Photosynthesis Research (2005) 84: 339-345 © Springer 2005

Regular paper

Search for intermediates of photosynthetic water oxidation

Juergen Clausen & Wolfgang Junge*
Biophysik, Universitdt Osnabriick, 49069 Osnabriick, Germany, * Author for correspondence (e-mail:
junge@, uos.de; fax: +49-541-969-2262)

Received 27 September 2004; accepted in revised form 8 March 2005

Key words: intermediate, photosynthesis, Photosystem II, S-state, water oxidation

Abstract

Photosystem II of cyanobacteria and plants incorporates the catalytic centre of water oxidation. Powered
and clocked by quanta of light the centre accumulates four oxidising equivalents before oxygen is released.
The first three oxidising equivalents are stored on the Mn4Ca-cluster, raising its formal oxidation state from
Sp to S5, and the third on Yz, producing S; Y5*. From there on water oxidation proceeds in what appears
as a single reaction step (S;Y%(H20), = O, +4H™ + Sp). Intermediate oxidation products of bound
water had not been detected, until our recent report on the stabilisation of such an intermediate by high
oxygen pressure (NATURE 430, 2004, 480—483). Based on the oxygen titration (half-point 2.3 bar) the
standard free-energy profile of a reaction sequence with a single intermediate was calculated. It revealed a
rather small difference (-3 kJ mol™') between the starting state [S;Y)*(H,0), and the product
state SpYz + O, + 4H™. Here we describe the tests for side effects of exposing core particles to high oxygen
pressure. We found the reduction of P{g in ns and the reduction/dismutation of quinones at the acceptor
side of PSII both unaffected, and the inhibition of the oxygen evolving reaction by exposure to high
O,-pressure was fully reversible by decompression to atmospheric conditions.

Abbrevations: B-pD-M — n-dodecylp-p-maltoside, Chl — chlorophyll; D1, D2 — core subunits of Photosystem
II; ET — electron transfer; DCBQ — 2,5-dichloro-p-benzoquinone; FWHM — full width at half maximum;
MES - 2-(N-morpholino)-ethanesulfonic acid, OEC — oxygen evolving complex; Pggo — primary electron
donor of PS II; PS II — Photosystem IT; Q,, Qg — bound quinone acceptors in PS IT; S;, (i = 0 — 4) — redox
states of the catalytic centre; Y, — redox-active tyrosine-161 of D1

Introduction equivalents, giving rise to S,-states (where » indi-

cates the number of stored oxidation equivalents;
The oxygen we breathe is produced by Photosys- n = 0,....4) before oxygen is released spontane-
tem II (PS II) of cyanobacteria, algae and higher ously (Joliot et al. 1969; Kok et al. 1970). The first
plants. The cofactors of the electron transfer are three oxidising equivalents are stored on the Mny
localised in the two central subunits D1 and D2 of Ca-cluster [or on its ligands (Messinger et al.
PS II. The oxygen evolving complex (OEC) con- 2001)], raising its formal oxidation state from S, to
sists of four Mn-ions, at least one Ca>*, one CI, S3. and the third one on Y, produces S;Y$* = S4.
bound water, amino-acid ligands and a redox- From there on, water oxidation proceeds in what
active tyrosine (Yz) (Zouni et al. 2001; Ferreira appears as a single reaction step (S;YY'

et al. 2004). Powered and clocked by four quanta (H,0), = 0, +4H" +S¢Yz). The dark-stable
of light the centre accumulates four oxidising resting state of the OEC is S;; therefore oxygen
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evolution of dark adapted samples peaks on the
third flash and subsequently on every fourth flash
(7th, 11th,...,). Recently, we shifted the equilib-
rium between the educt (S;Y5*(H,0),), a putative
intermediate and the product (O, +4H™' + SyY7)
towards the educt and the intermediate (Clausen
and Junge 2004). This aim was reached by
increasing the oxygen pressure from 0.21 (i.e.
ambient) to 30 bar. Half-suppression occurred at
rather low pressure of 2.3 bar, and the maximum
was reached between 5 and 10 bar. Hydrostatic
pressure alone (19 bar N,) was without any effect.
The calculated small driving force (-3 kJ mol™
under standard conditions) emphasised that PS II
operates at the outmost redox span that can be
driven by a 680-nm-photon. This conclusion was
based on absorption changes at 360 nm. These
flash-induced difference signals had to be corrected
for oxygen sensitive acceptor-side contributions;
i.e. for the decaying signal of the dismutation of the
artificial electron acceptor DCBQ (Bdgershausen
and Junge 1995). In this article, we present evi-
dence that the elevated oxygen pressure had no
side-influence on other reactions at the donor- or
the acceptor-side of PS II.

Materials and methods

Oxygen evolving PS II core particles were pre-
pared as described in (Clausen et al. 2001b) from
modified WT*-cells (Clausen et al. 2001b).

Spectroscopic measurements of electron transfer
from the Mn cluster toYy*

The flash spectroscopic experiments at 360 nm
were carried out as described in (Clausen and
Junge 2004) (plus supplementary material).

Spectroscopic measurements of electron transfer
Sfrom Yz to Plg,

Absorption transients were monitored at a wave-
length of 827 nm. Samples (35 uM Chl, 0.08%
(w/v) B-DM) contained in the pressure controlled
optical cell were repetitively excited with trains of
50 flashes from a Q-switched Nd-YAG laser
(wavelength 532 nm, duration 3 ns FWHM, sat-
urating energy, 100 ms between flashes). 1.3 mM
2,5-DCBQ was used as electron acceptor. Four

trains of 50 flashes were applied to each sample;
2 min dark adaptation between each cycle. Data
were recorded at an analogue bandwidth of
1 GHz, digitised at 4 ns per bin.

Flash induced absorption differences at 402, 425,
465 and 673 nm

Samples (8 uM Chl, 0.06% (w/v) B-DM) contained
in the pressure controlled optical cell were excited
with a series of three flashes from a Q-switched
Nd-YAG laser (wavelength 532 nm, duration 6 ns
FWHM, saturating energy, 100 ms between
flashes). Each sample was repetitively excited with
up to five trains with 2 min dark-adaptation between
each train. 200 uM 2,5-DCBQ was used as electron
acceptor. Data were recorded at an analogue band-
width of 100 kHz, digitised at 10 ps per bin.

Results and discussion

The electron transfer involving the MnCa-cluster
and Y as function of the oxygen pressure

Figure 1la shows the influence of the increased
oxygen pressure (20 bar) on the oscillatory pattern
of the S-state transitions (Lavergne 1991; Karge
et al. 1997, Haumann et al. 1997a) at 360 nm. The
signals of the first two flashes (S-state transitions
S; = S, and S; = S3) were virtually unaffected.
The small difference in the positive jump upon the
first flash was attributable to a different percentage
of centres that were incompetent in oxygen evo-
lution (Lavergne 1991; Hundelt et al. 1998). The
striking differences were obvious upon the third
and the fifth flash. The control sample (black
trace) exhibited a large negative signal upon the
third flash, it reverted the positive absorption
changes during flash nos. 1 and 2. This large
negative signal represents the reduction of the
OEC under evolution of oxygen. The transition
from Sy to S; does not show a difference signal at
this wavelength (Lavergne 1991), in Figure 1a this
was evident from the transient upon the fourth
flash in the series. The positive absorption differ-
ence upon the fifth flash (black trace) represents
the oxidation from S; = S, at the beginning of the
second cycle. Under 20 bar oxygen (grey transient)
the reduction of the OEC upon the third flash was
suppressed and the extent of large negative signal
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Figure 1. (a) UV-absorption transients at a wavelength of 360 nm of dark adapted Photosystem II core particles under excitation with
five short laser flashes. Black trace: air, grey trace: 20 bar oxygen. The ‘undershoot’ after the third flash (black trace) reflects the
relaxation of the four-fold oxidised catalytic centre culminating in the release of oxygen. The extents of the positive amplitude upon the
third flash were normalised. Three transients averaged (reproduced from Clausen and Junge 2004). (b) Reversibility of the inhibition by
20 bar oxygen. PSII core complexes were incubated for 20 min under 20 bar oxygen and decompressed for 145 min. The normal (black
transient) oscillatory behaviour under excitation of dark adapted material with a group of light flashes was restored (grey transient).
The extents of the positive amplitude upon the third flash were normalised. Five semi-repetitive measurements (2 min dark adaptation

between each train). Time resolution 100 ps/point.

was decreased. This decrease was ascribed to the
stabilisation of the intermediate (for details see
Clausen and Junge 2004). The pattern of absorp-
tion transients in the presence of 20 bar oxygen
proved that the oscillations of the S-states were
inhibited to a large extent from the third flash on.
The large positive absorption change on the fifth
flash (due to the S; = S, transition under normal
conditions, see above) was absent.

On the reversibility of the effects of high oxygen
pressure

The inhibition of core-complexes by 20 bar oxygen
was reversible. After exposition of PS II core
complexes to 20 bar oxygen, as described in the
Materials and methods section (without addition
of DCBQ), the sample was decompressed and
reequilibrated for 2.5 h with the standard atmo-
sphere (21/2 h stirring on ice under 1 bar air). The
oscillatory pattern of the samples was restored
(Figure 1b). The large negative amplitude upon
the third flash was identical in the control sample
(black) and in the reactivated sample (grey tran-
sient). Moreover, the positive absorption change

upon the fifth flash (S; = S; of the second cycle,
see above) was restored in the reactivated sample,
indicating the progression of the sample beyond
the S;-state. Again, the positive jump in the first
flash varied between the samples (see above). The
oxygen evolution under continuous illumination of
the reactivated sample was 70-80% compared to
the control sample.

We checked if the equilibration of oxygen
between the gas phase and buffer was complete
under the chosen conditions. Therefore we mea-
sured the decline of the negative amplitude at
20 bar oxygen pressure under various incubation
conditions. The extent of the decline of the nega-
tive amplitude was identical, if the core complexes
were incubated for 10, 20 or 30 min. As a conse-
quence, the core-complexes were incubated for
20 min under 20 bar in all subsequent experi-
ments. We checked, whether the decline of the
negative amplitude was the same, if the buffer
(before sample-injection) was equilibrated for
10 min or for up to 60 min. Again both results
were identical. These results proved that the buffer
was fully equilibrated. Moreover, this proved that
the inhibition of the core complexes was completed
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under the chosen conditions and that the decline of
the negative amplitude was not caused by a time-
dependent degradation of the sample under ele-
vated oxygen pressure.

Titration of the transition Sy = Sy by elevated
oxygen pressure

We titrated the large negative UV-amplitude as a
function of the pressure and the gas composition
(Clausen and Junge 2004). The data were analysed
under the assumption of a consecutive reaction

scheme: A%B% C + O, + protons. The initial

concentration of Ay was 1 and the initial concen-
tration of By and C, was 0. In the equilibrium Kap
was g—z = ¢ and Kpc was g—: = 4~ The absorption
change in dependence of the oxygen-pressure was
fitted under the assumption of a half-absorbing
intermediate (HAI) or, alternatively, a nonab-
sorbing intermediate (NAI). The new equilibrium

was AOC = Wfp*% fOr NAI and Aoo + I/ZBOO ==
Llea .
— "% for HAL The ratio of rate constants
1 (145)

was determined from the lines of best fit (not
shown here, but see Clausen et al. 2004) and the
AG-values were calculated, according
toAG = —RT In K. The results are summarised in
Table 1. The calculated Gibbs-energy drop was
rather small, confirming that PS II operates at the
outmost redox span that can be driven by a 680-
nm-photon.

From the ratio of rate constants and the
measured effective half-decay time of the spec-
troscopic transient of the S; =S, transition
(0.8 ms at 20 bar oxygen) the absolute values of
the rate constants were calculated (under
assumption that the reaction from the interme-
diate to the product is fully inhibited). They were
a=144 s', b =722 s' for NAI and

a=289s"!'. b =578 s for HAL Please note
that these values had been mixed up vice versa in
our recent publication (Clausen and Junge 2004).

The decay of the educt S;Y5*(H,0), to the
product SpYz was simulated according to the
following reaction scheme: A= B=C. With the
determined absolute rate constants' a and b and
the determined ratio of ¢/d, the decay at 0.21 bar
was simulated (under assumption of a 100-fold
faster rate constant ¢) and compared with the
observed half-decay time [~1.3 ms (Haumann
et al. 1997b; Hundelt et al. 1998; Clausen et al.
2001a, 2004)]. The best consensus was achieved
under the assumption of a half-absorbing inter-
mediate (HAIL;, t ;, = 2.3 ms; Figure 2), cor-
roborating our recent assignment of the
stabilised intermediate to S, e H,O, (Clausen and
Junge 2004). The simulated half decay-time
under the assumption of a NAI was 4.67 ms.
The small difference between the simulated
results with a HAI (71, = 2.3 ms) and the
measured results (7;, ~ 1.3 ms) was probably
attributable to the imprecise determination of the
effective rate constant at 20 bar oxygen (low
signal-to-noise-ratio; data not shown). Moreover,
the absolute rate constants were determined
under the assumption (Clausen and Junge 2004)
that the equilibrium concentration of C was zero
at 20 bar oxygen. In fact, the simulations
showed that about 10% of C was still formed
under 20 bar oxygen. Taking this into account,
the effective half-decay time is shorter than
0.8 ms (see above), if no C is formed anymore,
resulting in higher values for the absolute rate
constants ¢ and b. The increase of ¢ and b by a
factor of only 1.7 would already decrease the
half-decay time for 4 to 7 ;, = 1.2 ms at 1 bar

Table 1. Results of the redox titration of the oxygen-evolving step

Ratio of
rate constants c/d

Ratio of
rate constants a/b

Half-suppression AG' (1 bar O,) AG (0.21 bar O,)

NAI 2.31 bar 0.2 13.6 bar AG) 5 =39k] mol™! AGa_p = 3.9kImol™!
AGly . = 6.3kImol™! AGg_.c = 10.2kJmol ™!
HAI 2.3 bar 0.5 6.8 bar AG,_ 5 =1.7kImol™! AGa_p =3.9kImol ™!

AGly_ = 4.7kImol™! AGy_c = 8.5kImol™

A = educt S;Y5(H,0),; B = intermediate; C = products SoYz + O, + protons.
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Figure 2. Simulation of the decay of A in time under assump-
tion of a HAI (black line). The half-decay time for a was 2.3 ms.
a/b =05, ¢/d=68bar. a=289 s' bh=1578 s,
¢ = 28890 s™'. The back reaction C = B was simulated with
the pseudo-first order rate constant d’[d" = d  p(0,)]. The time
dependent course of the concentrations of the intermediate B
(dotted) and the product C (grey line) were also displayed.

air in agreement with the spectroscopic data (for
HAI). On the contrary, a 1.7-fold increase of the
determined absolute rate constants for NAI
would result in a half-decay time of 2.84, which
is still not in line with the experimental data.
The presence of a peroxo-intermediate in the
final reaction has been postulated since 1978
(Renger 1978). However, the identity of the sta-
bilised intermediate still remains to be character-
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ised. Further experiments to clarify this point are
in preparation.

Reduction of Psgy " *

The reduction of Pl was measured at 827 nm
under repetitive excitation of the sample. The
transients are shown in Figure 3. The decay of
transients in control samples (Figure 3a) was fit-
ted (solid line) with two exponentially decaying
phases with half-decay times of 23 ns (47%),
272 ns (16%), and an offset of a ps-phase (36%,
Tys2 > 2us). Similar half times have been reported
previously for chloroplasts and PS II preparations
from spinach (Brettel and Witt 1983), PS II core-
complexes from Synechocystis sp. PCC 6803
(Hundelt et al. 1998; Clausen et al. 2001b) and for
PS 1I core particles from Thermosynechococcus
elongatus (Schlodder et al. 1985). Data fit
obtained with PS II core particles under 20 bar
oxygen (Figure 3b) revealed unaffected half-decay
times: 25 ns (52%), 250 ns (14%), >2 ps (34%).
Only the overall amplitude decreased to 73% in
comparison to the control sample. The unaffected
half-decay times of Pjg-reduction and the
unchanged fraction of the respective phases
implied that Y2* was reduced in the 100 ms dark-
time between the flashes by alternative, intrinsic
electron donors of PS II. Even the proton relax-
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Figure 3. The reduction of P¢y was unaffected between control-samples and samples under 20 bar oxygen pressure. 600 transients
averaged. (a) bar air [0.21 bar p(O,)]. The data (closed circles) were fitted (solid lines) with half-time of 23 ns (47%), 272 ns (16%) and
>2 us (36%). (b) 20 bar oxygen pressure. The fit results were 25 ns (52%), 250 ns (14%) and >2 ps (34%).
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Figure 4. Comparison of the difference spectrum of
QaYz/QA°YS" (Gerken et al. 1989) with the difference ampli-
tudes of the fast jump under 20 bar oxygen pressure (see text).

ation, which 1is attributed to the us-phases
(Krishtalik 1995; Cherepanov et al. 1998), was
unaffected. The unaffected reduction of Pfg,
explains the unchanged acceptor-side reaction as
visible in Figure 1. The positive jump upon each
flash in Figure 1 represented the fast reduction of
Qa by Pego (12 = 200 ps; Rutherford 1989;
Diner and Babcock 1996) via phaecophytin and
the following reduction of the artificial electron
acceptor DCBQ (Bogershausen and Junge 1995).
The positive jump was still visible upon the fla-
shes four and five, when the progression of the
OEC was inhibited at 20 bar oxygen pressure.

Influence of elevated oxygen pressure on the
flash-induced absorption differences at other
wavelengths

Our preliminary results on the influence of the
elevated oxygen pressure at other wavelengths are
reported here. We measured the flash-induced
absorption difference at 402, 425, 465 and 673 nm.
For the preliminary measurements repetitively
dark-adapted samples were used. After each train
of three flashes, the samples were dark adapted for
2 min. This flash-regime delivered good results
under control conditions (WT*, 1 bar air) (Clau-
sen et al. 2001a, b; 2004) with only minor damping
of the oscillations. The flash induced absorption
differences were identical between control samples
and samples under 20 bar oxygen at 402, 465 and
673 nm on all three flashes. This proved that PS II
was generally intact despite the exposition to

20 bar oxygen. A striking difference was visible on
all three flashes at 425 nm, even in long-time dark
adapted samples: aside from the fast reduction of
Qa an additional slow phase (7 1, = 100 ps) was
visible under 20 bar oxygen (data not shown). This
has to be examined in detail in future experiments.
The signal-to-noise-ratio was not optimised in
this preliminary measurements. Nevertheless, the
amplitude of the fast positive jump, caused by the
fast reduction of Q4 (see above) and the oxidation
of Yz, was analysed. These preliminary results
were in satisfactory agreement with the difference
spectrum reported by (Gerken et al. 1989). The
spectra were normalised to the flash-induced
absorption difference at 360 nm (Figure 4). The
data of Gerken et al. did not range to 673 nm. We
measured a strong negative absorption-difference
at 673 nm in agreement with other Q,Yz/Q,° YY"
difference spectra (van Gorkom 1974; Schatz and
van Gorkom 1985; Hillmann and Schlodder 1995;
Haumann et al. 1996).

Conclusions

Besides the reversible inhibition by high oxygen
pressure of the terminal oxygen evolving transition
of the water oxidase S3Y5*(H>0), = B = SoYz +
O, + protons, we did not observe any side effects on
other electron transfers in PS II, namely the reduc-
tion of P{g and the reduction of Q4 and the sub-
sequent reactions with the added quinone acceptor
(DCBQ). This corroborated the conclusion drawn
in the preceding article (Clausen and Junge 2004)
that high-oxygen pressure stabilised a (peroxo?)
intermediate. This novel approach has paved the
way to characterise the chemical nature of inter-
mediates of photosynthetic water oxidation.
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