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Thin-layer cell spectroelectrochemistry, featuring rigorous poten-
tial control and rapid redox equilibration within the cell, was used
to measure the redox potential En(Phe a/Phe a~) of pheophytin
(Phe) a, the primary electron acceptor in an oxygen-evolving
photosystem (PS) Il core complex from a thermophilic cyanobac-
terium Thermosynechococcus elongatus. Interferences from dis-
solved O, and water reductions were minimized by airtight sealing
of the sample cell added with dithionite and mercury plating on the
gold minigrid working electrode surface, respectively. The result
obtained at a physiological pH of 6.5 was En(Phe a/Phe a~) =
—505 = 6 mV vs. SHE, which is by ~100 mV more positive than the
values measured ~30 years ago at nonphysiological pH and widely
accepted thereafter in the field of photosynthesis research. Using
the P680* — Phe a free energy difference, as estimated from kinetic
analyses by previous authors, the present result would locate the
Em(P680/P680+) value, which is one of the key parameters but still
resists direct measurements, at approximately +1,210 mV. In view
of these pieces of information, a renewed diagram is proposed for
the energetics in PS II.

charge separation | photosynthesis | spectroelectrochemistry |
water oxidation

I n the photosynthetic primary process of higher plants, algae,
and cyanobacteria, photosystem (PS) I and PS II cooperate in
series to convert photon energy into chemical energy through
light-induced charge separation and subsequent electron trans-
fers. PS II appears to catalyze water oxidation at a pentanuclear
MnyCa cluster that accumulates oxidizing equivalents (see re-
cent reviews in refs. 1-5). It is generally supposed that the water
oxidation is triggered by charge separation between the primary
electron donor, P680, and the primary electron acceptor, pheo-
phytin (Phe) a. The initial radical pair P680* Phe a~ formed by
the charge separation, drives forward electron transfer from Phe
a~ to the first plastoquinone Q4, and hole transfer from P680*
to the Mn4Ca cluster through a redox-active tyrosine residue
denoted Yz, thus preventing charge recombination. Recent
X-ray crystallography clarified the arrangement of protein sub-
units and cofactors in PS II with 2.9-3.7-A resolution (6-9),
visualizing the electron transfer pathway.

To date, the nature of P680 remains controversial. Available
experimental data and theoretical analyses suggest that P680 is
assignable to the pigment cluster of the four chlorophyll a
molecules (denoted Ppi, Ppz, Chlpy, and Chlpy) in the PS II
reaction center (1, 5). Further uncertainty surrounds the value
of the redox potential E,,(P680/P680"). Although the E,,(P680/
P680*) value is an essential parameter to draw a whole picture
of the PS II energetics, its direct measurement has never been
attained (10) because water, present as dominant (solvent)
molecules in most sample solutions, is oxidized first heavily and
tends to mask the subsequent oxidation of the target entity P680
at a higher potential. The E,,(P680/P680") value has hence been
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estimated from the potentials of PS II electron acceptors (10-12)
or assessed by computation (13-17).

In the former case, the Phe a redox potential E,,(Phe a/Phe
a~), together with the P680* — Phe a free energy difference, is
a good clue to estimate E,(P680/P680"). An attempt in this
direction was made in 1979 by Klimov et al. (11), who had
detected Phe a as the primary electron acceptor in PS II
membranes from pea (18). They obtained —610 = 30 mV as
En(Phe a/Phe a™) and, using the P680* — Phe a energy
difference of ~80 meV from delayed fluorescence measure-
ments (19), estimated the E,,(P680/P680") value to be + 1,120 =
50mV (11). In 1981 Rutherford et al. (20) indirectly assessed the
E(Phe a/Phe a™) value from an EPR study of the P680 triplet
states, to obtain —604 mV, being close to that by Klimov et al.
For almost three decades thereafter, the values of approximately
—600 mV for the En,(Phe a/Phe a™) and approximately +1.1 V
for E,(P680/P680") have been widely accepted in the discus-
sions on PS II energetics, with no further attempts to measure
E,(Phe a/Phe a™).

Recently Rappaport et al. (12) disputed the validity of the
En(Phe a/Phe a™) value, on the ground that the Phe a — Qa
potential difference did not fit their kinetic analytical data. A
value of =80 mV or —30 mV in the presence of DCMU (an
inhibitor blocking electron transfer from QA to the second
plastoquinone Qg) has been assumed to be reasonable for
E(Qa/Qa™) since the thorough studies of Krieger et al. (21-23),
giving the Phe a — Qa potential difference of ~600 meV,
although scattered E,(Qa/Qa ™) values in three ranges, approx-
imately —250, 0, and 125 mV, were reported (reviewed in ref.
21). However, the fluorescence decay data by Rappaport et al.
on the charge recombination of Qa~ at the S, state in the
presence of DCMU in Synechocystis PCC 6803 mutants PS II
indicated that the Phe a — Qa potential difference should be
smaller by =250 mV. They then estimated the E,(P680/P680*)
value to be +1.26 V (12) on the basis of Er,(Qa/Qa™) and kinetic
analytical data in the presence of DCMU. Later, Grabolle and
Dau (10) analyzed the delayed and prompt Chl fluorescence of
PS II membranes in the absence of inhibitor and assessed the
En(P680/P680*) value to be +1.25 V, by citing E,(Qa/Qa™) to
be —80 mV. Since then, the value of approximately +1.25 V is
generally accepted for En,,(P680/P680") (1-5) and is used as a
reference in computational chemistry (13-16).

In view of these finding, a renewed attempt to determine the
E,(Phe a/Phe a~) value would be of much significance. Actually,
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a number of questions have been raised (ref. 12; see also
Discussion below) as to the reliability of the Ey,(Phe a/Phe a™)
measurements reported only in the 1978-1981 period (11, 20),
carried out with a chemical titration mode at nonphysiological
pH values to render the H,O/H; equilibrium potential negative
enough (24, 25): Klimov et al. performed the measurement while
changing the pH of a solution from 8 to 11 (11) and Rutherford
et al. adjusted the pH at 11 through the titration (20).

Spectroelectrochemistry is a powerful means to probe into the
redox behavior of biological molecules (26) because it (i) re-
quires only a small amount of sample, (ii) allows for strict
potential control, and (iii) facilitates rapid redox equilibration
within a sample cell. These features enabled us to determine the
redox potential £, of P700 (primary donor in PS I) and other
components to within £2 mV (27-31) and to unveil the species
dependence of the Ep, value of P700 (28, 29). This has been
extended in the present work to measure the E,(Phe a/Phe a™)
value in PS II complexes at physiological pH, by overcoming
several difficulties inherent in the strongly negative potential
range. Use of electrode material exhibiting a large hydrogen
overpotential, of which mercury is a typical example, has a
possibility to poise solution potential at values more negative
than possible by titration with chemical reductants (24, 25). The
E(Phe a/Phe a™) value thus obtained is compared with the
previous value and kinetic analytical data, and the energetics for
PS 11 is discussed in the light of the renewed E,(Phe a/Phe a™)
value.

Results

In this work, we used PS II core complexes from a thermophilic
cyanobacterium Thermosynechococcus elongatus WT* (32),
where D1 is encoded by only psbAs. The T. elongatus genome
possesses three variant copies of D1 genes (psbAi, psbA», and
psbAs3), and a typical difference among them lies at residue 130,
which is within an H-bonding distance of the 9-keto carbonyl of
Phe a in the D1 branch; the residue 130 is Gln in D1:1, whereas
it is Glu in D1:2 and D1:3. Because D1-130 in higher plants as
wellas D1:3in T. elongatus is Glu, the PS II complexes from WT*
should be appropriate for comparison of E,(Phe a/Phe a™) to be
obtained with that in previous reports on higher plants.

Continuous illumination to a solution containing PS II core
complexes under reductive conditions, where Q4 is in the
reduced form, induces charge separation causing buildup (pho-
toaccumulation) of Phe a~, enabling one to observe the Phe
a/Phe a~ redox reaction via absorption spectrum or EPR signal
changes (33). Such a reductive condition was usually achieved by
adding sodium dithionite into a sample solution under anaerobic
conditions (18, 33, 34), leading to the solution’s equilibrium
potential of —360 to —480 mV at pH 6-8.

In spectroelectrochemistry, we observed light-induced differ-
ence absorption spectra of the PS II core complexes at pH 6.5 in
an airtight optically transparent thin-layer elctrode (OTTLE)
cell equipped with a mercury-electroplated Au mesh as a
working electrode. A typical result is depicted in Fig. 1, where the
potential of the working electrode was set at —350 mV or —500
mV. The spectral shape and characteristic peaks at 428, 450, 517,
and 547 nm are practically the same as those previously reported
for PS IT complexes (18, 33-36). The two bleaches at 517 and 547
nm arise from the Qx bands of Phe a, the bleach at 428 nm is the
Soret band (18, 33), and the 450 nm peak is due to the Phe a~
absorption (33, 37). Our result hence represents the light-
induced difference spectra due to the redox reaction of photo-
active Phe a (38-42), which is in the D1 branch and denoted Phe
api, in the PS II core complexes. The spectral intensity at —500
mV is approximately half that at —350 mV. This demonstrates
that approximately half of the Phe a was reduced electrochem-
ically before illumination and therefore did not participate in the
charge separation. When the potential was returned to —350 mV
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Fig. 1. Light-minus-dark difference spectra demonstrating the photoaccu-
mulation of Phe a™ inthe PS 1l complexes in the OTTLE cell, where the potential
of the working electrode was set at —350 mV (solid curve) and —500 mV
(dashed curve).

after a measurement at —500 mV, the light-induced difference
spectrum was almost identical with the counterpart shown in Fig.
1A; this ensures that the redox reaction of Phe ap; is fully
reversible.

Fig. 2 gives the time courses of absorbance change at 450 nm
during and after continuous illumination (photoaccumulation of
Phe a™) at a series of negative potentials applied to the working
electrode. During illumination, the absorbance increased and
approached a steady-state value in 200-300 s, although a gradual
decrease from the plateau is observed at lower potentials,
typically at —525 mV. After turning off the light, the absorbance
generally tended the initial baseline. The gradual decrease
during illumination and partial irreversibility after illumination
might be due to some irreversible photoreactions of peripheral
chlorophylls or carotenes. However, the amplitude of absor-
bance change at —350 mV was almost identical before and after
the potential steps, and this strongly suggests that the redox
reaction of Phe ap; was reversible. The amplitude of absorbance
change at —350 mV was also the same as that at —300 mV,
indicating that Phe ap; was electroneutral at —350 mV.

The amplitudes of absorbance change at 450 nm at a series of
electrode potentials relative to that at —350 mV were used to
construct two types of Nernstian plots as shown in Fig. 3 4 and
B. Aleast-squares fit of the data in Fig. 34 gave a slope of 55 mV
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Fig. 2. Time courses of absorbance change at 450 nm AAyso during photo-

accumulation of Phe a™ inthe PS Il complexes at a series of electrode potentials
in the OTTLE cell.
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Fig.3. Nernstian plotsforthe redoxreaction of Pheain PS Il complexes based
on AAgso values. The dashed line in A drawn by a least-squares fit to the plots
gives a slope of 55 mV per decade. The curve in Bdenotes a theoretical one for
one-electron redox process with Ey, = —502 mV.

per decade, being sufficiently close to 59 mV per decade
expected for a reversible one-electron redox process. The Ey,
(Phe a/Phe a~) value, corresponding to the intercept on the
ordinate, is seen to be —502 mV at pH 6.5. A titration-type
display given in Fig. 3B is also in line with a one-electron redox
reaction at E, = —502 mV; little hysteresis between the
reductive and oxidative directions supports the reversibility of
the Phe a redox reaction. By summarizing four independent
measurements (Fig. S1), we conclude that the E,,(Phe a/Phe a™)
value is —505 mV with a standard deviation of 6 mV (Fig. S2).
We also performed spectroelectrochemical measurements of
En(Phe a/Phe a™) at pH 7.5 (Fig. S3), and the average value of
two independent measurements was —497 mV (Fig. S4).

Discussion

By use of a mercury-electroplated Au mesh electrode on which
water reduction (hydrogen evolution) is minimized and the use
of dithionite-containing sample solution in an airtight OTTLE
cell with minimal disturbance from dissolved O, reduction, our
spectroelectrochemical measurement has yielded a value of
—505 £ 6 mV at a physiological pH of 6.5 for the photoactive Phe
api in the PS IT complexes prepared from T. elongatus WT*. The
standard deviation of 6 mV for the determination of E,(Phe
a/Phe a™) seems to be rather large (seen in Fig. S2), especially
compared with our previous measurements on redox species in
PS T and II yielding values within an error range of =2 mV
(27-31); this might be partially due to an interference from
irreversible photoreactions of peripheral species during photo-
accumulation of Phe a~. The E,(Phe a/Phe a™) determined in
the present work is by as much as ~100 mV positive of those
reported in 1978-1981, namely —610 = 30 mV by Klimov et al.
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(11) and —604 mV by Rutherford et al. (20) from measurements
in nonphysiological aqueous media (pH 8-11).

The origin for the discrepancy may be sought in (i) the pH
dependence of Er,(Phe a/Phe a~) and/or (ii) possible denatur-
ation of PS II complexes at nonphysiological pH. A pH depen-
dence of the E,(Phe a/Phe a~) on a Hg electrode in dimethyl-
formamide was noted by Kazakova et al. (43): by acidification the
E(Phe a/Phe a~) value tended to shift positively by 30 mV/pH
and 60 mV/pH in the pH regions 9.0-10.0 and 6.0-9.0, respec-
tively. Because the redox potential of Chl a does not depend on
pH in aqueous media (44), the pH dependence of the Ey, value
may be characteristic of Phe a. In addition to the pH dependence
itself, an electrostatic influence from amino acid residues around
Phe a in the PS II complex should be taken into account for the
E(Phe a/Phe a™) value. Our results of Er,(Phe a/a™) at pH 6.5
and 7.5 revealed, however, that E,(Phe a/Phe a™) is almost
independent of pH in this physiological pH range, suggesting
that one cannot simply assume a pH dependence of En,(Phe
a/Phe a™) in the nonphysiological high pH region. In any event
some denaturation of PS II complexes at pH 10.0-11.0 is
inevitable; the oxygen-evolving activity has an optimum pH =6,
and is lost at pHs higher than 9 (36, 45). These factors may have
shifted the previously measured values from the actual one.
Furthermore, the En,(Phe a/Phe a™) value at a physiological pH
should be used in considering the energetics within PS II.

It should be noted that the En(Phe a/Phe a~) value was
measured under the reductive condition by controlling the
working electrode’s potential in sample solutions added with
dithionite in this work. Such a highly reductive condition would
release the Mn cluster, impairing oxygen evolution activity and
thus may shift E,,(Phe a/Phe a™); indeed, it was found that the
loss of oxygen evolution activity shifts E,(Qa/Qa™) positively by
150-190 mV (21, 22). However, we confirmed that the PS II
complexes prepared from T. elongatus WT* strain can keep
oxygen evolution activity entirely even after incubation in the
dark in the presence of dithionite, and it can still keep as much
as 70% of the activity under illumination for 15 min in the
presence of dithionite, which simulated the first measurement of
the Phe a~ photoaccumulation. Although the oxygen evolution
activity would decline gradually during the spectroelectrochemi-
cal measurements, if Er,(Phe a/Phe a™~) shifts by the lack of the
oxygen evolution activity, the Nernstian plots (Fig. 3) would not
present a single one-electron redox process at a redox potential.
Therefore, the E,(Phe a/Phe a ~) value might not be different so
much as the case seen in E,(Qa/Qa™) from the actual one in
fully intact PS II complexes. This also implies that adjusting
potentials for photoprotection in the case of oxygen evolution
activity loss should perform on En(Qa/Qa~) only, inducing
direct charge recombination from Qs to P680* (22).

Based on the E,(Phe a/Phe a ™) value determined in this work
and kinetic analytical data in the literature, the energetic rela-
tionships among the electron transfer components in the PS II
complexes can be portrayed as follows. From the nature of
charge separation between P680* to Phe a, one can indirectly
estimate the En(P680/P680%) value, which still resists direct
measurement as mentioned above. Although Klimov et al. (ref.
11; see also Introduction) estimated En,(P680/P680") simply
from the E,(Phe a/Phe a ™) value and the free energy difference,
according to the Weller’s equation (46), which describes an
energetic relationship between an electron donor and an accep-
tor, the free energy correlation surrounding the P680* — Phe a
electron transfer should obey the following formula:

AGes = q[E(P680*/P680") — E,(Phe a/Phe a )] + AGs,
[1]
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where ¢ is the elementary charge, AGc¢s is the free energy
difference for the charge separation, and AGs is the stabilization
energy induced by the separated ion pair formation. In the
present context, AGcs denotes the energy difference between
[P680* Phe a] and [P680" Phe a~], and have been scrutinized
often by time-resolved fluorescence spectroscopy (47-49). Val-
ues of approximately —150 meV for AG¢s in PS II complexes
were collected from earlier fluorescence decay kinetic analytical
data (47). A similar value of —165 meV was reported from
time-resolved photovoltage measurements on unstacked PS II
membrane fragments and data analysis in terms of the exciton
ion-pair equilibrium model (50). AGs is generally referred to as
a static Coulombic interaction calculated as —g?/(4mer), where
¢ is the permittivity, and r is the ionic center-to-center distance:
The interaction energy between P680 and Phe a ranges from —45
to —225 mV for e, (relative permittivity) of 20 to 4, respectively,
by assuming that the cation is located predominantly on the D,
side of the special pair (51). Considering an entropic equilibra-
tion at an excited state between P680 and antenna Chls (AnChl)
and charge separation driven by the equilibrated [AnChl P680]*;
however, AGs should be within the difference between the
equilibrated state and the charge-separated state [P680" Phe
a~ ]; otherwise the electron transfer step from [AnChl P680]* to
Phe a accompanying the free energy change between the energy
level of [AnChl P680]* and gE.,(Phe a/Phe a~) becomes an
uphill reaction. Consequently, AGs may be within 0 to —40 meV
because the energy difference of [AnChl P680]* and [P680*Phe
a~| was estimated to be —40 meV (50) or —50 meV (47).

The free energy difference between [P680* Phe ¢~ Qa] and
[P680" Phe a Q7] is calculated to be —380 to —420 meV
(depending on AG’) by subtracting a currently accepted value of
—80 mV for En(Qa/Qa) (21) from the present result, in
considering an electron transfer from Phe a~ to Qa. This energy
difference seems to agree with the reported values based on the
charge recombination data, —310 meV by Rappaport et al. (ref.
12: =360 meV added with the DCMU’s effect of +50 mV) and
—340 meV by Grabolle and Dau (10), more reasonably than by
using a value of approximately —600 meV calculated with the
En(Phe a/Phe a™) value reported by Klimov et al. However, by
considering an electrostatic interaction between Phe a and
anionic Q4 ~, which may be present during the measurements of
En(Phe a/Phe a™), Rappaport et al. claimed that the true value
of E(Phe a/Phe a~) must be more positive than the value of
Klimov et al., and the experimental ambiguity must be one of the
reasons for the discrepancy in En(Phe a/Phe a™) (12). This
electrostatic effect exerted by Qa~ was also confirmed by
computational chemistry, and was calculated to be ~90 meV
(17). Although these claims might also hold for our result,
Gibasiewicz et al. reported on the electrostatic effects of the
redox states of Qa on the energy difference AG¢s by time-
resolved photovoltage measurements (50): Indeed the anionic
Qa~ (singly reduced Q4) generate a large increase (90 meV) in
AG s, whereas the effect of QaH; (doubly reduced Q4) on AGcs
is similar (at most 4 meV) to that of Qa at the neutral state.
Because experimental conditions for the double reduction of Q4
(50, 52-55) are similar to that in our spectroelectrochemical
measurement for Phe a~ photoaccumulation (see Materials and
Methods), our result may have not been affected much by the
electrostatic problems.

Fig. 4 summarizes the energetics within PS II based on the
E.,(Phe a/Phe a™) value obtained in this work and the relation-
ships among the electron transfer components from kinetic
analyses. The En,(P680/P680%) value was estimated to be less
positive than +1,210 mV. The E,,(Phe a/Phe a~) value for the
PS II complexes from T. elongatus WT*, where only the psbA3
gene expressed, was —505 mV, whereas a site-directed mutagen-
esis study with Synechocystis PCC 6803 (56) showed that substi-
tution of Glu at position 130 of D1 with Gln decreased the free

17368 | www.pnas.org/cgi/doi/10.1073/pnas.0905388106
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Fig. 4. Energetics for electron transfer components in PS Il based on the

redox potentials. The gray boxes indicate energy level uncertainties depend-
ing on AGs. The values of AGcs and AGs derive from the literature (47, 48) and
the value of E(Qa/Qa~) was cited from ref. 21.

energy difference AGcs, corresponding to a shift in the En,(Phe
a/Phe a~) value by +33 mV. Such a mutational effect on the
energetics was also confirmed by thermoluminescence measure-
ments (57). However, a thermoluminescence study performed
on PS II complexes from T. elongatus WT* and WT (psbA,
dominantly expressed) did not show a large difference, suggest-
ing that the substitution of residue 130 has negligible effect in T.
elongatus when compared with the situation in Synechocystis
PCC 6803 (32). In any event, kinetic analyses such as thermolu-
minescence and delayed fluorescence provide only an estimate
of the energy difference between Phe a and P680 or Phe a and
Qa, whereas a direct measurement of the E,(Phe a/Phe a™)
value by spectroelectrochemistry would reveal not only muta-
tional effects but also species dependence more clearly. Because
the image in Fig. 4 is a compilation of results from cyanobacteria
and higher plants, more systematic analyses on a species and
probing into differences among species are still required to draw
a detailed and final conclusion on the energetics within PS II.

Materials and Methods

Purification of PS Il Core Complexes. Oxygen-evolving PS Il core complexes
were purified from T. elongatus WT* (32) in which the psbA1 and psbA; genes
encoding D1 have been deleted from genome of 43H strain (58) using Ni2*-
affinity column chromatography as described elsewhere. The eluted out PS I
core complexes were concentrated by use of an Amicon Ultra-15 concentrator
device (Millipore). The PS Il core complexes were stored until use in liquid
nitrogen in a medium containing 40 mM Mes-NaOH (pH 6.5), 15 mM CaCly, 15
mM MgCl,, 10% glycerol, 0.03% dodecyl-B-D-maltoside (DM) and 1 M glycine-
betaine. Water oxidation function of the PS Il core complexes were active as
~5,000 umol of O; mg Chl=" h~1.

Spectroelectrochemistry of Phe a/Phe a~. An airtight OTTLE cell, being an
adapted version of the basic design reported by Hawkridge and Ke (24), was
used for the spectroelectrochemical measurements. The optical path length
was ~300 um, and the effective cell volume was 500 pL. A gold minigrid (100
mesh per inch) electrode, rinsed by ultrasonification in dilute HNO3 and then
in ultrapure water, was electroplated cathodically with mercury by applying
a potential of approximately —1.0 V in a solution of saturated Hg(NOs), by
using a potentiostat until the entire electrode surface turned to shiny gray
(59). The Hg—Au mesh served as a working electrode, a Pt black wire as a
counter electrode, and an Ag-AgCl (in saturated KCl) as a reference electrode
in the thin-layer cell. In the text body, the electrode potential is referred to a
standard hydrogen electrode (SHE) (+199 mV vs. Ag-AgCl).

In spectroelectrochemical measurements, the PS Il core complexes were
suspended at a Chl a concentration of 0.6 mM, corresponding to ~15 uM Phe
ap1, in a buffer containing 50 mM Mes-NaOH (pH 6.5), 0.2 M KCl, 0.2%
dodecyl-B-D-maltoside (DM), 1 M glycine-betaine, and the following redox
mediators: 500 uM anthraquinone (Em = —225 mV), 500 M methyl viologen

Kato et al.
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(Em = —443 mV), and 1,1'-propylene-2,2’-bypyridylium (Triquat, Ey, = —556
mV). For spectroelectrochemical measurements at pH 7.5, the buffer was
exchanged with Hepes-NaOH (pH 7.5) instead of Mes-NaOH at a final con-
centration of 50 mM using Microcon-100 (Amicon). The PS Il sample solution
was, after addition of 5 mg-mL~" sodium dithionite, transferred to the spec-
troelectrochemical cell filled with Ar. The buffering capacity of 50 mM Mes-
NaOH (pH 6.5) or Hepes-NaOH (pH 7.5) is sufficient to keep an intended pH
even after addition of sodium dithionite, which was also confirmed by an
open-circuit potential of approximately —380 mV and —440 mV in the case of
using Mes and Hepes, respectively, in the OTTLE cell.

Light-induced difference absorption spectra of Phe a/Phe a~ were mea-
sured by using a dual-wavelength spectrophotometer Model V670 (JASCO)
modified for lateral illumination (60). The electrode potential was controlled
with a potentiostat Model 2020 (Toho Technical Research). Photoreduction of
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