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ABSTRACT: Illumination of PSII core preparations can cause the production of H,O, at rates which approach
60 pmol of H,O, (mg of Chl:h)-!. The rate of peroxide production is maximal at pH 7.2 at low sucrose
concentrations and at concentrations of Cl- (1.5-3.0 mM) that limit the rate of the oxidation of water to
0O,. The rate of H,O, production increased with pH from pH 6.8 to 7.2 and was inversely proportional
to the oxidation of water to O, from pH 6.8 to 7.5. While EDTA does not inhibit H,O, production, this
reaction is abolished by 5 mM NH,OH and inhibited by the same concentrations of NHj; that affect water
oxidation which indicates that the oxygen-evolving complex is responsible for the production of peroxide
generated upon illumination of PSII core preparations. These results support a mechanism in which bound
CI" in the S, state is displaced by OH- ions which are then oxidized by the OEC to form H;0O;. Thus, the
OEC requires Cl- to prevent access to the active site of the OEC until four oxidizing equivalents can be

generated to allow the oxidation of water to O,.

The oxygen-evolving complex (OEC)! catalyzes the oxi-
dation of water to molecular oxygen to supply electrons for
thelight reactions of photosystem II (PSII). Oxygen is evolved
after the enzyme donates four electrons to the PSII reaction
center in sequential one-electron reactions (Kok et al., 1971;
Forbush et al., 1972). The five intermediate catalytic states
formed by these sequential transitions are designated So—Sa,
such that release of O occurs upon formation of the S, state.

The OEC contains four bound manganese (Cheniae &
Martin, 1971) and requires Cl- (Hind et al., 1969; Kelley &
Izawa, 1978) and Ca2* (Miyao & Murata, 1984; Nakatani,
1984; Ghanotakis et al., 1984) for activity. Charge accu-
mulation inthethe So/S;and S, /S; transitions has been shown
to occur via manganese-centered oxidations by several inde-
pendent methods (Dismukes & Siderer, 1981; Yachandra et
al., 1986; Srinivasan & Sharp, 1986a,b; Styring & Rutherford,
1988). Chloride is required to form an S, state that is
competent to allow subsequent S state transitions (Theg et
al., 1984; Itoh et al., 1984). Removal of an extrinsic 23-kDa
protein (OEE2) has been shown to inhibit O-evolving activity
by decreasing the affinity of the OEC for Cl~ (Akerlund et
al., 1982; Ikeuchi et al., 1985). However, increased levels of
CI- can compensate for the effects caused by the loss of this
protein. Restoration of activity to Cl--depleted preparations
can also be achieved with Br-, NO;-, I, HCO,~, or HCO;-
in order of decreasing effectiveness (Kelley & Izawa, 1978).
The S; state is also specifically susceptible to inhibition by
several unprotonated amines (Velthuys, 1975; Frasch &
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Cheniae, 1980). This inhibition has been found to result from
the displacement of Cl- from the OEC (Sandusky & Yocum,
1983, 1984) and, in most cases, causes the dissociation of
OEE2 (Akerlund et al., 1982).

Alkaline treatments that can deplete the OEC of C1- without
theloss of OEE2 (Kuwabara & Murata, 1979; Homann, 1985)
arealso known toinhibit O, evolution via a specific interaction
with the S, state (Briantaisetal., 1977). Using OEE2-depleted
PSII preparations, Homann (1988) found that the rate of
O,-evolving activity decreased from its optimum at pH 6.5
with increasing pH at rate-limiting (¥max/ Ky) concentrations
of CI". However, the Vpma, rate observed at pH 6.5 could be
obtained at pH values as high as pH 7.4 in the presence of
elevated CI™ concentrations. From these observations, Homann
(1988) hypothesized an ordered reaction in which a histidine
residue with a pK; < 5 becomes protonated and then binds
Cl.

Using PSII core preparations Frasch and Mei (1987a,b)
determined that the OEC can catalyze the conversion of H,O,
to O; in darkness by the interconversion of the Sq/S, and
S1/S., states. These reactions are insensitive to EDTA
indicating that hexaquo Mn2?* is not responsible for the
production of O, from peroxide. Mano et al. (1987) found
that when the concentration of H,!180; exceeded 1 mM, PSII
preparations evolved 180, in lieu of %0, from the oxidation
of H,1%0. The ability of the OEC to catalyze the oxidation
of alcohols in the presence of H,O; supports a reaction
mechanism in which the enzyme first reduces peroxide in a
two-electron reaction to form two bound hydroxides (Frasch
et al., 1988). A second peroxide then displaces one of the
hydroxides and reacts in a two-electron reaction to form Q.
This mechanism is supported by the observation that both
oxygens in the product are derived from the same peroxide
molecule (Mano et al., 1987).

Measurements of the flash yields of O, that originate from
PSII show an anomalously high yield of O, on the first flash
under a wide variety of conditions (Berg & Seibert, 1987).
The high yield of O; observed after a single flash with inverted,
salt-washed thylakoids was interpreted to result from the
production of H,O, by the preparation since the effect was
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abolished by the addition of exogenous Fe-catalase (Schréder
& Akerlund, 1986). Inhibition of the formation of this
anomalous O, by EDTA suggested that the H>O, produced
after the flash was converted to O, by aqueous manganese.
This was confirmed using CaCl,-washed PSII preparations
(Berg & Seibert, 1987). These latter experiments also showed
that H,O, was unable to release manganese from the OEC
unless PSII was depleted of the 33-kDa protein (OEE1).

Schréder and Akerlund (1986) postulated that the H,0,
originates as an intermediate in the oxygen-evolving process,
which is able to dissociate from the enzyme more easily with
salt-treated thylakoids due to the absence of the OEE2 and
17-kDa (OEE3) proteins. Addition of concentrated sulfuric
acid to PSII preparations also causes the release of peroxide
which Klimov et al. (1990) believe to be the release of a bound
intermediate of water oxidation. However, using H,'30 and
mass spectroscopy, it has been shown that the O, evolved
upon formation of the S, state is derived from water than can
rapidly exchange from the solvent into the S; and S; states
(Radmer & Ollinger, 1986). From this observation, it is
difficult to explain the formation of bound peroxide in the S,
or S3 states as a catalytic intermediate in the normal
mechanism of the OEC.

The conditions in which H,O, was observed by anomalously
high flash yields of O, on the first flash were carried out in
the absence of an exogenous electron acceptor (Schroder &
Akerlund, 1986). Subsequently, Schroder and Akerlund
(1990) used H,'30 and mass spectroscopy to show that, in the
absence of an acceptor, HyO, does not originate from the
oxidation of water upon illumination of salt-washed prepa-
rations. This peroxide was postulated to originate instead
from the reduction of O, via reactions on the reducing side
of PSII, a reaction known to occur (Shuvalov & Krasnovsky,
1975).

Illumination of PSII preparations at low sucrose concen-
trations was also found to cause the production of H,O,
measured under steady-state conditions using a coupled assay
with Fe-catalase (Wydrzynski et al., 1989). In these exper-
iments, the ability to produce H,O; was not changed when
either DCIP, PPBQ, or PPBQ and ferricyanide were used to
accept electrons. Therate of PSII electron transfer determined
by DCIP reduction was also found to be greater than the rate
measured as photosynthetic O, evolution. This difference
largely disappeared when the rate of O, was measured in the
presence of the exogenous Fe-catalase which convérts the H,0,
produced to O;. Under similar conditions, peroxide production
was inhibited by NH; and inactivated by NH,OH (Fine &
Frasch, 1990). These results indicate that, in the presence of
an electron acceptor, the fraction of electron transfer through
PSII which was not expressed as the oxidation of water to O,
was used for the production of H,O; by the oxidizing side of
PSIIL

We now report studies of the mechanism in which H,O; is
generated as a result of illumination of PSII core complexes
under steady-state conditions in the presence of an electron
acceptor by examining the dependence of this reaction on the
Ca?*, CI-, and sucrose concentrations as well as pH. The use
of core complexes was advantageous to this investigation
because the octyl glucopyranoside used to purify the complexes
removed most of the endogenous Fe-catalase which increases
the ability to measure H,O; production. This detergent also
depletes the preparation of the OEE2 protein, Ca2*, and ClI-
ina manner that is much less destructive to PSII activity than
other treatments (Ghanotakis & Yocum, 1986). As a result,
activity is recoverable by addition of Ca2* and Cl-in a greater
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Table I:  Effect of EDTA and NH,OH Treatments on H,0,
Production by PSII Core Preparations

rate?
treatment —catalase  +catalase % H,0, production?
control 118 158 25
+100 oM EDTA 155 200 23
NH,OH-washed® 0 0

?Rates are given in units of micromoles of O; per milligram of
chlorophyll per hour, as assayed using the conditions of Figure 1.
b Calculated as the fraction of the difference between the rate with and
without catalase divided by the rate with catalase. ¢ Core preparations
were incubated with 5 mM NH,0H for 1 h, 4 °C in darkness, and then
washed in 40 mM MES, pH 6.0, prior to assay.

fraction of reaction centers from PSII core preparations than
can be obtained with salt-washed PSII preparations. The
results presented here indicate that the OEC requires Cl- in
the S, state to prevent the enzyme from using the stored
oxidizing potential to oxidize OH- to H,0,.

MATERIALS AND METHODS

Photosystem II core preparations were isolated from spinach
using the procedure of Ghanotakis and Yocum (1986). The
core complexes were washed in a buffer of 40 mM MES-
(CH;)«NOH, pH 6.0 which effectively removed Na*, Ca2*,
and CI". The preparations were then pelleted in an Eppendorf
microfuge and resuspended to 100 g of Chl/mL in the MES~
(CHj;)4,NOH buffer and stored at 77 K until needed.

Rates of O, evolution were measured using a Clark-type O,
electrode at saturating light intensities with 400 uM 2,6-
dichloro-p-benzoquinone (DCBQ) as an electron acceptor.
The amplifier for the O, electrode was made by G. J. Johnson,
Baltimore, MD, and is capable of measuring rates as low as
10 umol of O, (mg of Chl-h)-! with precision. Measurements
were routinely made in duplicate or triplicate within each
experiment and any data point that varied by more than 5
pmol of O, (mg of Chl-h)~! was discarded. The experiment
measuring the extent of hydroquinone inactivation as a function
of the sucrose concentration was replicated five times. The
number of replications for the other experiments is given in
the figure legends.

To examine the effects of Cl- at constant Ca2*, Cl- was
added as (CH3)4NCIl. Calcium was added from a stock
solution of 50 mM Ca(OH); in 200 mM MES or PIPES
buffer adjusted to the desired pH with (CH;);NOH. Hy-
drogen peroxide production was measured with a coupled assay
using bovine Fe-catalase (Sigma). The amount of catalase
required to observe maximal rates of H,O; production was
determined empirically before each experiment and was
typically 0.25 mg of catalase/mL.

RESULTS

The rate of H,O; production that resulted from illumination
of PSII core preparations was measured by a coupled reaction
with bovine Fe-catalase. Since this enzyme catalyzes the
dismutation of H,O, to O,, the observed rate of O, evolution
will reflect the combined rate of the oxidation of water to O,
and H,0, formation. As shown in Table I, the rate of O,-
evolving activity of PSII core complexes in the absence of
Fe-catalaseat 3 mM CI-, pH 7.0, was 75% of the rate measured
in the presence of Fe-catalase. The effect of Fe-catalase on
the rate was not decreased by EDTA which indicates that
H»0, production was not catalyzed by aqueous divalent
cations. Instead, the generation of HO; appears to have been
mediated by functional manganese of the OEC because the
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FIGURE 1: Inhibition by NH; of the rate of oxidation of water to O,
(D) and of H,0, production ( ®) from PSII core preparations. The
rate of H,O, production was determined by the difference of the rate
of Oj-evolving activity in the presence versus the absence of 0.5 mg
of bovine Fe-catalase during the assay. The assay mixture contained
20 mM Ca(OH),-PIPES, 3.0 mM (CH;)4NCl, 400 uM DCBQ, 10
ug of Chl of PSI] core preparations, and 80 mM PIPES, which was
buffered to pH 7.0 with (CH;)s.NOH. Ammonia wasadded as NH,-
OH-PIPES, pH 7.0, at the concentrations indicated. Thedata shown
are from one of eight replications.

core preparations washed with 5 mM NH,O0H, a treatment
known to remove functional manganese (Cheniae & Martin,
1971), abolished both the oxidation of water to O, and H,O,
production.

The involvement of the OEC in the generation of H,0, is
also indicated by the effect of NH; on the activity of PSII
core preparations as shown in Figure 1. In this experiment,
ammonia was added as NH,OH buffered with PIPES, pH
7.0, such that the pH and Cl-concentration remained constant.
At 3 mM CI-, half-maximal inhibition of the oxidation of
water to O; (squares) as well as H,O; production (diamonds)
was obtained in core preparations with unprotonated NHj
concentrations of about 85 uM. The similarity in the
dependence of both reactions on the NH; concentration
suggests that both processes are catalyzed by the OEC. The
unprotonated form of the amine, which has been established
as the inhibitory species, induces half-maximal inhibition of
water oxidation in thylakoids at concentrations of 40-900
uM (Velthuys, 1975; Frasch & Cheniae, 1980). This
inhibition results, in part, from the displacement of Cl~ from
the OEC (Sandusky & Yocum, 1983, 1984). The difference
in sensitivity of thylakoids and PSII core preparations to this
inhibitor may be explained by the lack of the OEE2 protein
in the core preparations since depletion of OEE2 decreases
the affinity for Cl- (Akerlund et al., 1982; Ikeuchi et al,,
1985; Ghanotakis & Yocum, 1986).

The dependence of the rate of H,O, production on the
concentration of Cl-at pH 7.0 isshown in Figure 2. Hydrogen
peroxide production only becomes measurable at concentra-
tions of ClI- which limit the rate of oxidation of water to O,.
The rate of H,O; production was approximately equal to the
rate of oxidation of water to O; at 2.5 mM CI- and accounted
for all of the O,-evolving activity at 2 mM CI~. However,
at sufficiently low CI- concentrations, the Cl- became rate
limiting to H,O; production as well.

Figure 3A shows the interdependence of the rate of H,O,
production (open symbols) and the rate of the oxidation of
water to O; (closed symbols) as a function of pH at 3 mM
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FiGURE 2: Chloride dependence of the rate of O»-evolving activity
catalyzed by illumination of PSII core preparations in the absence
(0) and the presence () of 0.5 mg of bovine Fe-catalase. Chloride
was added to the reaction mixture as (CH;)4NCl. The reaction
mixture also contained 20 mM Ca(OH)~PIPES, pH 7.0, 400 uM
DCBQ, 10 ug Chl of PSII core preparations, and 80 mM PIPES-
(CH;);NOH, pH 7.0. Therate of H,O, production was determined
as in Figure 1. The maximal rate at this pH for the oxidation of
water to O, of 482 umol of O, (mg of Chl-h)-! was obtained at 20
mM Cl-. Thedata shown represent one of three replicate experiments.

CI. The rate of water oxidation to O, catalyzed by the core
preparations decreased over the pH range of 6.5t0 7.5ina
manner similar to that observed in NaCl-washed PSII
preparations (Homann, 1988). At pH 6.5, which is optimal
for the oxidation of water to D,, H;0, production was not
observed. The rates of the oxidation of water to O, and H,0;
production were inversely proportional such that H,O,
production was favored under slightly alkaline conditions.
Although at pH 7.5 all of the activity of these PSII core
preparations resulted in H,O, production, the maximal rate
of H,O, production was observed at pH 7.2 (Figure 3B).
The effect of Ca2* on the fraction of PSII core particles
that generate peroxide was examined in Figure 4. When the
Cl-and pH were held constant at 3.5 mM and 7.0, respectively,
the rates of both the oxidation of water to O, and the production
of peroxide increased by the addition of Ca?* (Figure 4A).
However, the magnitude of the increase in the rate of peroxide
formation due to the addition of Ca2*, as determined by the
difference in the rate of O, evolved plus and minus Fe-catalase
(closed squares), was small relative to the increase in the rate
of O, production from water. Asshownin Figure 4B, changing
the Ca?* concentration had little effect on the fraction of
reaction centers producing peroxide upon illumination relative
tothe fraction that oxidized waterto O,. Theseresults suggest
that while Ca2* increased the rate of light-driven electron
flow in PSII, it did not convert PSII core preparations from
a H,0,-forming mode to the oxidation of water to O,.
Wydrzynski et al. (1989) observed that PSII preparations
produced H,O; in the presence of an electron acceptor only
at low sucrose concentrations but not at low CI~. Such results
are consistent with an explanation in which (i) low sucrose
concentrations may cause the loss of OEE2, which reduces
the affinity of the OEC for CI-, or (ii) sucrose may substitute
for CI- binding to the OEC. To determine if low sucrose
concentrations induce the dissociation of OEE2, PSII prep-
arations prepared as per Berthold et al. (1981) wereincubated
with or without 400 mM sucrose, and then the rate of water
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FIGURE 3: (A) Effect of pH on the relative fraction of the rate of the oxidation of water to O, (closed symbols) and H,O, production (open
symbols) catalyzed by the illumination of PSII core preparations at 3 mM CI- and 20 mM Ca?*. Circles and squares represent separate
experiments. Each point was replicated five times within each experiment. The reaction mixture contained 3 mM (CH,),NCl, 20 mM
Ca(OH),-PIPES, 500 uM DCBQ, and 10 ug of Chl of PSII core preparations. The pH of the reaction mixture was maintained with 40 mM
MES and 40 mM PIPES buffered to the pH indicated with (CH;),NOH. The fraction of H,0, production was determined by the difference
in the rate of O,-evolving activity in the presence versus the absence of 0.5 mg of bovine Fe-catalase divided by the rate with catalase. The
maximal rate at pH 6.5 for the oxidation of water to O, of 605 umotl of O, (mg of Chl-h)~! was obtained at 20 mM Cl~. (B) The dependence
of the rate of H,O; production on pH. The rates were calculated from the data of panel A expressed as micromoles of O, per milligram of

Chl per hour.
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FiGURE4: (A) Calcium dependenceof the rate of O,-evolving activity
catalyzed by illumination of PSII core preparations in the absence
(@) and the presence (a) of 0.5 mg of bovine Fe-catalase. Inaddition
to the concentration of Ca(OH),—PIPES, pH 7.0, indicated, the assay
mixture contained 3.5 mM (CH;)4,NCl, 400 um DCBQ, 10 ug of Chl
of PSII core preparations, and 80 mM PIPES which was buffered
to pH 7.0 with (CH;)JNOH. Regression analysis of the double-
reciprocal plots of the rates of O; evolution was used to obtain the
best fit to the data. The rate of H,O, production () was determined
by the difference of the best fits in the presence versus the absence
of Fe catalase. (B) The fraction of H,O; production was determined
as the rate without catalase divided by the rate with catalase. The
data shown are from one of four replicate experiments.

oxidation to O, was examined for changes in the Ca?*
requirement and for the extent of hydroquinone inactivation
known to occur in OEE2-depleted PSII preparations (Gha-
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FIGURE 5: Sucrose dependence of the rate of Oj-evolving activity
catalyzed by illumination of PSII core preparations in the absence
(O) and the presence (@) of 0.5 mg of bovine Fe-catalase. Inaddition
tothe concentrations of sucrose indicated, the assay mixture contained
20 mM Ca(OH),-PIPES, pH 7.0, 3.0 mM (CH,),NCl, 400 uM
DCBQ, 10 ug of Chl of PSII core preparations, and 80 mM PIPES-
(CH;3),NOH, pH 7.0. The data shown are the average of mea-
surements made in triplicate and represent one of three replicate
experiments.

notakis et al., 1984). No changes in the Ca2* requirement
or sensitivity to hydroquinone were observed in PSII prep-
arations that had incubated in the absence of sucrose for as
long as 6 h (data not shown) which indicates that sucrose does
not alter the affinity of the OEC for Cl- by causing the
dissociation of OEE2.

The effect of sucrose on the activity of PSII core preparations
in 3 mM CI-, pH 7.0, is shown in Figure 5. Illumination of
the core preparations at this pH and Cl- concentration in the
absence of sucrose shows an elevated rate of O, evolution in
the presence of Fe-catalase indicative of peroxide formation.
As the concentration of sucrose increased, the rate at which
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water was oxidized to O, increased while the proportion of the
activity due to HyO; production decreased. These results
suggest that sucrose may partially substitute for Cl- via a
direct interaction with the OEC. However, the effectiveness
of sucrose in preventing the generation of peroxide is small
relative to that of chloride.

DISCUSSION

The OEC Can Catalyze H;0; Productionvia the S, State.
The involvement of the functional manganese of the OEC in
the production of H,O, by PSII core preparations is indicated
by the lack of inhibition by EDTA and the inhibition or
inactivation by the same concentrations of NH; and NH,-
OH, respectively, that affect the oxidation of water to O,.
Furthermore, the effects of Cl-, OH-, and NH3 on H,0;
production presented here show that peroxide is produced
upon formation of the S; state. The experiments presented
here were assayed with 400 uM DCBQ. The presence of an
electron acceptor eliminates the acceptor side of PSII as a
source of H,O; production from results that showed (i) that
the addition of ferricyanide to keep the electron acceptor PPBQ
oxidized did not affect the rate of H,O; production and (ii)
that the rate of H,O, production accounted for the difference
between the rate of DCIP reduction and photosynthetic O,
evolution (Wydrzynski et al., 1989).

The H,0, produced on the oxidizing side of PSII is shown
here to result from depletion of Cl~ from the oxygen-evolving
complex by the inverse relationship between Cl- and H,;O,
formation and by the effects of OH- and N'Hj; on the rate of
peroxide production. Wehave also confirmed the observation
(Wydrzynski et al., 1989) that H,O- production increases at
low sucrose concentrations. Sucrose has been documented to
affect the binding of Cl- to the OEC (Beck & Brudvig, 1988)
and, thus, the effect of sucrose on peroxide formation is
probably due to an alteration on the binding of Cl- or to the
ability of sucrose to block access of other molecules to the Cl
site.

Despite our ability to demonstrate that sucrose can prevent
the formation of peroxide, our results still conflict with those
of Wydrzynski et al. (1989), who claimed that Cl~ depletion
was not involved with H,O, formation. This apparent
contradiction is probably the result of the methodology used
todeplete the system of CI~. Wydrzynski et al. (1989), cautious
of side effects that might be introduced by Cl-depletion
methods such as high pH shock or addition of chelators or
high concentrations of other anions (Ghanotakis & Yocum,
1986; Homan, 1987) that might lead to peroxide formation
unrelated to the Cl- binding site, removed the anion from
PSII preparations simply by washing these preparations in 20
mM MES, pH 6.3. This protocol is not very effective in
depleting PSII preparations of CI- since these preparations
contain the extrinsic membrane proteins that facilitate the
binding of the anion with high affinity. However, subsequent
washes in high sucrose and low CI- probably allowed sucrose
todisplace functional Cl~via mass action such that subsequent
low sucrose treatments gave rise to the formation of peroxide
in a manner similar to that presented here using PSII core
preparations. The use of core preparations was advantageous
because they have been clearly shown to be depleted of Ca?*,
Cl-, and the extrinsic membrane proteins, yet are highly active
when supplemented with these ions (Ghanotakis & Yocum,
1986).

The Substrate of H;0; Production Is OH-. The evidence
presented here supports the mechanism of H,O, production
shown in Figure 6. In this mechanism, light-driven PSII
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FIGURE 6: Proposed mechanism of H,O, production by the OEC
upon illumination of PSII core preparations. The exchangeable
coordination of ligands to the manganese cluster shown is not intended
to specify a particular Mn.

. reactions drive the normal S¢/S; and S,/S; transitions of the

OEC, which involve the oxidation of manganese (Yachandra
et al., 1986; Srinivasan & Sharp, 1986a,b; Styring &
Rutherford, 1988). PSII reaction centers contain a tightly
bound Cl- (Lindberg et al., 1990) and recent EXAFS analyses
suggest that about one Cl~ is coordinated to the manganese
cluster in the S, state (Klein et al., 1991). While there is
evidence that water molecules can coordinate to the manganese
in the S, state (Hansson et al., 1986), mass spectroscopy
experiments using H,'20 indicate that this water must be in
rapid exchange with the bulk solvent (Radmer & Ollinger,
1986).

Oxidation of the manganese in the So/S; and S,/S;
transitions will make the metal a stronger Lewis acid which
will cause the coordinated water to become a correspondingly
stronger Lewis base. As a result, water coordinated to
manganese in the S; state and to a greater extent in the S,
state probably exists as OH~. Formation of OH" as a result
of the S¢/S; transition is consistent with the observation that
this step involves the release of a proton (Saphon & Crofts;
1977; Junge et al., 1977). However, formation of an S, state
capable of making an S,/S; transition does not result in the
release of a proton (Saphon & Crofts; 1977; Junge et al.,
1977) but instead requires Cl- (Theg et al., 1984; Itoh et al,,
1984). From the interdependence between Ci-and OH- that
gives rise to the inverse relationship for the formation of H,O,
or the oxidation of water to O, shown here, it is clear that the
oxidation of water is diverted to H,O; production when the
concentration of OH" is sufficient to displace Cl-. Inhibition
of the oxidation of water to O, by OH- is known to result from
a specific interaction with the S, state (Briantais et al., 1977)
and is consistent with the competitive inhibition kinetics by
OH- versus CI- of the oxidation of water to O, (Homann,
1988; Critchley et al., 1982).

By examining unstacked thylakoids at pH 7.8, Jahns et al.
(1991) reported that H* were released from the S state
transitions beginning with So/S, with a stoichiometry of 1:0.5:
1:1.5. This noninteger pattern of proton release at pH 7.8 is
consistent with the model in Figure 6 since the model predicts
that, at this pH, water would displace CI- in a significant
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fraction of thereaction centers. This would resultin the release
of a H* in the fraction of reaction centers that contain water
during the S;/S; state transition. The proton release pattern
as a function of pH (Rappaport & Lavergne, 1991) shows
that the S;/S; state transition does not involve the release of
a H* at pH 6.0 and that the increased yield of H* follows the
pH dependence for peroxide formation shown in Figure 3.
Protonatable amino acid side chains may mediate proton
release from the OEC, but evidence for the existence of these
side chains is currently lacking and, thus, such details have
been omitted from the mechanism in Figure 6.

We propose that if two OH- can become bound to the S,
state of the OEC, the enzyme can catalyze a two-electron
oxidation reaction that produces H,O, and results in the
formation of the Sy state. We have previously found that
addition of high concentrations of H,O; drives this reaction
in reverse (Frasch & Mei, 1987a,b). The peroxide-induced
formation of the dihydroxide-bound S; state (S,") from Sy
was shown by the observation that the S; state formed from
So by H,0; in the dark was capable of oxidizing primary
alcohols to aldehydes (Frasch et al., 1988). Production of
this S,’ state by peroxide is also supported by the observation
that the O, produced by the OEC from a mixture of H,'50,
and H,!80, is composed of either 16060 or 12020 but not
160180 (Mano et al., 1987) (i.e., that both oxygens in the
product are derived from the same peroxide molecule). It is
of note that the four-electron oxidation of 4 OH~ to form O,
and H,O only requires a potential of 0.40 V which would
make this reaction highly favorable upon formation of the S4
state. Thesuitability of OH-as the substrate for the oxidation
of water to O, is also favored by Krishtalik (1990) on the basis
of theoretical analysis of activation energies.

Chloride May Prevent Oxidation of Substrate in Lower S
States. Since the enzyme oxidizes water in a four-electron
reaction but must accumulate each oxidizing equivalent
successively, the results presented here suggest that Cl-
prevents the OEC from oxidizing the substrate until all four
equivalents (the S, state) have been obtained. If this is correct,
then the lower S states have a redox potential less than that
required to oxidize Cl~ (E°/ = 1.36 V). While a number of
reagents have been shown to substitute for Cl- in the OEC,
the relative effectiveness of these substitutes must be limited
by their redox potentials. For example, although I~ (E°’ =
0.54 V) can substitute for Cl- (Kelley & Izawa, 1978),I"can
donate electrons to PSII (Ikeuchi et al., 1988). Since the
redox potential for the oxidation of water to peroxide at pH
7 (E°’ =1.35V) iscomparable to that of Cl-, the OEC should
not be capable of generating H,O, from water. However, the
potential for the oxidation of OH- to peroxide (E°’ = 0.93 V)
is much more favorable. The close correlation between the
pH dependence for H,O, production in Figure 3 and the
inhibition of O,-evolving activity observed by Homann (1985)
provides further support that the substrate for H,O, production
is OH".

The conditions described here that lead to the production
of peroxide would, in the presence of catalase, be predicted
to give rise to a pattern for the flash-induced yields of oxygen
in which the yield is maximal on the first flash and every
second flash thereafter. At this time, the only report of flash
yields of oxygen under conditions that promote peroxide
formation were carried out using salt-washed, inverted
thylakoids (Schroder & Akerlund, 1986) which showed the
predicted pattern for the first four flashes. Unfortunately,
these experiments were performed in the absence of an electron
acceptor, and the bulk of the peroxide was later shown to arise
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from reactions on the reducing side of PSII (Schroder &
Akerlund, 1990).

The formation of bound peroxide as an intermediate
oxidation product in the S, or S; states has been proposed
(Renger, 1987; Matsushita et al., 1988; Klimov et al., 1990)
and it is possible that the peroxide we have observed here
results from the dissociation of this peroxidic intermediate
from the enzyme when Cl- is limiting. However, this
hypothesis is unlikely because dissociation of a putative
peroxidic intermediate would require protonation and, thus,
would be expected to dissociate faster with decreasing pH.
This conflicts with the pH dependence for peroxide formation
shown in Figure 3. Krishtalik (1990) has shown from
calculations of activation energies that a favorable mechanism
for the production of O, by the OEC would be via a rate-
determining oxidation of OH~ and H,0 to H,O; followed by
the rapid oxidation of peroxide to O,. There is currently no
evidence to preclude these reactions from occurring upon
formation of the S, state.

Peroxide can react with proteins and is known to damage
cellular components (Tew & Ortiz de Montellano, 1988). We
have recently shown that when peroxide is produced by the
OEC upon illumination, it can react with the PSII reaction
center and contribute to the process known as photoinhibition
(Bradley et al., 1991). The presence of Fe-catalase in the
stacked regions of the thylakoids (Nakatani & Barber, 1981;
Frasch & Mei, 1987) probably serves to minimize this type
of photoinhibition by scavenging H,O, produced by the OEC.

The CI- Binding Site May Be the Site of Water Oxidation
in the OEC. The fact that HO, production occurs upon
displacement of the functional CI- bound to the OEC implicates
this Cl- binding site as the site of water oxidation. The site
of water oxidation was first postulated to be the site of inhibition
for the unprotonated form of NH; (Velthuys, 1975) and Tris
(Frasch & Cheniae, 1980) on the basis of the similarity of
unprotonated amines with water. While bulky amines like
Tris were found to compete for the binding of Cl-, the mixed
noncompetitive inhibition kinetics of NHj versus Cl-suggested
that N'Hj; also inhibited O,-evolving activity at a second site
that did not involve CI- (Sandusky & Yocum, 1983, 1984,
Homann, 1986). Beck and Brudvig (1986) concluded that
this second site was the water-oxidizing site from experiments
describing the effects of NH; on the EPR signals that arise
from the OEC-manganese. However, subsequent experiments
showing that O,-evolving activity is not blocked when NH;
is bound only to the non-Cl- site and that NH; must bind to
a second site to inhibit the enzyme led Boussac et al. (1990)
to conclude that the Cl- binding site is the catalytic site of O,
production. These latter findings concur with the results
presented here in terms of the interactions between Cl- and
NH; and the production of peroxide.

The data of Figure 3 also show that at sufficiently low CI~
concentrations the ability of the OEC to oxidize water to form
either peroxide or O, is blocked, indicating that C1- must have
an additional role in limiting light-induced electron flow.
Depletion of Cl~ by high pH excursion or by the use of PSII
core particals results in an increase in the g = 4.1 EPR signal
that arises from the S, state manganese at the expense of the
multiline EPR signal (Casey & Sauer, 1984; Onoetal., 1986).
When the Cl- bound to PSII preparations was displaced by
F- (Baumgarten et al., 1990), illumination caused changes in
the S; state EPR signals normally associated with Cl--depletion
but also induced the 160 g EPR signal and decreased the
intensity of EPR signal II. Theselatter effects were previously
associated with the depletion of Ca2* (Boussac et al., 1990).
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We have found that while Ca2* increases the rate of electron
flow in PSII reaction centers that produce both O, and H,0,,
this cation did not alter the proportion of reaction centers that
catalyzed peroxide formation. When combined with the
observation that F~ is unable to inhibit peroxide formation
(G. C. Dismukes, personal communication}, it appears that
Cl- may also act at a site not involved with H,O, formation
that facilitates electron transfer from the manganese cluster
to Yz*. Further work is required to address these questions.
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