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Abstract

The oxygen evolving complex (OEC) of Photosystem Il (PS 1) incorporates a Mn-cluster and probably a further
redox cofactor, X. Four quantaof light drivethe OEC throughtheincreasingly oxidized states S = S; =S, =S =
S, to yield O, during the transition $4— . It has been speculated that the oxidation of water might be kinetically
facilitated by the abstraction of hydrogen. Thisimplied that the respective electron acceptor is deprotonated upon
oxidation. Whether Y and X fulfill this expectation is under debate. We have previoudly inferred a ‘ chemical’
deprotonation of X based on the kinetics of proton release (Haumann M, Drerenstedt W, Hundelt M and Junge
W (1996) Biochim Biophys Acta 1273: 237-250. Here, we investigated the rates of electron transfer and proton
release as function of the D,O/H,O0 ratio, the pH, and the temperature both in thylakoids and PS 11 core particles.
Thelargest kinetic isotope effect on the rate of electron transfer (factor of 2.1-2.4) and the largest pH-dependence
(factor of about 2 between pH 5 and 8) was found on S,=S; where X is oxidized. During the other transitions both
factors were much smaller (< 1.4). Electron transfer is probably kinetically steered by proton transfer only during
S,=S;. Theseresults corroborate the notion that X® serves as a hydrogen acceptor for bound water during S;— .
We propose a consistent scheme for the final reaction with water to yield dioxygen: two two-electron (hydrogen)
transfersin series with a peroxide intermediate.

Abbreviations: BSA —bovine serum abumin; DCBQ-2,5-dichloro-p-benzoquinone; DNP-INT —dinitro-
phenylether of iodonitrothymol; EPR—electron paramagnetic resonance; FWHM —full width at half maximum;
His—histidine; Mes—2-N-morpholinoethane sulfonic acid; Mn—manganese; Psgo —primary donor; OEC —oxygen
evolving complex = MnsX-entity; PS Il —Photosystem I1; Qa —primary quinone acceptor; UV —ultraviolet; Yz —
D1-tyrosine-161; X —redox cofactor

Introduction

Photosystem 11 (PS 11) of cyanobacteria and green
plants uses water as the terminal electron donor. Each
absorbed quantum of light induces a charge separa-
tion yielding the charge pair Psgo™ and Qa . Psgo™ is
reduced by Yz (Tyr-161 on subunit D1) in nanosec-

onds. Yz% stepwise oxidizes the other redox cofac-
tors of the oxygen evolving complex (OEC) during the
four transitions from state S, to S4. S4 spontaneously
decays into Sp under release of dioxygen. It has been
argued that water oxidation is kinetically and thermo-
dynamically facilitated by a concerted electron/proton
transfer to avoid electrostatic complications (Krishta
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lik 1990; Haumann and Junge 1994; Hoganson et al.
1995, Gilchrist et al. 1995; Britt 1996). It is wide-
ly agreed on that the Mn-cluster itself is oxidized on
transitions S=S; and $,=S, (Debus 1992; Brud-
vig 1995; Britt 1996). On transition S,=S; the oxi-
dized speciesisprobably not Mn asevident from X-ray
(Klein et al. 1993; Roelofs et a. 1996) and EPR spec-
troscopy (Kusunoki 1995) although there have been
conflicting reports (Ono et al. 1992, 1995). The tenta
tive identification of this component, named X in the
following, with histidine (His) has been based on EPR-
, FTIR- and UV-spectroscopy. In these studies Ca?+-
(Boussac et al. 1990; Berthomieu and Boussac 1995),
Mn- (Allakhverdiev et al. 1992; Ono and Inoue 1991)
and Cl~-depleted material (Boussac and Rutherford
1994; Haumann et a. 1996) has been used. In Cl~-
depleted dark-adapted PSI1 core particlesX®*and Y 2
were consecutively and stably formed on the first two
flashes (Haumann et al. 1996). Y z® formation on the
second flash was compatible with the observation of
the so-called split EPR signa at g = 2 on this flash
in BBY-membranes (Boussac and Rutherford 1994)
which has recently been attributed to atyrosineradical
from pulsed EPR experiments (Tang et al. 1996a). We
previoudly investigated the rate of deprotonation at the
oxidizing side of PSI1. The dependence of thisrate on
the concentration of the pH-indicator (Haumann and
Junge 1994) and on the pH (Bogershausen and Junge
19953,b) allowed to discriminate proton release by
peripheral anmino acids (electrostatic release) against
proton release by redox cofactors (chemical release)
(see (Haumann and Junge 1996) for review). In a
study aiming particularly at the transition S,=S; we
found a component of proton release that was kinet-
ically coupled to electron transfer and thus resulted
from the respective cofactor, X, itself (Haumann et
al. 1995, 1996). This attribution was compatible with
known data on local electrochromism. Peripheral pro-
ton release does not elicit an electrochromic response
of intrinsic pigments (Haumann et a. 1994). Long-
lived electrochromic absorption transients, which are
indicative of uncompensated charges in the catalytic
center, are only observed during S;=S; but not during
S=S;1 and S$,=S3 (Saygin and Witt 1987; Haumann
et al. 1994). This observation favours the deprotona-
tion of aredox cofactor during S,=S; (and possibly
also during Sy=-S;, but see farther down).

The evidence for X°* being deprotonated and thus
electroneutral is in conflict with the following state-
mentsas put forward by other authors: (1) The stepwise
decrease of therate of electron transfer from the OEC

to Y 2% when progressing from $=5; 10 $:=5,—+ S
reflects the coulombic effect of the successive depo-
sition of four electrostatically uncompensated positive
chargesonMn (Dekker et al. 1984). (2) Theabsence of
electrochromictransientsduring So=-S; and S,=S3 is
indicative of the deprotonation of bound water (Saygin
and Witt 1987). (3) Yz, which is transiently oxidized
during all steps, acts as a hydrogen atom abstractor
from water on every of the four transitions S=S;
to S3=S,, and stable electrochromic transients on
S1=S; are caused by the redistribution of bound CI—
in the OEC (Babcock 1995; Hoganson et al. 1995).

These conflicting statements prompted usto inves-
tigate the interplay between proton (hydrogen) and
electron transfer from another viewpoint, mainly by
kinetic isotope effects. Previous reports on kinetic
H/D isotope effects on the rate of electron transfer
OEC—Y 2% have produced conflicting results: On
S1=S, aratio ky/kp of 1.3 was obtained by UV-
spectroscopy (Renger et al. 1994). It contrasted with a
ratio of 2.9 by EPR (Lydakis-Simantiris et al. 1995).
On S,=S; aratio of 1.1-1.3 was observed in the two
former studies but of about 2 in more recent work
(Kargeet al. 1996).

We reevaluated this matter at a wider scale by
studying, in paralel, therates of oxygenevolutionby a
kinetically competent Clark-type el ectrode, the rate of
electron transfer to Y 2% by UV-spectroscopy, and the
rate of protonrelease by pH-indicating dyes. Wevaried
the H/D-isotopic ratio, the pH and the temperature.

Materials and methods

Unstacked thylakoids and PS Il core particles were
prepared from peaseedlingsasin (Haumannand Junge
1994) and (Bogershausen and Junge 1995b, modified
after van Leeuwen et al. 1991). The preparationswere
stored at —80°C until use and, after thawing, sus-
pended at 40 uM of chlorophyll in a medium with
10 mM NaCl, 2.6 g/l BSA and 10 M DNP-INT (thy-
lakoids) and 5 uM chlorophyll, 10 mM CaCl, and
10 mM MES-buffer (core particles). MES was omitted
in experiments on pH-transients with core particles.
Further conditions are indicated in the figure legends.
Inactivation of core particles was performed by
titrating asuspension of 50 M of chl.topH 9for 5min
and then back to the desired pH for the measurements.
After thistreatment the rate of oxygen evolution under
continuous light was below 10% of a control.



Flash-spectrophotometry (Junge 1976) was per-
formed at a digitizing time per address of 10 uswith a
Q-switched Ruby-laser (694 nm, FWHM 50 ns) and a
Xenon-flash lamp (>610 nm, FWHM 10 us) as exci-
tation sources. With thylakoids every train of flashes
wasrecorded with afresh sample, whichwasfilled into
the cuvette (optical path 1 cm) from a light shielded
reservoir. With core particles we used repetitive dark-
adaptation (Bogershausen and Junge 1995b) with a
flash train spacing of 20 sand not more than 50 record-
ings per sample. Up to 500 transients were digitized
and averaged on a Nicolet Pro30 recorder to improve
the signal-to-noise ratio. The rates of the oxidoreduc-
tion of the OEC were determined from flash-induced
UV-absorption transients of the manganese/X-entity
at 360 nm (Renger and Hanssum 1992) and by local
electrochromism at the wavelength difference 443—
424 nm. Transients at 424 nm were subtracted from
the ones at 443 nm to remove all contributions from
the acceptor side of PS 11 (Haumann et al. 1994, 1996;
Rappaport et al. 1994). The resulting difference was
solely dueto eventsat itsoxidizing side. Protonrelease
was measured at high time resolution with the pH-
indicating dyes neutral red (20 uM) at 548 nm with
thylakoids (Haumann and Junge 1994) and bromocre-
sol purple (30 uM) at 575 nm with core particles
(Bogershausen and Junge 1995b). From transients in
the presence of dye background transients obtained
without the dye were subtracted (+ dye). The oxidore-
duction of Pegg™ was time resolved at 820 nm with an
upper time per address of 2 ns (analogue bandwidth
1 GHZz). We used the same setup, namely a 820 nm
diode-laser as measuring light source, and aNd: YAG-
laser for flash excitation (FWHM 6 ns, 532 nm) as
previously described (Haumann et al. 1996).

Oxygen evolution on the third flash in a row was
time resolved at 50 us per address by a home-built
centrifugable Clark-type electrode. 20 pl of a PS 1I
containing suspension were pelleted on its bare plat-
inum surface by centrifugation (20 min in darkness,
20°C, swing out rotor, Beckmann TJ6 centrifuge,
3000 rpm). After connecting the electrodeto acurrent-
to-voltage amplifier (home-built) and an additional
dark-adaptation of 5 min, saturating Xenon flashes
(>610 nm, spacing 100 ms) were provided through
a light guide and the resulting signals were digitized
at 50 us per address by a Nicolet Prol10 recorder. The
polarization voltage of -650 mV was applied to the
platinum two minutes before the measurements.

The substitution of D,O for H,O was performed
asfollows: after thawing, the PS 11 containing materi-
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Table 1. Comparison of the half-rise times of electron transfer at the
OEC in thylakoids and oxygen evolving PS Il core particles. UV-
transients: data from transients at 360 nm, oxygen evolution: from
time resolved O,-measurements, proton release: from a double flash
experiment (see text)

Transition  Observable Thylakoids  Core particles
ty/2 of electron transfer, us
S=S1 UV-transients 50 60
S$i=S 65 80
$=S; 245 260
Si—S 1300 4600
Oxygen evolution 1600 5000
Proton release 1300 4700

al was suspended in a medium with the desired H,O/
D0 ratio (D,0 was 99.7% pure, kindly provided by
Prof. K. Ibel, Grenoble/Osnabriick) at pL = 6.5 (L =
lyoniumion, H or D) and at the final chlorophyll con-
centrations for the measurements. Samples were then
incubated in the light (2 mW cm—2) for 5 min and,
after readjusting the pL to the desired value, the sam-
plesweredark-adaptedfor 15 min prior to thefirst flash
train. The temperature of samples was maintained by
athemostated bath (Colora WK 1) which was connect-
ed to a water-jacketed cuvette holder (home-built). It
was measured in the cuvette by a PT100 element. The
temperature was stable within + 1°C.

Results

A comparison of the rates of electron transfer in
thylakoidsand PSII core particles

Absorptiontransientsat 360 nm wererecorded on flash
numbers 1 to 4 as applied to dark-adapted thylakoids
and core particles (H,0, pH 6.5). Original transients
obtained on flash no. 3 in arow are given in Figure
1, top. For further examples on flashes 1, 2, and 4
see Figure 3. Rising components after flashes 4, 1 and
2 (Figure 3) and a decay after flash no. 3 (Figure 1,
top) were attributed to the electron transfer at the OEC
on transitions =S, $1=S, =S, and S4— S as
previously (Dekker et al. 1984; Renger and Hanssum
1992; Haumann et al. 1994). The half-live times of the
oxidation of the OEC on transitions =5, $1=S,,
and S,=S; were about the same in both materials
(summarized in Table 1) and in line with the litera-
ture (Dekker et al. 1984; Renger and Hanssum 1992;
van Leeuwen et al. 1992) except for one conflicting
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thylakoids core particles
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Figure 1. Transients indicating OEC-reduction, O»-evolution and
Yz%%-reduction in dark-adapted thylakoids (left) and core particles
(right). UV absorption transients on the third flash at 360 nm repre-
sent the oxidoreduction of MngX of the OEC (upper traces, 100 tran-
sientsaveraged), O,-evolution on thethird flashis shown in themid-
dletraces (single shot transient). The bottom traces show the extents
of proton release on a fourth flash given at time intervalls ranging
from 40 psto 20 ms after three priming flashes. Proton release was
monitored with the dyes neutral red (thylakoids) and bromocresol
purple (core particles). For some raw transients see (Haumann and
Junge 1994; Bogershausen and Junge 1995). The smooth lines were
calculated with half-risetimes and relative extents of 1.3 ms (75%)
and 150 ps (25%) in thylakoids (left) and of 4.7 ms (60%) and 150
145 (40%) in core particles (right). The ms-components resulted from
transition S4— Sy (Table 1), the minor ps-components from the low-
er S-transitions due to the probability of misses. UV-transients were
recorded with 200 M DCBQ, proton release with 200 uM DCBQ
plus3mM hexacyanoferrate(l11) aselectron acceptors and with flash
intervals of 1 s(thylakoids) and 100 ms (core particles). Under these
conditions Qa ~ was rapidly oxidized after the third flash ( 100 us,
(Lubbers et a. 1993)). No external electron acceptor was present
in the O, measurements with thylakoids, 10 uM DCBQ were used
with core particles. The pH was 6.5.

report (Rappaport et al. 1994). They were also sSimi-
lar to the ones obtained with core particles (Haumann
et al. 1996) prepared according to another protocol
(Ghanotakis et al. 1987; Lubbers et al. 1993). Minor
variations were attributable to the probability of miss-
es. Onthethirdflash (Figurel,top), whichoxidized Y 2
and thereby induced the reduction of the OEC by elec-
trons from bound water during S,— S, the half-time
of the latter greatly differed between thylakoids (1.3
ms) and core particles (4.6 ms, see Table 1). About

the same time constants were consistently obtained
(Table 1) from transients of oxygen release as record-
ed with the kinetically competent electrode (Figure 1,
middle). Thereduction of Yz%* on S§;— S wasindepen-
dently resolved by a pump-probe technique with three
flashes fired at a fixed spacing and a forth one fired at
avariableinterval after the third (40 usto 20 ms). The
extent of proton release caused by a fourth flash after
three priming flashes given to dark-adapted samples
was taken as indicative of the recovery of Yz (for fur-
ther details seethelegend of Figure 1). As documented
in Figure 1 (bottom) the major portion of protonrelease
by the forth flash appeared with similar time constant
as obtained from UV-transients and oxygen evolution
(Table 1) both in thylakoids (left, 1.3 ms, 75%) and
in core particles (right, 4.7 ms, 60%). Minor portions
were attributable to other transitions according to the
given Kok-parameters.

A largeeffect of thetype of preparation on thereac-
tion rate was only observed for the oxygen evolving
step, S4—Sp. That it was likewise apparent in record-
ings of oxygen release and of the reduction of Yz
corroborated that the latter was limited by the catalytic
event. Thisisinlinewith published evidence obtained
by optical (Renger and Weiss 1986), EPR (Babcock
et a. 1976) and polarographic techniques (Bouges-
Bocquet 1973; Sinclair and Arnason 1974). Not unex-
pectedly, thefinal reaction with bound water was most
sensitiveto structural alterations. The electron transfer
between Mny, X (His), Yz, and Pesgp, 0n the other hand,
was much less affected by structural alterations.

H/D-isotope effects upon the electron transfer steps
OEC—Yz—Peso

Samples of thylakoids and core particles were pre-
pared and incubated in H,O and D,O asoutlined under
‘Materialsand methods' . UV-transientsat 360 nmwere
measured with dark-adapted material (see Figure 3 for
examples of raw data). The signal extents were almost
equal (deviation + 5%) in H,O and D,O. We calcul at-
ed the K ok-parameters from the patterns of the extent
of the millisecond components (Table 1) as function
of the flash number as depicted in Figure 2 (solid cir-
cles, H,0; opencircles, D,0). Therelative amounts of
misses («), double hits (3) and the fractions of centers
initialy in states Sy and S; were determined as previ-
oudy (Libberset al. 1993). In thylakoids the patterns
were well described with («, 8, S): 9%, 8.5%, 5% in
H>0 and 14%, 6.5%, 10% in D,O (Figure 2, solid and
dashed lines). In core particles we obtained: 20%, 6%,
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Figure 2. The pattern of Op-release is only weakly affected by
H/D-exchange. The extent of the component with > of 1.3 ms
(thylakoids) and 4.6 ms(core particles) from UV-transientsat 360 nm
asfunction of theflash number wastaken asindicative for theamount
of centersundergoing S3=S;—. Solid circles: H,O, open circles:
D, 0. Thelines were calculated with the Kok-parameters asgiven in
the text.

12%in H,0 and 20%, 4%, 15%in D,0. Theseparame-
terswerein line with our previous data (Haumann and
Junge 1994; Bogershausen and Junge 1995b). They
showed that the centers were well synchronized both
in H,O and D,0. The greater miss factor in core par-
ticles reflected their reduced antenna size (Haumann
et a. 1994). A dightly increased probability of misses
and/or alarger portion of S in the dark was observed
in D,0O. These differenceswere, however, rather small
and are neglected in the following.

Figure 3A shows transients at 360 nm on the first
threeflashesin dark-adapted PS|1 coreparticlesinH,O
and D,0O (18°C, pH 6.3). Each flash induced a jump
(dashed lines) due to the reduction of Qa (Velthuys
1988) in < 1 ns (Trisdl et a. 1987). The slower ris-
es on flashes 1 and 2 (Figure 3A) and on flash no.
4 (not shown) were attributable to the oxidation of
the OEC by Yz* on transitions $,=S, and $;=S;3,
and S=S; (Dekker et al. 1984; van Leeuwen et al.
1992). On flashes 4 and 1 the time course was only
dightly altered in D,O. Theratio of kyzo/kpoo Was 1.3
(Table 2). On flash no. 2, mainly inducing S;=S;,
the kinetic isotope effect was larger, namely 2.1. Its
magnitude was independent of the incubation time in
D0 ranging between 10 minutes and two hours. This
result indicated that the exchange of D,O for H,O was
rapid. Thedecay onflash no. 3duetotransition S, —S
(Figure 3A) revealed asmaller kinetic isotope effect of
1.4 (Table 2). We evaluated the kinetic isotope effect
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Figure 3. Electron transfer asfunction of theH/D ratio. (A) Absorp-
tion transients at 360 nm induced by thefirst 3 flashes (top to bottom)
in dark-adapted core particles in H,O and D20. The dashed lines
indicate the extent of the jump attributable to the reduction of Qa
in < 1 ns (here slurred by the electrical bandwidth setting). Time
resolution 20 us per address, 500 transients were averaged, excita
tion by a Xenon-lamp, 8 uM of chlorophyll, 100 M DCBQ served
as electron acceptor. Note the different time scales of the three tran-
sients. (B) The transients on flash no. 2 in dark- adapted thylakoids
in H,0 and D,0. Time resolution 20 ys per address, 200 transients
averaged, Xenon-flash, 30 uM of chlorophyll, 300 M DCBQ plus
2 mM hexacyanoferrate(l11).

on the first two flashes in thylakoids (pH 7.4, 18°C).
On flash no. 1 (data not shown) which mainly induced
S,=S; substitution of H,O for D,O decreased therate
of electron transfer only by afactor of about 1.2 (t;/>
=60 vs. 75 us, Table 2). On flash no. 2 (Figure 3B,
mainly S,=S3) the kinetic isotope effect was larger,
namely 2.4 (t;/, = 150 vs. 360 us, Table 2). These
results showed that the kinetic isotope effects were
similar in thylakoids and core particles.

Theratesof electrontransfer at the OEC were deter-
mined from transients at 360 nhm as function of the
temperature (between 3 and 34 °C). They were plotted
in Figure 4A according to the Arrhenius equation

Ink=InAo— E,/RT (D)
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The rates on transition S;=S, (triangles) implied an
activation energy (E,) of 14.6 kIJmol (dashed lines,
both in H,O, full symbols, and in D,O, open sym-
bols). The preexponential factors, In Ag, were 15.0in
H,0O and 14.8 in D,0O. The ratio kyoo/kpoo Of ~1.3
was about independent of the temperature. On S,=S;3
(circles) the activation energy was by 10 kJ/mol larger
in D20 than in H,O (35 kdJmoal vs. 45 kdJmol). The
ratio kyoo/kpoo decreased from 2.4 at 5°C to 1.4 at
35°C. The straight lines drawn through the experi-
mental points (Figure 4A) intersected with each other
at higher temperatures and with the coordinate at val-
ues of In Ag of 22.1 (H,0) and 25.7 (D20). The rates
of the O,-evolving step S4=Sy (squares) revealed an
activation energy of about 37.5 +2 kJmol bothin H,O
and D0 (dotted lines). The activation energiesand the
preexponential factors are summarized in Table 3.

We checked these results by monitoring, in H,O
and D,0, the decay of local electrochromism at 443-
424 nm which is caused by the reduction of Yz by
electrons from the OEC (Rappaport et al. 1994; Hau-
mann et a. 1996). Therateson transition S,=S; were
dightly higher (Figure 4A, stars) than the ones deter-
mined at a wavelength of 360 nm, but the kinetic iso-
tope effects were similar. The latter held true for the
other transitions as well.

In general, the preexponential (frequency) factor
(Ao) of the Arrhenius equation (1) is diagnostic of the
nature of the rate limiting process: The frequency of
molecular vibrations is about 10'? s~ whereas the
frequency of electron coupling should be some orders
of magnitude lower. (1) In the case of $;=S, Ag was
about 3-10°% s~1. Taking the kinetic rule of Moser et al.
(1992) at facevalueit implied that the electron transfer
from Mn to Y 2% covers a distance of about 1.4 nM
in line with our previous results (Mulkidjanian et al.
1996). (2) OnS,=S3 Agwasashighas1.5 10 s71. It
isthusconceivablethat therateislimited by molecular
vibrations. (3) The case $4—S, was intermediate, Ag
= 7108 s~Y(see *Discussion’ for further details).

The dependence of the rates of electron transfer on
theratio of D,O over H,Oisshownin Figure4B. The
rateswere again determined from transientsat 360 nm.
On transitions $5=S;, $;=S and S,— Sy the rates
decreased linearly (lines) when progressing from pure
H,0 to 98% D-,0O (lozenges, triangles, squares). On
S,=S; the kinetic isotope effect was again larger than
ontheother transitions (Table 2). Moreimportantly the
data points (Figure 4B, circles) as function of the rel-
ative D,0O concentration significantly deviated from a
straight line (dashes). Small deuterium concentrations
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Figure 4. (A) Arrhenius-plot of the rates of electron transfer
OEC—Yz% as function of the temperature. The rates were deter-
mined from transients at 360 nm as in Figure 3. Solid symbols,
H,O; open symbols, D,0O. Stars give rates as determined from local
electrochromism at 443-424 nm on S,=S3. For the parameters of
the linear regression lines see Table 2. The pL was 6.5. (B) The
rates of electron transfer as function of the D,O concentration. The
H,0O/D,0 ratio was varied between 100/0 and 2/98%. The steady
lines are linear regressions to the data. The dashed line was drawn
to illustrate the deviation from linearity on transition S,=-S;. The
temperature was 19°C, the pL was 6.5. (C) The rates of electron
transfer as function of the pH (in H,0). Open symbols, thylakoids;
solid symbols, core particles. Theline shows the pH-dependence on
transition S;=>S3. The temperature was 19 ° C. Symbols: L ozenges,
So=Sy; triangles, S;=Sp; circles, S,=Sg; squares, S;—Sp.

below 40% decreased the rate only weakly. It thus
appeared asif the effective deuterium concentration at
the site which was responsible for the isotope effect
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Figure 5. The oxidation/ reduction of Pggyt monitored at 820 nm
in PS 11 core particles in H,0 and D,0O (superimposed). Oxygen
evolving material, Left: transients on the first flash, mainly transi-
tion S$;=-S,; middle: third flash, mainly S3=-S,. Inactive materid,
right: transients on the first flash. Conditions: pL 6.3, chl. 50 uM,
hexacyanoferrate(lll) 1 mM (plus 0.5 mM hexacyanoferrate(ll) in
inactive material), DCBQ 0.5 mM, Nd:Yag-laser excitation. Active
material: 3 flashes every 30 s, inactive material: 1 flash every 10
s. The time resolution was 4 ns per address, 60 transients were
averaged.

was not proportional but lower than the concentration
inthe medium. A rational for this behaviour isthat the
proton hasahigher affinity to the pertinent binding site
than the deuteron (see Bell 1973).

Figure 4C shows the rates of electron transfer at
the OEC as function of the pH in H,O. Open symbols
indicate data from thylakoids and solid symbols data
from coreparticles. In agreement with previousreports
(Krohs and Metzner 1990; Rappaport et a. 1994) the
dow rate on the third flash (S, — S, squares) changed
only dightly. The half-time decreased from 1.1 ms at
pH 8 to 1.35 ms at pH 5. Likewise, the rapid phases
on flash no. 1 (§,=S;, triangles) revealed little pH
dependence. The rate of transition S5=S; was here
not determined because of the variation of the Kok-
parameters as function of the pH (Lubberset al. 1993;
Haumann and Junge 1994; Bogershausen and Junge
19954). Only on flash no. 2 (S,=S3) a stronger pH
dependence was apparent (Figure 4C). Theratevaried
by afactor of about 2 (see also (Rappaport et al. 1994)).
The half-risetimes rose from 120 us (pH 8) to 250 us
(pH 5) both in thylakoids and in core particles.

ThepK of acidsin contact with D,O isby about 0.3
units more alkaline than in H,O (Bell 1973). Therate
of electron transfer on S,=S; decreased by a factor
of only about 1.3 per pH-unit. According to this rather
weak pH-dependence a shift by 0.3 units was expect-
ed to decrease the rate only by a factor of 1.1. The
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observed kinetic isotope effect of about 2 on S,=S3
was therefore not attributable to a pK-shift.

We asked for kinetic isotope effects on the reduc-
tion of Pegot by Yz. This reaction was followed by
absorption transients at 820 nm (see Figure 5). With
oxygen evolving core particles (see the two sets of
tracesin the left of Figure 5) the decay was practically
independent of the solvent (H,O or D,0). When fitted
biexponentially plus an offset the respective half-live
times and relative extents were as follows: for thefirst
flash (mainly S;=S;) 20 ns (50%), 90 ns (18%), and
an offset of 32% both in H>,O and D,O; on the sec-
ond flash (mainly Sz=Ss) 30 ns (28%), 150 ns (35%),
and an offset of 37%, again both in H,O and DO.
These half-times were similar to previously report-
ed ones (Schlodder et al. 1984; van Leeuwen et al.
1992). The absence of a H/D-isotope effect was inde-
pendent of the incubation time in D,O ranging from
5 min to 2 h (this work) and from the procedure of
lyophilization/D,0 rehydration as applied by Karge et
al. (1996). In Oz-evolving centers there was thus no
evidencefor asteering by protonsof the electrontrans-
fer from Yz to Psgo™™. Thiswasin line with the results
of other authors(Renger et al. 1989; Kargeet al. 1996).
The situation changed, however, if the Mn-center was
inactivated by high pH (see ‘Materials and methods').
Therespectivetracesare depicted in theright of Figure
5. The half-decay times of the electron transfer from
Yz to Psgo™ were asfollows: 6 us (61%), 35 us (26%),
and an offset of 13% in H,O, and 15 us (61%), 60
1S (26%), and an offset of 13% in D,O. The average
isotope effect was about 2.1 (Table 2).

The abstraction of electrons from the donor side
of PS Il is transiently accompanied by electrostat-
ically driven proton liberation from peripheral acid
groups(Haumann et al. 1994; Bogershausen and Junge
1995b). We determined its average kinetic isotope
effect under repetitive flash regime. Figure 6 shows
raw transients recorded by the dye bromocresol pur-
pleat pL = 6.3 in oxygen-evolving core particles. The
dominant (70%) fast component is attributable to pro-
ton release from peripheral groups. Its half-rise times
were75 usinH,O and 217 usin D,O (Figure6, lines).
Their ratio was 2.9 (Table 2). A minor (30%) slow
component (t,» = 750 and 860 ps) was attributable to
superimposed protolytic reactions at the PS 11 accep-
tor side (Bogershausen and Junge 1995a,b). Its H/D-
isotope effect was only 1.15. When the O,-evolving
capacity wasinactivated the half-times and the isotope
effect of the rapid phase of proton release were the
same asin active material.
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Table 2. Kinetic H/D isotope effects on the rates of electron transfer, proton release, and oxygen evolution
during the catalytic cycle of the oxygen evolving complex in thylakoids and PS 11 core particles. AH denotes a
protonated peripheral amino acid, XH the protonated component X which is oxidized on $;=S3

Materia Observable Transition Reaction kn2o/kp2o
Oxygen evolving PS1l  Proton release Averageof dl  Yz+AH—=Yz%+A~+HT 29
core particles Electron transfer So=S1 MnY zX—Mn°XY 2 13
$1=S; Psso™Yz— PegoYz™ 1.0
MnY zX—=Mn°XY 1.3
S$=S3 XHY 72X XY, +H+ 21
S=S Psso™Yz— PegoYz™ 1.0
SI—S (MngX)3°* reduction 14
Inactive core particles Proton release Yz+AH—-YZz%+A~+HT 29
Electron transfer P680+Y2~> PsgoYzox 21
Thylakoids Proton release Averageof all  YzBH—Yz* B~ +Ht 16
Electron transfer SI=S MnY z%— Mn°%Y 12
$=S XHYz*X%YZz +HT 24
S4—S (Mn4X)3 reduction 14
Oxygen liberation 2H,0—0, + 4HT 14
Proton release 2H,0—0, + 4Ht+ 2.4

transients at 575 nm
/ -AI/1 x0.001

time / ms

Figure 6. The H/D isotope effect on proton release from periph-
eral acids in core particles. pH-indicating absorption transients of
bromocresol purple at 575 nm were obtained under repetitive flashes
a a frequency of 5 Hz in either H,O or D,0. 4 uM chlorophyll,
200 puM hexacyanoferrate(l1), 100 uM DCBQ, + dye 30 uM, pL
6.3. 100 transients from 5 independent samples (20 flashes per sam-
ple) were averaged, time resolution 20 us per address, Xenon-flash
excitation. The parameters of the lines are shown in Table 2.

H/D-isotope effect of proton release coupled to
dioxygen formation from water on §,—S

Only in thylakoids but not in core particles pro-
ton production during the oxygen evolving step
S4—S was kinetically discernible from electrostati-
cally driven proton transfer (Haumann and Junge 1994;

Bogershausen and Junge 1995b). Figure 7A showsthe
characteristic biphasic pH-transient upon thethird flash
(18°C, pL 7.4). Therapid rise is owed to an electro-
static response of peripheral amino acids in response
to the charge near to Yz and the Sower compo-
nent to ‘chemically produced’ protons during $4—Sg
(Haumann and Junge 1994). The kinetic isotope effect
on the rapid component due to the deprotonation of
peripheral acids was 1.6 (Table 2, t;,, = 100 vs. 160
1S). The isotope effect on the rapid phase on the other
transitions (not shown) was of similar magnitude. That
theisotope effect on the rapid component in thylakoids
was smaller than in core particles might indicate the
involvement of different peripheral groupswith differ-
ent pKs. The kinetic isotope effect on the slow com-
ponent, the final chemical production of protons from
water (Haumann and Junge 1994), was 2.4 (Table 2,
t1/2 =1.3vs. 2.9ms). Thiswassignificantly larger than
the small isotope effect on the rate of electron trans-
fer. Its kinetic isotope effect, as determined from the
decays of transients at 360 nm on the third flash (Fig-
ure 7B), was 1.4 (Table 2, 1.2 vs. 1.7 ms). The rate of
oxygen evolution matched the rate of electron transfer
both in H,O and D,O (data not shown). Thus, in D,0,
proton release from the final oxidation of water great-
ly lagged behind electron transfer from water to the
OEC (2.9vs. 1.7 ms). We attributed thislag to the pro-
ton transfer reaction itself. This transfer ranged from
the site of the chemical production of protons from
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at 548 nm

5ms
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at 360 nm

$3=>54-50 C
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Figure 7. Proton release and electron transfer upon the third flash
in dark-adapted thylakoids in H,O and D,O. (A) Absorption tran-
sients at 548 nm of neutral red (+dye) indicating proton transfer at
thelumen side. 200 transients averaged, 2 mM hexacyanoferrate(l11)
as electron acceptor, pL 7.4. The smooth lines were calculated with
the parameters in Table 2. (B) Transients at 360 nm. The decays
indicate the reduction of the OEC on S;—$y. 100 transients aver-
aged, 200 uM hexacyanoferrate(lll), 100 uM DCBQ as eectron
acceptors, pL 7.4. (C) The deconvoluted transient at 360 nm on
transition S3=S,—S in thylakoids (from Figure 1) shows atime
lag. The smooth line was calculated according to Scheme (1) in the
text withk_; =k, = 10* s=% and k3 = 10% s~2. For further details
see ‘Discussion’.

bound water through the protein to the indicator dye,
neutral red, at the lumenal membrane surface. Proton
transfer between a neighbouring base and bound water
caused akinetic isotope effect of 1.4 on electron trans-
fer in cytochrome-c-oxidase (Hallen and Nilsson 1992)
whereas proton transfer from X to bulk water caused
an effect greater than 2. These results implied that,
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if electron transfer was limited by proton transfer on
transition §,— S at al, thiswas internal transfer, e.g.
between bound water and a buried base. The observ-
able proton release, on the other hand, was kinetically
limited by a transfer step that was unrelated to the
electron transfer.

We analyzed the kinetics of electron transfer dur-
ing S4;— S in moredetail: The UV-transient at 360 nm
on the third flash in thylakoids (at pH 6.5, see Figure
1) was composite with relative contributions of tran-
sitions §=S; t0 $3=5,—+ S of 13: 2: 18: 67% as
calculated with Kok-parameters of o/ 8/ S of 9/ 8.5/
5%. We calculated the transients attributable to other
transitions than S3=S,— S using the half-live times
in Table 1. The calculated transients were subtracted
from the raw transient on the third flash. This pro-
cedure yielded the transient attributable to transition
S3=>S5—+S. As shown in Figure 7C, it revealed an
almost monophasic decay with a half time of 1.3 ms
except for a short lag phase, about 100 us long. A
similar lag of UV-transients has been reported previ-
oudly (Koikeet al. 1987; Rappaport et a. 1994). It has
also been observed when the decay of Y 2% was mon-
itored by EPR (R.J. Pace, personal communication).
Rappaport et a. (1994) tentatively attributed this lag
to fast proton release, however, without corroborat-
ing their proposal by the direct assay of pH-transients.
We found that the proton transfer could be even faster
than this lag phase depending on the concentration of
neutral red in thylakoids (Haumann et al. 1994). This
led usto reject the above interpretation and to explain
the lag by the consecutive nature of electron transfer
from water via manganese/X to Yz%. Thisis detailed
in ‘Discussion’. Simulation of consecutive reactions
produced the solid line which is shown in Figure 7C.

Discussion
On the chemical nature of thetransition =%

The component that is oxidized on S$,=S; is prob-
ably not manganese (Debus 1992; Brudvig 1995).
Proposals for the chemical nature of this compo-
nent range from histidine (His) (Boussac et a. 1990;
Ono and Inoue 1992; Boussac and Rutherford 1994;
Berthomieu and Boussac 1995; Haumann et al. 1996)
over tyrosine Yz (Hallahan et a. 1992; Gilchrist et al.
1995) to bound water derivatives (Kusunoki 1995). In
Cl~ -depleted material we observed that the same com-
ponent, X, was oxidized on $;*=S* ason $,=S3 in
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controls (Haumann et a. 1995, 1996). The optical dif-
ference spectra of the respective transitions were in
accord with X being a histidine residue although not
proving it (Boussac et al. 1990; Haumann et al. 1996).
That the oxidation of X caused the release of one pro-
ton into the lumen and that this proton resulted from
X% jtself and not from peripheral amino acids (by
virtue of their electrostatic response) was supported by
three lines of evidence: 1) Therise of the pH-transient
revealed a component which kinetically followed the
reduction of Y% by X (Haumann et al. 1995, 1996).
(2) A stable electrochromic jump was absent, i.e. X
was electroneutral (Saygin and Witt 1985, 1987; Hau-
mann et al. 1994; Rappaport et al. 1994), and (3) The
kinetic isotope effect on the electron transfer between
X and Yz% was significantly larger, > 2 (20°C), as
the one of < 1.4 on electron transfer fromMnto Y 2%
and from bound water to MnsX (thiswork). The latter
factor is compatible (Bell 1973) with secondary sol-
vent isotope effects and al so with the proposed (Krish-
talik 1990) binding of OH~ to the OEC on $=S;.
The comparatively large kinetic isotope effect on the
electron transfer from X to Yz might imply that the
rate of this transfer is limited by the protolytic reac-
tion which is coupled to it. A kinetic isotope effect of
2.5 on éectron transfer in cytochrome-c-oxidase has
been attributed to proton transfer between bound water
derivatives and bulk water (Hallen and Nilsson 1992).
It is thus conceivable that the similarly large effect on
electrontransfer from X to Y 2% on S,=S; was caused
by thetransfer of aproton from X to bulk water inthe
lumen. As a possible clue to the nature of this proton
transfer it is worth to recall the predictions of reaction
rate theory (Bahnson and Klinman 1995) for proton
tunneling, namely a difference of activation energies
in D,O and H,O of AEa > 5.8 kJ/mol and aratio of
the preexponential factors of 0.7-0.9. We here report
adifference of about 10 kJ/mol and aratio of 0.8. The
rate of electron transfer from X to Yz may therefore
be controled by a proton tunneling step.

On the function of Yz as a hydrogen acceptor in water
oxidation

It has been proposed that Y 2% may abstract a hydro-
gen atom from water during the final step of the cat-
alytic cycle, S4— S (Gilchrist et a. 1995; Tommos et
al. 1995; Babcock 1995; Hoganson et a. 1995; Britt
1996). This proposal was based on EPR data that have
revedled Y% as a neutral radica (Yz*) (Rodriguez
et al. 1987; Babcock et al. 1989; Barry et a. 1990).

For technical reasons (longevity of the radical) prepa-
rations with impaired manganese complex and with-
out oxygen evolving capacity were used in the cited
work. If Yz% isto act as a hydrogen abstractor, one
expects the transient and rapid release of one proton
upon its oxidation which occurs during each of the
four transitionsfrom So=-S; to S3= S4 (Babcock 1995;
Hoganson et al. 1995). Such arelease hasindeed been
observed. However, asits extent wasvariable (asfunc-
tion of the pH and the preparation procedure) and asits
rate varied greatly (as function of the buffer concen-
tration and the pH) it has been uneqivocally attributed
to an electrostatically induced pK-shift of peripheral
amino acids (Lubberset al. 1993; Lavergne and Junge
1993; Haumann et al. 1994; Haumann and Junge 1994;
Bdgershausen and Junge 1995b; Haumann and Junge
1996). It was not caused by the chemical production of
one proton during the oxidation of Yz. Thisview was
corroborated by the observation that the kineticisotope
effect on the reduction of Y9 was variable as function
of the S-transition. Another independent line of evi-
dence points into the same direction. Yz is clearly
electropositive. Its charge is evident from the rapidly
rising (< 10 us) electrochromic transient during each
transition from S to S4 (Haumann et al. 1994, 1996;
Rappaport et al. 1994). The subsequent decay of this
transient follows with the same rate as electron trans-
fer from the (manganese, X)-entity to Y 2% (Rappaport
et a. 1994; Haumann et al. 1996). The discrepancy
between the EPR and the optical spectrophotometric
dataon Y 2% seemsto be hard. It can be solved, how-
ever, by two alternative interpretations: either Yz% is
only electroneutral in preparationswith impaired OEC
asusedinthecited EPR-work, or Y %X iselectroneutral
spinwiseonlyandinall materialsbut itsprotonistrans-
feredto and remainson abaseB initsclosevicinity. In
the latter case, Yz has to be conceived as a positive-
ly charged entity, namely tyrosine®*-BH* asformed by
electron abstraction from tyrosineH-B. That the proton
is displaced to a neighbouring base is compatible with
the hydrophilic environment (Styring et a. 1993) and
the observed hydrogen bonding of the phenol oxygen
of Yz (Minoand Kawamori 1994; Tommoset al. 1995;
Force et al. 1995; Britt et al. 1995; Tang et al. 1996b).
The hydrogen bond in the case of Yz was found to be
less ordered than in the case of Y (Britt et al. 1995;
Forceet al. 1995; Tang et al. 1996b). It should be noted
again, however, that theseresultshave been obtainedin
inactive material, i.e. after manganese depletion. That
manganese depletion changes the propertiesof Yz has
been established (see for example Renger 1979; Con-



jeaud and Mathis 1980; Yuasa et al. 1984). Further
evidence for a changed environment comes from the
observation that the oxidation of Yz by Psgo™ shows
a much greater kinetic isotope effect in inactive, e.g.
manganese-depl eted material than in oxygen evolving
centers. If the phenalic proton in inactive materia is
transferred to apoor acceptor, e.g. to another base or to
bulk water, electron transfer fromY z to Psgg™ may be
ratelimited by protontransfer, but only inthismaterial.
We consider the extrapolation of data on the hydrogen
bond structure of Yz from inactive to active material
as debatable.

The small kinetic H/D isotope effect on the electron
transfer from Yz to Psge™t in active centers (Renger
et al. 1989; Karge et a. 1996; this work) makes
its steering by the intra-protein displacement of the
phenolic hydroxyl proton from Yz% to B unlikely.
The absence of a steering effect requires that pro-
ton transfer can be more rapid than electron transfer
which may be achieved by the matching of the pKs
of the donor (Y 2%) and the accepting base. This will
be outlined in more detail in a forthcoming publica-
tion. The observed rapid deprotonation of peripheral
acid groups at the lumenal side upon their coulom-
bic interaction with Yz*-BH™ (Haumann and Junge
1994; Bogershausen and Junge 1995b) is unrelated to
the intra-protein proton displacement to abase B. The
former reaction has been characterized as an electro-
statically triggered response of peripheral amino acid
residuesthat only negligibly affectsthe strong electro-
static field in the catal ytic center (Haumann and Junge
1994, 1996; Haumann et a. 1994; Bogershausen and
Junge 1995b; Mulkidjanian et al. 1996). Consequently,
its H/D isotope effect was unrelated to the one of the
electron transfer (1.6-2.9vs. 1.1).

It has been speculated that the rate limiting step
on transition $,—S; is the abstraction of hydrogen
from water by Yz (Gilchrist et a. 1995; Tommos
et al. 1995; Babcock 1995). The observed small H/D-
isotope effects on el ectron transfer fromMngX to Y 2™
and the above considerations seem to make such a
hypothesisless likely. Instead, we consider the depro-
tonated component X%, which is possibly His>™ and
formed on S,=S3, as the prime candidate to accept a
hydrogen atom during S;— .

Hypothesis on the sequence of events during the
oxygen evolving step SS=S— S

The electron transfer from water to (MnsXY z)** on
S,—S; and the release of O, showed the same small
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kinetic isotope effect (1.4) and little pH-dependence
which corroborated the notion that these reactionswere
rate limited by the same kinetic bottleneck (Bouges-
Bocquet 1973; Jursinic and Dennenberg 1990). Fur-
thermore, the reduction of (MnsXY z)*** by electrons
fromwater on S,— Sy reveal ed alag phase of about 100
1S duration when monitored in the UV (see Rappaport
et a. 1994, and Figure 7C) and by EPR (R. Pace, per-
sonal communication). In the following we present a
model of the sequence of elementary eventson $,— S
which explainsboth these phenomena. Our model does
not require the sequential binding of the two water
molecules mediated by structural changes at the cat-
alytic site as proposed by other authors (Wydrzynski
et a. 1996).

It has been proposed from thermodynamic consid-
erations that the most likely pathway to the formation
of dioxygenis (i) the rate-limiting two-electron oxida-
tion of two bound water molecules to (bound) hydro-
gen peroxidewhichis(ii) rapidly further oxidizedto O,
(Krishtalik 1986, 1990). These events are summarized
in atwo-step reaction Scheme (1):

wherein ky 1/k_; denote the forward/reverse rate con-
stants of transient H,O, formation and k> the rate of
the dowest among the two subsequent one-electron
reactions. We further define the equilibrium constant
of peroxideformationby K; =k, 1/ k 3. Thestate Ais
identified with S; = (H20)2(MngX)3XY 2% or SgY
in terms of Kok’s nomenclature. Water is most proba-
bly bound to the Mn-cluster. Thus, we assign the state
B to (H202+2HT)(MngX)1Y ;. The formation of C
is equivalent to the reduction of (Mn;X)* and Y 2.
We denote the initial concentrations of A and B after
the oxidation in nanoseconds of Yz on S3=S, as Ag
and Bo,

1 R
TI1+ K 14K

@)

Ao
When assuming (pseudo-) first order reactionsthe solu-

tion of the kinetic scheme (1) reveals bi-exponential
behaviour:

B(t) = By -e Mt — B, . e et 3

C(t):l—Cl-e’Alt—Cz-e’Azt 4
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wherein A, A2, By, By, C; and C, are asfollows:
A1,2 =
05- (kpt +ko1+ke Fy/(ket + ko1 + k)2 —4-ku - ko),

K

STl - AL N
ko A2 — A1 ’ 1+K1’
Ao — Lk,

= Bk F, 1 (5)
A2 — M

A lag phase of the appearance of C, of similar mag-
nitude as documented in Figure 7C implies an equi-
librium constant K; > 0.1 or a change in free energy
upon peroxide formation of only < +60 mV. In state
S, the equilibrium between bound peroxide and bound
water might be poised towards water, even more so in
Ss. This may be why the two bound water molecules
are exchangable with time constants of 30 and 500 ms
(Messinger et al. 1995) in state S3. Thusthe state Sz is
conceived as (H20)2(Mn,X)3* with a minor admix-
ture of (H20,+2H1)(Mn4X)%, The deposition of one
further electron on (Mn X)) in S; is energetically
unfavorable as the midpoint potential of the respec-
tive redox couple, which is probably equivalent to
S/, is too low. This explains the stability of Sz
as compared with S,. It should be noted that we con-
sider the proposed release of peroxideby PSII (e.g. in
inactive centers) (Wydrzynski et al. 1996) as unlike-
ly unless the free energy of the oxidation of a donor
(i.e. areduced electron acceptor molecule) is coupled
to the reaction. Only after the formation of Yz% in
S, two further electron holes are available which pro-
videsthedriving forceto oxidize peroxideto dioxygen
(right hand side of Scheme(1)). The additional positive
charge on Yz (equivalent to Yz*-BHT) in state S,
may shift the equilibrium between water and peroxide
to the right (increase the equilibrium constant) by ele-
vating the midpoint potential of (MnsX)3°* relative to
the one of bound water by coulombic interaction. The
distance between bound water and Mn may be taken
as 0.3-0.5 nm, and the effective dielectric permittivity
as 10 (Mulkidjanian et al. 1996). A distance between
Mn and Yz of about 1.5 nm is compatible with data
of local electrochromic bandshifts(Mulkidjanian et al.
1996) and pulsed EPR (Koderaet al. 1995; Hara et al.
1996, the latter results were also compatible with the
placement of the component X at a distance of about
0.6 nm from Yz, about halfway to Mn). Taking these
results together, the potential of (MnsX)3* relative to
the one of bound water increases by about 50 mV by
the charge on Y z%. Thus, for the two electron process
of peroxideformation the changein freeenergy may be

Table 3. The Arrhenius activation parameters of electron transfer at
the OEC in PS |1 core particles. The uncertainties in the activation
energies were on the order of + 2 kJmol

Transition  Medium  Activation energy,  Preexponentia
Ea, kdmol —1 factor, In Ag
SiI=S H,O 146 15.0
D,O 14.6 14.8
S$H=S; H,O 35.0 221
D,O 45.0 257
Si—So H,0 375 20.4
D,0 375 201

decreased by as much as 100 mV which correspondsto
an increase of the equilibrium constant between water
and peroxide in state S, (K1) with respect to state Sz
by about two orders of magnitude.

The above considerations were applied to the
observed UV-transient of (MngXYz)** reduction on
S4— Sy asdocumented in Figure 7C. Thetransient was
well described by Scheme (1) with the following rate
constants: k1 = 10®s71, k_; = 10* s71, and k, = 10*
st (smooth line). The magnitude of the rate constant
ko (10* s~1) was similar to the rate of the transition
S1=S,. We conclude that the second step of Scheme
(I reflects the same reaction as on S;=S,, namely
the oxidation of (MnX)'% by Y ;%. Thelatter reaction
is characterized by an activation energy of about 15
kJmol —* and a preexponential factor of 3-10% s~ (see
Table 3). The formation of peroxide on the first step
of Scheme (1) is probably accompanied by essential
nuclear and el ectronic reorgani zations of the Mn clus-
ter. Indeed, the rate of electron transfer rate on S;— Sy
decreased by afactor of 4 in core particles, whereasthe
rates during the other transitions were about the same
asin thylakoids. On these grounds one would expect a
higher activation energy for the reactionsk,; and k_;
and, thus, their temperature dependence to be steep-
er than the one of k,. The rate of the whole process
described by Scheme (1) is approximated by:

kig-ko
= — 6
k14 k ©)

Thus, at high temperatures the rate of oxygen evo-
[ution will be determined by

ki k
k=——= 7
" ()

whereas at |low temperatures by
b=k (©)
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Hy0, +H+

k1 € é/U

S4: (Mng2+ X0X) Yz0x HyO OH- ——— (Mng X)X Yz0% H,0, +H*

So:
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Schemell . Atentative reaction scheme of the electron transfer reactions in the Kok-cycle. The light driven reactions of electron abstraction are
denoted by ‘e~’. Sy=-S;: Mn'! isoxidized to Mn'!", the binding of OH~ to Mn keeps thistransition eectroneutral, the entry of the second water
molecule is optional; S;=>S,: Mn'"! is oxidized to Mn!V, one surplus charge remains in the center; S,=>Ss: X is oxidized and deprotonated,
bound water and peroxide are in equilibrium in the Sz-state, but poised towards bound water as indicated by the arrow lengths; Sz=Sy: Yz
is formed by Pego™t; Sa— So: Oxygen is evolved in a sequential two step mechanism, with peroxide as an obligatory intermediate; for further

details see Scheme (1) and text.

Thisimplies a different slope in an Arrhenius plot
of therates of oxygen evolution at low and at high tem-
peratures. The activation energy of oxygen evolution
in the high-temperature limit is the sum of AG; and
the activation energy of transition S;=S,. This sum
calculates to about 20 kJ/mol which is similar to the
figures in the literature (Renger et a. 1989; Renger
and Hanssum 1992). In the low-temperature region,
the activation energy should be essentially higher. An
increased activation energy of about 46-60 kJmol —1 at
low temperatures hasindeed been observed (Renger et
al. 1989; Renger and Hanssum 1992).

Conclusions

The oxidation of the component X during S,=S3
revealed agreater kineticisotopeeffect (2.1-2.4) and a
larger pH-dependencethan all other transitionsbothin
thylakoidsand PS |1 core particles: It islikely that the
electroneutral electron transfer X—Y 2% iskinetically
controlled by proton extrusion from X% (His™?) into
bulk water. On the basis of our data on electron trans-
fer, on proton release, and on loca electrochromism
we conclude that Yz is truly Yz*-BH* wherein B
denotes a base in the vicinity of Yz. The electron
transfer from Yz to Pego™ is not rate limited by proton
transfer from Y z-OH to the base B. Y2*-BH™ isinap-

propriate to act as a hydrogen acceptor from bound
water. X%, on the other hand, is a possible candidate
for accepting a hydrogen atom from water during the
oxygen evolving step S;—Sp. This hydrogen transfer
may facilitate el ectron transfer during thefinal steps of
water oxidation.

The oxygen evolving transition $,—S revealed
only asmall kinetic isotope effect and the correspond-
ing pH-transient was kinetically uncorrelated with
electron transfer. We propose that transition S,— Sy is
rate limited by thefirst out of two two-€lectron transfer
steps from bound water to the oxidized MnyX-entity
whichleadsto theintermediateformation of bound per-
oxide. Peroxide oxidation is probably rapid and only
rate limited by electron transfer from MngX to Y z%.
These reactions are summarized in Scheme (11).
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