longer than that in water (~3.7 us)*" and close to that reported
in anionic or cationic detergent solutions (~4.5 ys).>> This
observation has been explained on the basis of the partitioning
of 'O, between the bulk water phase and the interfacial region
around the detergent micelles and the longer decay time of 'O,
in the hydrophobic environment.*

The difference in the photoinduced oxygen consumption by
Trolox when this 'O, quencher is dispersed in the aqueous
medium (assay buffer) or is bound to the detergent micelles in
an unbufferred solution [0.01% (w/v) DM] shows that the
activity of Trolox as a chemical quencher of 'O, falls by ~30%
in the latter solution. This loss of activity is similar for all the
assayed concentrations of Trolox, and it indicates that the
concentration of Trolox in the medium is not the limiting
factor. Several arguments can be used to explain this
observation. One is that Trolox, when bound to the detergent
micelles in unbuffered solutions, finds itself in a less polar
environment, so that the ratio of the total to chemical
bimolecular rate constants for the scavenging of 'O, increases
as observed in other organic solvent mixtures.”> Another
explanation is that Trolox is in its nondissociated form in the
detergent micelles. On the basis of the pK value of the
carboxylic group (ie., 3.89), a dissociation coefficient (@) of
~0.3 at a total Trolox concentration of 1 mM can be
determined. The nondissociated form of Trolox (1 — a ~ 0.7)
is a better scavenger of 'O, than the monodissociated form™
but has a smaller chemical rate constant,*® giving again as a
result a higher ratio of the total to chemical bimolecular rate
constants for the scavenging of 'O,. A third explanation would
be that Trolox quenches °P, decreasing the 'O, yield of RCS
and consequently the level of consumption of oxygen by
Trolox. However, no evidence was found to support this last
view based on our transient absorption spectroscopy analysis.
Quenching of the triplet state of 'O, photosensitizers such as
riboflavin by Trolox has been described in methanolic and
aqueous solutions,””>* where both the photosensitizer and the
quencher can freely diffuse. The fact that Trolox does not
quench °P has important implications in our study. It implies
that Trolox cannot reach the Py, niche and, consequently,
cannot prevent the photogeneration of 'O, by inhibiting the
triplet-triplet energy transfer from P to ground state molecular
oxygen. This also explains why the photobleaching of pigments
in RCS reaches equal levels under aerobic conditions with or
without Trolox, and irrespective of whether the aqueous
medium is the assay buffer or the 0.01% (w/v) DM solution. It
also follows that Trolox is unable to reach the membrane
region of the protein matrix of RCS, also leaving this region
vulnerable to photodamage (see below).

As stated above, Trolox cannot photoprotect Pgg, from
photobleaching in any situation studied here, but intriguingly, it
can partly photoprotect the D1 and D2 proteins under certain
conditions. Here, it is worth noting that the Agrisera D1 and
D2 antibodies, used in this study, recognize only the luminal-
exposed side of the C-terminal region of the D1 and D2
proteins and that 'O, could cause oxidative damage in other
regions of these two proteins (i.e, membrane regions) not
recognized by these antibodies. The monodissociated Trolox,
when dispersed in the assay buffer, shows a high rate of oxygen
consumption, but this form is unable, as are r-histidine and
furfuryl alcohol, to photoprotect the D1 protein. In contrast to
this, the undissociated Trolox bound to the detergent micelles
shows a lower rate of oxygen consumption (presumably
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because the ratio of the total to chemical bimolecular rate
constants for the scavenging of 'O, is higher in the detergent
micelles as discussed above), but it can photoprotect the
luminal-exposed regions of the D1 and D2 proteins. One
expects that Trolox can be equally close to the luminal and
stromal sides of the D1-D2 heterodimer, where it quenches 'O,
diffusing into the surrounding medium while protecting the D1
and D2 proteins. On the contrary, the accessibility of Trolox to
the Pgg, niche within the protein matrix is expected to be
hampered by the large A-B and C-D loops of the D1-D2
heterodimer as we can infer from our transient absorption
analysis. The accessibility to the Pggy niche would be even more
difficult in intact PSII complexes where the extrinsic proteins
and the bulky loops of the inner antennas CP47 and CP43
form a (greater physical barrier (Protein Data Bank entry
2AXT)."” Havaux and co-workers"® suggested that a fraction of
the tocopherol pool is located very close to PSII for efficient
quenching of 'O, at its site of production. If there are such
tocopherol molecules, their chromanol ring will have to be
close to the Pgg, niche. However, on the basis of our own
results with Trolox and the known dynamics of tocopherol
molecules in membranes,*"** it is difficult to envisage a
physiological situation in which tocopherol molecules can reach
the Pggy niche but Trolox, with a higher mobility and larger
scavenging activity,”"** cannot. This is further supported by
other experiments where the kinetics and dynamics of
scavenging of 'O, by a-tocopherol were investigated with
photosensitizers inside and outside membrane models.>* In the
former study, the total and chemical bimolecular rate constants
for the scavenging of 'O, by a-tocopherol were shown to be
high when 'O, was produced on the membrane surface but low
within the hydrophobic region of the membrane, where the
concentration of the OH groups of a-tocopherol was smaller.
Similar conclusions were reached when the antioxidant
activities of vitamin E and Trolox were compared in lipid
model membranes and both lipophilic and hydroghilic azo
compounds were used to generate peroxyl radicals.”* On the
basis of these arguments, it seems plausible that tocopherol
molecules with the OH group exposed to the surface of the
thylakoid membrane will behave like Trolox, providing better
photoprotection to the surface-exposed regions of the D1 and
D2 proteins than to the source of 'O, (ie, Pg,) or the
membrane region of these two proteins. A similar proposal has
already been advanced by Pospisil,'® who suggested that a-
tocopherol with the chromanol ring close to the membrane
edge scavenges those 'O, molecules that escape from the
antioxidant barrier formed by carotenoids within the thylakoid
membrane.

Recently, the photoprotection of the D1 protein by a-
tocopherol has been questioned in cyanobacteria and higher
plants. It has been demonstrated that the absence of a-
tocopherol in the mutant sIr0090 of Synechocystis sp. PCC 6803
and mutant vtel of A. thaliana suppresses the biosynthesis of
the D1 protein during photoinhibition, but does not exacerbate
the photodegradation of the D1 protein.'”** These latter
studies cast doubt on the role of a-tocopherol in photo-
protecting the D1 protein when it is assembled into PSIL

In conclusion, our results have demonstrated that Trolox is
an efficient quencher of 'O, photosensitized by the PSII RC
and exhibits a particularly high chemical reactivity with 'O, in a
polar medium. Trolox can photoprotect the surface-exposed
regions of PSII RC in vitro; however, Trolox cannot prevent
the photodamage of the Chl molecules of Py and the

membrane region of the D1-D2 heterodimer, implying that
Trolox quenches 'O, only when the latter reaches the outer
surface of the protein matrix of PSII RC exposed to the polar
medium. By extending this conclusion to other studies
conducted with a-tocopherol, we propose that, as far as PSII
in vivo is concerned, a-tocopherol might photoprotect the
surface-exposed regions of the D1 and D2 proteins, but the
protection of Py, seems highly unlikely.
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D1 protein; DAB, 3,3"-diaminobenzidine tetrahydrochloride;
DM, n-dodecyl f-p-maltoside; DNPH, 2,4-dinitrophenylhydra-
zine; LD, linear dichroism; MB, methylene blue; °P, total
population of Chl triplets in the PSII RC (i.e., *Chly,; and *Pgg,
in thermal equilibrium); Py, primary donor of PSII; Phe,
pheophytin; PSII, photosystem II; RC, reaction center; RCS,
five-chlorophyll PSII RC; RC6, standard RC containing six
chlorophyll molecules; ROS, reactive oxygen species; SDS,
sodium dodecyl sulfate; Trolox, 6-hydroxy-2,5,7,8-tetramethyl-
chromane-2-carboxylic acid.
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