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A sequential four-step chemical model for the water oxidation process in photosystem II is presented, based 
on the observation that, a peroxide-linked biquinone complex can be chemically formed as a result of 
hydroxide ion addition to quinone. In our model, the hydroxide ion intermediate is generated in photosys- 
tern II as a result of proton abstraction from water. In the model, the first two flashes of light raise the 
oxidation state of the bimanganese center, while the third and fourth flashes of light sequentially generate 
the peroxide-linked biquinone which is then directly oxidized by the bimanganese center to produce oxygen 

and regenerate quinone. 

Photosystem ZZ Oxygen evolution mechanism Manganese Plastoquinone Cytochrome bSS9 

1. INTRODUCTION 

An understanding of the chemical mechanism by 
which green plants oxidize water to molecular ox- 
ygen continues to challenge but elude chemists and 
biologists. Photosynthetic water oxidation that oc- 
curs within the photosystem II complexes of higher 
plants has been the subject of many reviews 
[l-l 11. All reviews now argue that oxygen evolu- 
tion results from a sequential 4-step oxidation pro- 
cess in which the oxidizing equivalents produced 
by each photoact are conserved in a ‘charge- 
storing’ complex until sufficient oxidizing power 
has been accumulated for water oxidation to pro- 
ceed. Each successive oxidation state of the water 
oxidizing complex is termed an S-state, S,, where 
the subscript represents the number of charges that 
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have accumulated. These S-states have been incor- 
porated into a kinetic model often termed the ‘ox- 
ygen clock’ ([12], also see [ll]): 

hv 
so - s1 JT sz -z sg JT [S‘J - 

So + 02 + 4H+ 

Despite detailed information on the kinetics of 
interconversion of these S-states, the chemical 
nature of each is still uncertain. The water- 
oxidizing complex has an absolute requirement for 
manganese [ 131, and current estimates suggest that 
a minimum of 4 manganese ions per photosystem 
II unit are required for normal function [14-171, 
although 2 of these can apparently be replaced 
with other metals [l&20]. Hence, contemporary 
models for the charge-storing system of 
photosystem II envisage a binuclear manganese 
complex as its functional component, in which 
charge is stored as increasing oxidation states of 
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the manganese ions. The transition state im- 
mediately prior to oxygen evolution is postulated 
to involve the formation of an oxygen-oxygen 
bond between the 2 manganese ions [21]. Thus, the 
oxidized binuclear center of photosystem II is 
believed to act as a ‘template’ for the formation of 
the oxygen-oxygen bond [21-231. Although the 
object of numerous investigations, the existence of 
such a manganese-dioxygen intermediate has not 
been confirmed, nor have binuclear models with 
associated water achieved formation of an oxygen- 
oxygen bond and subsequent evolution of 
molecular oxygen. 

The recent discovery in our laboratories [24] that 
hydroxide ion can be oxidized by quinones to give 
a peroxide-bridged biquinone has prompted us to 
propose a new mechanism for the water-oxidation 
oxygen-evolution process of photosystem II. The 
oxygen-oxygen bond that forms between the 2 
quinone molecules is oxidized by a binuclear 
manganese center (oxidized) to generate dioxygen 
and release the 2 quinones. In this report the 
chemistry associated with the proposed 
mechanistic path is outlined in a set of equations 
that are used to formulate a 4-step chemical model 
for the oxidation of water to dioxygen in 
photosystem II. 

1.1. The model 
Fig.1 outlines 2 schemes for the reduction of 

quinones in aprotic media [25]. The reduction of 
quinone to quinol, thought to occur on the accep- 
tor side of photosystem II, is outlined on the left 
side of fig.1. In this case, an electron from the 

III II I m ZL XI 

Fig. 1. A simplified scheme for the reduction of quinone 
in an anrotic medium. The reduction of quinone by one- 
step electron additions is shown on the left, and its 
reduction by hydroxide ion to generate a peroxide-linked 
biquinone complex (VI) to the right. Quinone, I; 
semiquinone anion, II; quinol, III; hydroxide-adduct of 
quinone, IV; oxy-radical of hydroxide adduct, V; 

peroxy-linked biquinone, VI. 

reaction center is transferred to a quinone (plasto- 
quinone in the case of photosystem II) to generate 
its anion radical. Further reduction produces ‘the 
completely reduced quinone. In the protic 
medium, that is typically found at the surface of 
the thylakoid membrane, the one-electron reduc- 
tion steps of quinone would be coupled with pro- 
ton addition to produce quinol (not shown). 

On the right side of fig.1, an alternative reduc- 
tion mechanism is outlined whereby semiquinone 
anion is generated by a hydroxide ion adduct of the 
quinone [Q(OH)-] that reduces a second quinone. 
This electron transfer yields a semiquinone oxy- 
radical [species V, ‘Q(OH)] that dimerises to pro- 
duce a peroxide-linked biquinone (VI, fig.1). The 
mechanism for the reduction of quinones by 
hydroxide ion in aprotic media (outlined in fig.1) 
has been developed on the basis of a study of an- 
thraquinone in acetonitrile [24]. Hydroxide ad- 
ducts of substituted quinones identical to species 
VI (fig.1) have been observed [6] and hydrogen 
peroxide, presumably the result of the hydrolysis 
of VI (fig.l), has been detected when hydroxide 
ion is added to benzoquinone [7]. We have ob- 
served essentially stoichiometric yields of semi- 
quinone anion when hydroxide ion is added to a 
wide range of quinones, including cw-tocopherol- 
quinone and plastoquinone (unpublished). 

We propose that such chemistry is utilized in 
photosystem II to bring about the photo-oxidation 
of water. The sequential chemical reactions that 
may occur under successive flashes of saturating ir- 
radiation, such that the reaction center of 
photosystem II would turnover once per flash, are 
shown in fig.2 and will be discussed for each S- 
state interconversion. This model scheme presents 
the chemistry that occurs upon interconversion of 
each S-state. It begins at the SO state, but all 
evidence clearly shows that the dark-adapted 
chloroplast rests in the Si state; this point will be 
returned to in the discussion. 

1.1.1. so-s1 
Excitation of the photosystem II reaction center 

first generates reduced pheophytin (pheo’-) and 
oxidized chlorophyll (chl a*+) in a process com- 
monly termed the primary charge separation (reac- 
tion a). Primary charge separation is thought to 
occur between a chlorophyll and a pheophytin 
molecule [28], although our model only requires an 
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oxidized (chl a’+) and a reduced (pheo’-) species. 
The primary charge separation is stabilized when 
chl a’ + and pheo’ - react with other molecules on 
the oxidizing and reducing sides of photosystem II, 
respectively. This event is common to each of the 
S-state interconversions. 

Yheo’- reduces the secondary electron acceptor 
of photosystem II, a plastoquinone species termed 
QA, to produce Qk- and regenerate pheophytin 
(reaction b). The one electron reduction of 
quinone was outlined in fig.1. Qx- is then able to 
reduce further components of the noncyclic elec- 
tron transport chain leading to photosystem I. 

Simultaneous with QA reduction, chl a’+ ox- 
idizes the bimanganese complex on the donor side 
of photosystem II from an Mn(II)-(III) to a 
Mn(III)-(III) oxidation state with regeneration of 
chlorophyll (reaction c). In this scheme, we show 
chl a’+ as the direct oxidant of the manganese 
center, although there is evidence in the literature 
for at least one additional component to mediate 
this electron transfer [lo]. Extra components are 
of no consequence to this model at the present 
stage, but we will return to this point later. 

Thus, the first flash of light to thylakoids in the 
SO state raises the oxidation state of the manganese 
center from an Mn(II)-(III) to a Mn(III)-(III) com- 
plex and generates reduced quinone. 

1.1.2. si-s2 
During this transition, identical chemistry oc- 

curs as in the previous S-state conversion (&AI), 
except that the oxidation state of the manganese 
center is raised to an Mn(III)-(IV) state. The 
chemistry proposed in these first 2 steps ‘is essen- 
tially the same as described in previous models; 
current data suggest that the transition to SZ results 
in an Mn(III)-(IV) oxidation state [22]. 

1.1.3. sz-s3 
The chemistry induced by the next flash of light 

differs from the previous steps and ultimately 
generates the quinone-hydroxide adduct (IV, fig. 1) 
formed by the addition of hydroxide ion to 
quinone. We would postulate that the hydroxide 
ion required for this reaction is generated upon 
proton abstraction from water by a reduced basic 
intermediate formed in this step. In reaction d Qk- 
reduces a component, here termed Cm, that acts as 
a cyclic electron carrier around photosystem II 
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ultimately reducing chl a’+ in reaction g. It is this 
component (C) that is required to have a high af- 
finity for protons in its reduced form so that it can 
abstract a proton from water thus generating 
hydroxide ion while mediating cyclic electron flow 
around photosystem II. This hydroxide ion is 
formed within the membrane as a bound in- 
termediate and is never released as free OH-. We 
speculate that C is cytochrome b559, which has 
been suggested to act as a cyclic electron carrier 
and is thought to be an essential component for the 
normal functioning of water oxidation [29,30]. 
Also, reduced cytochrome b559 is known to have a 
higher affinity for protons and has been suggested 
to have such a proton-linked function in 
photo:ystem II [29,30]. 

The hydroxide ion generated in reaction d (fig.2) 
can react with a quinone associated with the ox- 
idizing side of photosystem II, Qw, to generate a 
hydroxide ion adduct, Qw(OH)- (IV, fig.1). 
QwKW- then interacts with a second quinone, 

Fig.2. Chemical model and reaction sequence for the S- 
state interconversions of the water-oxidizing complex of 

photosystem II. See text for details. 
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probably plastoquinone, to generate semiquinone 
anion and the oxy-radical, ‘Qw(OH), as shown in 
reaction f (fig.2). The semiquinone anion can par- 
ticipate in noncyclic electron flow (see above, 
SO-&). The oxy-radical (species V, fig.l), which 
must be reasonably stable with a sufficient lifetime 
for the final step (S3-S4) to occur, probably is 
bound to a protein in close association to a metal 
ion that confers stability (similar to the stabiliza- 
tion of quinone radicals proposed in other models, 
e.g. [22]). 

1.1.4. s3-s4 

The fundamental chemistry of the Sz-S3 transi- 
tion is repeated to generate a second oxy-radical 
(V, fig.1) so that in the meta-stable S4 state there 
are 2 oxy-radicals that spontaneously dimerise to 
form a peroxide-linked biquinone (species VI, 
fig.1) in reaction h (fig.2). This species is oxidized 
by the manganese center [Mn(III)-(IV)] to give 
dioxygen and QW with the manganese center re- 
duced to the Mn(II)-(III) oxidation state. Thus, the 
SO state is automatically re-established, ready for 
the next cycle. 

2. DISCUSSION 

The unique feature of this new chemical model 
for photosystem II is that the oxygen-oxygen bond 
is formed between 2 quinone molecules rather than 
between 2 manganese ions. The manganese center 
serves to oxidize a peroxide-linked biquinone 
species to produce molecular oxygen rather than 
act as a template for oxygen-oxygen bond 
formation. 

The model includes essential roles for both 
cytochrome b559 and quinones in the water- 
oxidizing mechanism of photosystem II. The 
physiological role of cytochrome b559 at room 
temperature is still uncertain, but a proton-linked 
function in photosystem II has been proposed 
[29,30]. This idea has been extended to link 
hydroxide ion production (and its oxidation by 
quinone) to the water-oxidation mechanism. 
Although there is some evidence for an association 
between manganese and plastosemiquinone anion 
in photosystem II [31] and stable semiquinone 
complexes of manganese have been proposed as 
models for the manganese center of photosystem II 
132,331, there are no conclusive experimental 

results to support this proposition. More recently, 
ESR data has suggested that plastoquinol acts as 
an intermediary electron carrier between the 
manganese ions and the reaction center of 
photosystem II [4]. Whether there is any relation- 
ship between these observations and the present 
model remains to be elucidated. 

When subject to a train of saturating light 
flashes, thylakoids also exhibit a characteristic pat- 
tern of proton release from the water-oxidizing 
complex. As can be seen from fig.2, we predict a 
proton release pattern from the SO-Sl: 
Si-S2 : s2-& : S3-SO transitions of 1 : 0 :‘I : 2. 
Previous experiments [lo] indicate proton-release 
patternsofeither 1:0:1:2or0:1:1:2,butapro- 
ton release pattern of 1: 0 : 1: 2 is in accord with re- 
cent kinetic experiments [lo]. 

The reaction sequence of the model (fig.2) is in 
close conformity to current data for the chemical 
nature of the S-states. However, evidence for such 
a sequence is not conclusive and it is possible that 
a different order of events occurs in photosystem 
II. For example, the Si-S2 and S2-S3 transitions 
could be interchanged so that the second flash of 
light generates hydroxide ion. Then the oxidation 
state changes of the manganese center would occur 
during the So-S1 and S2-S3 transitions. Likewise, 
the SO-Si and S2-S3 transitions could be inter- 
changed. Although such modifications of the 
scheme are not supported by X-ray absorption 
edge data [22], flash-induced absorption changes 
indicate a change in manganese ion oxidation state 
during the S2-S3 transition [35]. 

Recent models on the structural organization of 
photosystem II, e.g. [lo], could easily accom- 
modate the present reaction sequence and 
chemistry. However, we would emphasize the cen- 
tral role of cytochrome b559 in mediating cyclic 
electron flow around photosystem II. The present 
model and its reaction sequence (fig.2) predict a 
site on the oxidizing side of photosystem II for the 
interaction of plastoquinone with Qw that is 
analogous to the reducing side of photosystem II, 
where plastoquinone interacts with QA. Clearly, 
more work is required to elucidate the chemical 
mechanism of water oxidation that occurs in 
photosystem II. What we have presented is a viable 
model for the chemical aspects of photosystem II 
and one that includes numerous predictions that 
can be tested. We believe it provides a framework 
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for the systematic characterization of the chemical 
sequences for the oxidation of water to dioxygen in 
photosystem II. 

ACKNOWLEDGEMENT 

The work was supported by the National In- 
stitutes of Health under grant no.GM-22761 to 
D.T.S. 

REFERENCES 

111 

PI 

131 

[41 

[51 

@I 
171 

PI 

Bl 

ml 

VII 

1121 

1131 
1141 

I151 

Cheniae, G.M. (1970) Annu. Rev. Plant Physiol. 
21, 467-498. 
Radmer, R. and Cheniae, G.M. (1977) in: Topics in 
Photosynthesis (Barber, J. ed.) ~01.2, pp.303-348, 
Elsevier, Amsterdam, New York. 
Govindjee, Wydrzynski, T. and Marks, S.B. (1978) 
in: Photosynthetic Oxygen Evolution (Metzner, H. 
ed.) pp.332-344, Academic Press, London. 
Amesz, J. (1983) Biochim. Biophys. Acta 726, 
1-121. 
Wydrzynski, T.J. (1982) in: Photosynthesis 
(Ciovindjee ed.) ~01.1, pp.469-506, Academic 
Press, New York. 
Heath, R.L. (1973) Int. Rev. Cytol. 34, 49-101. 
Bearden, A.J. and Malkin, R. (1975) Q. Rev. 
Biophys. 7, 131-177. 
Govindjee (1984) in: Advances in Photosynthesis 
Research (Sybesma, C. ed.) ~01.1, pp.227-238, 
Martinus Nijhoff/Junk Publishers, The Hague. 
Renger, G., Eckert, H.-J. and Weiss, W. (1983) in: 
The Oxygen Evolving System in Photosynthesis 
(Inoue, Y. et al. eds) pp.73-82, Academic Press, 
Japan. 
Renger, G. and Govindjee (1983) Photosynthesis 
Res. 1, 33-55. 
Joliot, P. and Kok, B. (1975) in: Bioenergetics of 
Photosynthesis (Govindjee ed.) pp.387-412, 
Academic Press, New York. 
Kok, B., Forbush, B. and McGloin, M. (1970) 
Photochem. Photobiol. 11, 457-475. 
Sauer, K. (1980) Act. Chem. Res. 13, 249-256. 
Cheniae, G.M. and Martin, I.F. (1971) Plant 
Physiol. 47, 568-575. 
Yocum, C.F., Yerkes, C.T., Blankenship, R.E., 
Sharp, R.R. and Babcock, G.T. (1981) Proc. Natl. 
Acad. Sci. USA 78, 7507-7511. 

[I61 

1171 

[I81 

I191 

m 

PII 

w1 

1231 

1241 

1251 

P61 

P71 

P81 

I291 
[301 

1311 

1321 

[331 

[341 

[351 

Stewart, A. and Bendall, D. (1981) Biochem. J. 
194, 877-887. 
Ono, T. and Inoue, Y. (1984) FEBS Lett. 166, 
381-384. 
Klimov, V.V., Allakhverdiev, S.I., Shvalov, V.A. 
and Kranovsky, A.A. (1982) FEBS Lett. 148, 
307-312. 
Yamamoto, Y. and Nishimura, M. (1983) Biochim. 
Biophys. Acta 724, 294-297. 
Packham, N.K. and Barber, J. (1984) Biochim. 
Biophys. Acta 764, 17-23. 
Renger, G. (1978) in: Photosynthetic Oxygen 
Evolution (Metzner, H. ed.) pp.229-248, 
Academic Press, New York. 
Goodin, D.B., Yachandra, V.K., Britt, R.D., 
Sauer, K. and Klein, M.P. (1984) Biochim. Bio- 
phys. Acta 767, 209-216. 
Critchley, C. and Sargeson, A.M. (1984) FEBS 
Lett. 177, 2-5. 
Roberts, J.L. jr, Sugimoto, H., Barrette, W.F. jr 
and Sawyer, D.T. (1985) J. Am. Chem. Sot., in 
press. 
Prince, R.C., Dutton, P.L. and Bruce, M. J. (1983) 
FEBS Lett. 160, 273-276. 
Bishop, C.A. and Tong, L.K.J. (1964) Tetrahedron 
Lett. 41, 3043-3048. 
Sosonkin, I.M., Ponomareva, T.K. and Fedyainov 
(1979) Zh. Org. Khim. 5, 880-881. 
Ke, B. (1983) in: The Oxygen Evolving System of 
Photosynthesis (Inoue, Y. et al. eds) pp.15-25, 
Academic Press, Japan. 
Butler, W.L. (1978) FEBS Lett. 95, 19-25. 
Butler, W.L. and Mutsuda, H. (1983) in: The 
Oxygen Evolving System of Photosynthesis (Inoue, 
Y. et al. eds) pp.113-133, Academic Press, Japan. 
Nugent, J.H.A., Evans, M.C.W. and Diner, B.A. 
(1982) Biochim. Biophys. Acta 682, 106-114. 
Mathur, P. and Dismukes, G.C. (1983) J. Am. 
Chem. Sot. 104, 7093-7098. 
Lynch, M.W., Hendrickson, D.N., Fitzgerald, B. J. 
and Pierpont, C.G. (1984) J. Am. Chem. Sot. 106, 
2041-2049. 
O’Malley, P.J., Babcock, G.T. and Prince, R.C. 
(1984) Biochim. Biophys. Acta 766, 283-288. 
Dekker, J.P., Van Gorkom, H.J., Wensink, J. and 
Ouwenhand, L. (1984) Biochim. Biophys. Acta 
767, l-9. 

262 


