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Detection of an intermediate of
photosynthetic water oxidation

Juergen Clausen & Wolfgang Junge

Division of Biophysics, Department of Biology/Chemistry, Universitit Osnabriick,
D-49069 Osnabriick, Germany

The oxygen that we breathe is produced by photosystem II of
cyanobacteria and plants. The catalytic centre, a Mn,Ca cluster,
accumulates four oxidizing equivalents before oxygen is formed,
seemingly in a single reaction step'® 2H,0 = O, + 4H" + 4e".
The energy and cycling of this reaction derives solely from light.
No intermediate oxidation product of water has been detected so
far. Here, we shifted the equilibrium of the terminal reaction
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backward by increasing the oxygen pressure and monitoring (by
absorption transients in the near-ultraviolet spectrum) the elec-
tron transfer from bound water into the catalytic centre. A
tenfold increase of ambient oxygen pressure (2.3 bar) half-
suppressed the full progression to oxygen. The remaining elec-
tron transfer at saturating pressure (30 bar) was compatible with
the formation of a stabilized intermediate. The abstraction of
four electrons from water was probably split into at least two
electron transfers: mildly endergonic from the centre’s highest
oxidation state to an intermediate, and exergonic from the
intermediate to oxygen. There is little leeway for photosynthetic
organisms to push the atmospheric oxygen concentration much
above the present level.

The catalytic centre of photosynthetic water oxidation is
embedded in a protein, photosystem II (PSII), and is composed
of a Mn,Ca cluster and a redox-active tyrosine (Y)'. Its structure
is beginning to be clarified**. Absorption of a quantum of light
drives a charge separation to yield an oxidized chlorophyll a entity
(P6807T). It oxidizes Y, in nanoseconds and, from there on, the
Mn,Ca cluster in microseconds®’. Three absorbed quanta clock the
Mn,Ca cluster through increasingly higher oxidation states, from
the lowest, Sy, to S}, S, and S;. Dioxygen is liberated only after input
of a forth quantum of light to yield S;Y7* =S, Up to the
penultimate state (S;) the substrate, bound water, is exchangeable
with isotope-labelled bulk water”'°. The production of potentially
dangerous oxidation intermediates of water seems to be avoided by
concentrating the fourfold oxidation of two bound water molecules
into a single terminal reaction, S4(H,0), — SoY, + O, + protons.
Despite intensive search, oxidized intermediates of water (for
example, the postulated peroxide'') have escaped detection'.
There are three factors indicative of the terminal reaction sequence,
from start to end, which evolve with the same velocity: (1) the
reduction of Y7* as detected by electron paramagnetic resonance'’;
(2) the reduction of Mn,CaY, (by bound water), as detected by
ultraviolet flash spectrophotometry'"7; and (3) the liberation of
oxygen, as detected by rapid polarography'>'”'®. The terminal
reaction sequence is probably rate-limited by the transfer of the
first electron into S;Y7". Intermediates might have escaped detec-
tion because of their short lifetime.

We attempted to stabilize intermediates by increasing the
partial pressure of oxygen over the reaction mixture. This
approach is illustrated by a sequential reaction with only one
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Figure 1 Ultraviolet absorption transients at a wavelength of 360 nm of dark-adapted PSII
core particles under excitation with five short laser flashes (arrows). Black trace, air; grey
trace, 20 bar oxygen. The undershoot after the third flash (black trace) reflects the
relaxation of the fourfold oxidized catalytic centre culminating in the release of oxygen (see
text).
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intermediate, B:

a
A =

; B % C+ O, + protons (1)

which may be tentatively read as:
S;Y;*(H,0), % S Y, H,0, % SoY,+ O, + protons  (2)

a — d denote the forward and backward rate constants, and H,O,
stands for the hypothetical peroxide intermediate. The choice of
only a single intermediate and its assignment to S,-peroxide is
arbitrary but plausible. All reactions are pseudo-first order, except
for the last back reaction (second-order rate constant d). With S;
representing solid state components, and water being both reagent
and solvent, oxygen and protons are the only dilute reaction
partners. The involvement of protons was neglected in the following
for simplicity. We varied the oxygen concentration to change the
equilibrium between the intermediate (B) and the fully relaxed state
(©).

Figure 1 shows absorption transients at a wavelength of 360 nm
under excitation of dark-adapted PSII core particles with a train of
five laser flashes. These transients reflect redox reactions of manga-
nese and of intrinsic and extrinsic electron acceptors of PSII, as
documented in the literature'”"” (see also Supplementary Fig. 2).
Both traces were recorded at pH 6.7, the first at ambient oxygen
pressure (black) and the second at 20 bar oxygen (grey). The most
interesting feature of the control trace (black) is the decrease in the
absorption transient upon the third flash of light, which hereafter
we call the undershoot. It is caused by an exponential decay
component with a half-life of typically 1.3 ms (20 °C). It compensates
the upward-directed jumps at flashes 1 and 2 (see Supplementary
Information) and is directly related to oxygen evolution'>'*'”*, In
PSII particles from Synechocystis, as used in this work, the equilib-
rium of the oxidation states in the dark is 0.3/0.7/0/0 = S¢/S1/S,/S5
(refs 12, 21). Thus, oxygen evolution and the concomitant under-
shoot of absorption appear only at and after the third flash of light,
and are absent at the former two flashes'”*". Comparison of the two
traces in Fig. 1 reveals that the undershoot is suppressed at high
oxygen pressure (grey transient).

There are more differences between the two traces in Fig. 1: (1)
the magnitude of the upshot at the first flash differed because of a
different proportion of incompetent centres in oxygen evolution
(see Supplementary Information), and (2) the non-oscillating
signals at flashes 4 and 5, and further on, at high oxygen pressure.
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Figure 2 Ultraviolet absorption transients as induced by the second and third flash under
variation of the gas composition and pressure. The undershoot indicating the formation of
oxygen is clearly depressed by 20 bar O, but is unaffected by enhanced hydrostatic
pressure alone (19 bar No). The control trace (air) is smoothed over 30 points, whereas the
other traces are smoothed over five points.
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We tentatively interpreted the latter as a cycling of <100 ms between
states S;Y** and S;Y at the donor side of PSII, similar to that which
occurs in Mn-depleted PSII core particles.

Figure 2 shows the original transients of flashes 2 and 3 under
three conditions: with ambient oxygen pressure (0.21 bar); with
elevated oxygen pressure (20 bar); and with elevated nitrogen
pressure and no oxygen present (19 bar N,, only a few smoothed
points displayed). It is evident that the undershoot was diminished
by elevated oxygen pressure, but not by pressure per se. In contrast to
the decay after the third flash, the decay after the second flash was
not affected by the elevated oxygen pressure, implying that the dark
equilibrium between oxidation states was not perturbed. The effects
caused by exposure to 30 bar oxygen were reversible. After 30 min
exposure to 20 bar O, and slow re-establishment of the ambient
pressure (over 5h at 0 °C), samples still revealed typically 70-80% of
their original oxygen-evolving activity under continuous illumina-
tion. Similarly, the normal oscillatory behaviour under excitation of
dark-adapted material with a group of light flashes was restored by
decompression to the ambient oxygen level. This is documented in
the Supplementary Information.

The effects of increased oxygen pressure were immediately
apparent on visual inspection of the raw data. The ultraviolet
transients at the third laser flash were normalized to yield the
same extent of the rapid rise, and corrected (see Methods and
Fig. 3). The normalized and corrected transients at 360 nm at the
third laser flash reflect the electron transfer into the catalytic centre
after reaching state S,. Three corrected traces (at 0.21, 1 and 20 bar
0,) are documented in Fig. 3. We titrated their extent as a function
of the oxygen pressure (see Fig. 4, points). The extrapolated
saturation level of the suppression by high oxygen pressure was
83% (dashed line) and the midpoint was at 2.3 bar.

The solid line in Fig. 4 was calculated on the basis of the
tentatively chosen reaction scheme (equation (1)) involving only
a single intermediate. Initially (that is, right after the third laser
flash) the concentrations of A, B and C were Ay =1 and
By = Co = 0, and the new equilibrium was:

-1
a c B a C« ¢

where p denotes the oxygen pressure and a, b, ¢ and d the rate
constant of the reaction scheme (equation (1)). The three species A,
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Figure 3 Electron transfer into the catalytic Mn4Ca centre at three different oxygen
pressures, and corrected ultraviolet absorption transients at the third flash. Each data
point represents the difference between the respective points at the third and the second
flash (as shown in Fig. 2), serving to eliminate the contribution at the chosen wavelength
(360 nm) of the consecutive reactions of the added electron acceptor (2,5-dichloro-p-
benzochinon). A further correction was introduced for the underlying step-shaped signal
attributable to the transition S, — S5 on the second flash. Original data were smoothed
over 20 points.
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B and C could not be monitored separately, and together they
contributed to the corrected ultraviolet transient at the third flash of
light. We discuss the expected behaviour in terms of equation (2),
wherein the intermediate is assumed to be S,Y;H,0,. This is only
one of several choices, as mentioned. The decay of absorption
reverses two positive jumps of equal magnitude during the fore-
going univalent oxidation steps, S; — S, and S, — S; (refs 22-24)
(see Supplementary Information). In contrast to the former, the
transitions Y, — Y5* and Sy — S, marginally contribute at this
wavelength (360 nm)*. Accordingly, the disappearance of A = S5
YZ* (H,O),, the highest oxidation state of the centre, is expected to
cause absorption twice as large as the same amount of an inter-
mediate in the second oxidation state, B = S,Y,;H,O,.

We interpreted the corrected ultraviolet transient, therefore, as
reflecting the behaviour of the composite observable, X, as a
function of the oxygen pressure (p):

X=A+3B=f(p) )

Insertion of equation (3) into equation (4) yielded the documented
fit (solid line) to the titration data in Fig. 4. The fit parameter values
were a/b = 0.5, ¢/d = 6.8 bar and p;,, = 2.3 bar.
The expected time course at very high oxygen pressure (p— o0) is
given by:
X)) =2 (14— (b -+ ac™ o) (5)
2 a+b

It is a mono-exponential decay with a rate constant, k:
k=a+1b (6)

At 20 bar O, the observed half-decay time of the signal was 0.8 ms
(data fit by single exponential), implying a rate constant of
k=1866s"", so that a=144s"" and b= 722s"". The absolute
values of the rate constants of the second partial reaction, ¢ and
dp, could not be determined, but both were much larger than a
and b.

With these parameters, which were based on data obtained at pH
6.7 and at 20 °C, the standard free energy profile of the reaction
sequence (equation (1)) could be calculated (see equation (3))
according to the relation AG® = —RT In K, where RT is as usual and
K denotes the equilibrium constant.

AGY, = +1.7kmol !, AGY. = —4.7kJmol "’ 7)

Both values relate to the production of 1 mol dioxygen under
pseudo-standard conditions (=pH 6.7, 1 bar O,, 20°C). This free
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Figure 4 Titration of the corrected absorption transients by elevated oxygen pressure (see
text and equation (4)). The insert illustrates the calculated standard free energy profile
starting from the highest oxidation state, continuing through the peroxide intermediate, to
the fully relaxed state with released oxygen. The error bar denotes the standard deviation
of data from 20 experiments with material from six preparations.
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energy profile is illustrated in the insert to Fig. 4. At ambient
pressure (0.21 bar oxygen) AGpc would be —8.6kJmol™". The
role of proton release in the final reaction sequence will be detailed
elsewhere. Here, we only mention that the second partial reaction
(B — C) involves the liberation into the bulk of one proton per O,.
This will be detailed elsewhere (see refs 17, 25-28 for surveys of the
proteolytic reactions).

Our experiments demonstrate the back pressure of oxygen on the
Mn,Ca centre. It would be interesting to re-investigate the pre-
viously reported oxygen consumption by PSII* (under ambient
pressure) under conditions of varied oxygen pressure.

Production of oxygen through photosynthetic water oxidation is
a process of paramount biological importance and technical rel-
evance. It operates at extremely positive redox potential (>+1.2'V;
refs 25, 30). We present experimental evidence for an intermediate
of the enigmatic reaction pathway from water to oxygen. The free
energy drop at the very end of this reaction is rather small. It
emphasizes that PSII operates at the outermost redox span that can
be driven by quanta of red light. The unexpectedly low pressure that
half-suppresses oxygen evolution (2.3 bar at pH 6.7) has an inter-
esting consequence. The present atmospheric pressure of oxygen is
close to the expected obtainable maximum. It approaches it rather
closely when taking into consideration the additional effect of pH:
the luminal side of the thylakoid membrane is more acidic than the
pH 6.7 used in our experiments. ]

Methods

PSII core particles and media

Oxygen-evolving PSII core particles were prepared as described”! from modified WT* cells
of Synechocystis sp. PCC6803 (ref. 21). For flash-spectrometric measurements PSII core
particles were suspended in standard medium (1 M sucrose, 25 mM CaCl,, 10 mM NaCl,
1 M glycine betaine, 0.06% (w/v) N-Dodecyl-3-D-maltoside, 50 mM 2-(N-
Morpholino)ethanesulphonic acid, pH 6.7). The temperature was 20 % 0.5°C.

Samples under high pressure

An optical cell with fused quartz windows was constructed to sustain pressures up to
30 bar. Standard reaction medium was pre-equilibrated with purified oxygen or
nitrogen gas under the desired partial pressure for at least 40 min. It was then filled
into the optical cell and re-equilibrated with the pressurized gas phase for another
10 min. A small aliquot (typically 50 pl) of dark-adapted PSII particles from the
concentrated stock was injected into the cell (roughly 3 ml liquid, 20 ml gas). The
mixture was kept in darkness and equilibrated at the chosen pressure for another
20 min under gentle stirring. After addition, under pressure, of the electron acceptor
the sample was excited with a group of laser flashes and ultraviolet absorption
transients were recorded.

Laser excitation and spectrophotometry

Samples contained in the pressure-controlled optical cell were excited with a series of
flashes from a Q-switched Nd-YAG laser (wavelength 532 nm, duration 6 ns full width at
half maximum (FWHM), saturating energy, 100 ms between flashes). Absorption
transients were monitored at a wavelength of 360 nm. This wavelength was chosen to
reveal charge transfer bands of the Mn,Ca cluster with minimal contributions from
tyrosine, Yz (see spectra in Supplementary Information). Data were recorded at an
analogue bandwidth of 10 kHz, digitized at 50 ps per bin, and digitally smoothed when
indicated in the figure legends.
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Measuring fast neutrons in
Hiroshima at distances relevant
to atomic-homb survivors
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We wish to clarify misunderstandings created by our Letter on the
measurement of Hiroshima fast neutrons'. Our measurements were
partly made within the framework of (and contributed to) a
comprehensive reassessment of A-bomb dosimetry conducted by
the Joint US-Japan Working Group that produced the new RERF
DS02 Dosimetry System, soon to be published*’. Also, our specu-
lation' concerning a “slightly underestimated height-of-burst
(HOB) for the Hiroshima bomb” does not imply that the HOB
should be changed based solely on the ®’Ni measurements.
Although our work provides direct information on dose-relevant
fast-neutron fluence, it should not be construed to be the sole basis
for resolution of the Hiroshima neutron discrepancy that had been
reported for thermal neutrons. The original authors were not fully
aware of the scientific input of the copper sampling in Hiroshima
and wish to remedy this here by extending the author list and
by acknowledging additional support from Japanese funding
agencies (Grants-in-Aid for Scientific Research B and C of the
Japan Ministry of Education, Culture, Sports, Science and Tech-
nology for support and the Radiation Effects Research Foundation
(RERF) in Hiroshima for the copper sampling effort). O
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