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The water–water cycle as alternative
photon and electron sinks

Kozi Asada
Department of Biotechnology, Faculty of Engineering, Fukuyama University, Gakuen- cho 1, Fukuyama 729- 0292, Japan

(asada@bt.fubt.fukuyama- u.ac.jp)

The water^water cycle in chloroplasts is the photoreduction of dioxygen to water in photosystem I (PS I)
by the electrons generated in photosystem II (PS II) from water. In the water^water cycle, the rate of
photoreduction of dioxygen in PS I is several orders of magnitude lower than those of the disproportiona-
tion of superoxide catalysed by superoxide dismutase, the reduction of hydrogen peroxide to water
catalysed by ascorbate peroxidase, and the reduction of the resulting oxidized forms of ascorbate by
reduced ferredoxin or catalysed by either dehydroascorbate reductase or monodehydroascorbate reduc-
tase. The water^water cycle therefore e¡ectively shortens the lifetimes of photoproduced superoxide and
hydrogen peroxide to suppress the production of hydroxyl radicals, their interactions with the target
molecules in chloroplasts, and resulting photoinhibition. When leaves are exposed to photon intensities of
sunlight in excess of that required to support the ¢xation of CO2, the intersystem electron carriers are
over-reduced, resulting in photoinhibition. Under such conditions, the water^water cycle not only
scavenges active oxygens, but also safely dissipates excess photon energy and electrons, in addition to
downregulation of PS II and photorespiration. The dual functions of the water^water cycle for protection
from photoinhibition under photon excess stress are discussed, along with its functional evolution.

Keywords: active oxygens; alternative electron £ux; dissipation, excess photon energy;
excess photon stress; photoinhibition; water^water cycle

1. INTRODUCTION

Photosynthetic organisms are always exposed to varying
environmental factors. Sunlight intensity especially varies
from moment to moment, and plants need to respond
quickly to such changes to escape from photoinhibition.
Plants are able to adapt by acclimation in the long term
(i.e. over hours or days) to light environments within a
genetically de¢ned range, but plants must also respond to
rapid changes of sunlight intensity within seconds or
minutes. In principle, plants su¡er photoinhibition under
conditions where exposed photon intensity (photosynthe-
tically active photon £ux density, PPFD) is in excess of
that required to support observed rates of CO2 assimila-
tion (A), i.e. photon use capacity of plants. Under condi-
tions where PPFD is less than or equal to that required to
support observed rates of A, most of the absorbed photon
energy is used for CO2 assimilation. However, when
PPFD is in excess of that required to support observed
rates of A, the intersystem electron carriers are over-
reduced and excess photon energy generates reactive
species of oxygen to bring about photoinhibition, if their
generation is in excess of their scavenging capacities of
plants. In vivo, the conditions where PPFD is in excess of
that required to support observed rates of A are not
unusual under direct sunlight, and even shade plants are
transiently exposed to photon excess conditions by
sun£eck. Photon using capacity, A, is not constant for
each plant, and varies depending on its developmental

stage, age, tissues and cells. Even within a leaf,
parenchyma and spongy cells show di¡erent responses to
light. Furthermore, it is largely a¡ected by other environ-
mental factors than sunlightösuch as temperature,
drought, mineral nutrition (Cakmak 2000), atmospheric
concentration of CO2 in the canopy, CO2 transport to
chloroplasts, sink stress and pollutantsöand these factors
are also variable at every moment. Therefore, a balance
between PPFD and A is also variable from moment to
moment.

For adaptation within seconds and minutes to photon
excess stress to avoid photoinhibition, plants have prompt
responsive mechanisms that can safely dissipate excess
photon energy or excess electrons generated in thylakoids
to suppress the production of reactive species of oxygen.
A rapid response to dissipate excess photons is down-
regulation of the quantum yield of PS II initiated by the
proton gradient across the thylakoid membranes and by
its associated de-epoxidation of violaxanthin (Horton
et al., this issue). Photorespiration also dissipates excess
photons and electrons by consumption of NADPH and
ATP via the photorespiratory pathway, while at the same
time supplying the electron acceptor, CO2, to chloroplasts
(Osmond 1981; Kozaki & Takeba 1996).

In this paper, the molecular mechanism of the water^
water cycle, which photoreduces dioxygen to water
without release of superoxide and hydrogen peroxide
from their generation sites, is reviewed. The water^water
cycle is indispensable for suppressing the photoinhibition
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by reduced, reactive species of oxygen generated in
chloroplasts. In addition, the water^water cycle partici-
pates in the dissipation of excess photons and electrons as
an alternative electron £ux. The dual functions of the
water^water cycle for protection from photoinhibition are
discussed.

2. MOLECULAR MECHANISM AND CHARACTERISTICS

OF THE WATER±WATER CYCLE IN CHLOROPLASTS

The photoreduction of O2 to hydrogen peroxide in
thylakoids was discovered half a century ago by Mehler
(1951), which was the ¢rst ¢nding that chloproplasts not
only oxidize water to evolve O2 but also reduce O2.
However, for over two decades the photoreduction of O2
was considered to represent a minor electron £ux and an
unavoidable reaction in chloroplasts. ATP formation
accompanying the linear electron £ow to O2öpseudo-
cyclic photophosphorylationöwas supposed to be its sole
physiological function. In the 1970s, the superoxide
radical was identi¢ed as the primary product of the
photoreduction of O2 by several methods (for a review,
see Asada & Takahashi 1987), and occurrence of its
scavenging enzyme Cu,Zn-superoxide dismutase (Cu,Zn-
SOD) in chloroplasts was shown (Asada et al. 1973).
Following this, inactivation of several Calvin cycle
enzymes and inhibition of CO2 ¢xation by hydrogen
peroxide was demonstrated (Kaiser 1976), the ¢rst identi-
¢cation of the target molecules of active oxygens in chlor-
oplasts. At the same time, occurrence of glutathione
reductase in chloroplasts was found, and ascorbate was
proposed as a scavenger of reduced species of oxygen in
chloroplasts (Foyer & Halliwell 1976). Localization of
dehydroascorbate (DHA) reductase in chloroplasts and
its participation in scavenging of hydrogen peroxide were
then con¢rmed (Nakano & Asada 1981; Jablonski &
Anderson 1981). In addition to DHA reductase, the parti-
cipation of monodehydroascorbate (MDA) reductase
(Marre & Arrigoni 1958) in the regeneration of ascorbate
of chloroplasts was also established (Hossain et al. 1984).

(a) Peroxidase in chloroplasts
In plant cells a haem catalase exists in peroxisomes but

not in chloroplasts. For suppression of the inhibition of
CO2 ¢xation, the hydrogen peroxide produced via the
SOD-catalysed disproportionation of superoxide should
be immediately removed by either catalase or peroxidase.
Photosystem II (PS II) membranes show a catalatic
activity (disproportionation of hydrogen peroxide to O2
and water), when the membranes are excited to the S2
state. The oxidizing equivalents generated in PS II
membranes compete between water and hydrogen
peroxide for the oxygen evolution from them (Mano et al.
1987, 1993). This catalatic activity, however, requires a
high concentration of hydrogen peroxide to suppress the
oxygen evolution from water (0.4 mM for half inhibition).
On the other hand, a half inhibition of CO2 ¢xation by
hydrogen peroxide occurs at only 10 m M (Kaiser 1976),
and so the functional participation of this catalatic
activity in the scavenging of hydrogen peroxide is
unlikely.

The participation of peroxidase in the scavenging of
hydrogen peroxide was con¢rmed by photoreduction of

18O2 at the same rate of as that of 16O2 evolution from
water and by the evolution of expected stoichiometric
evolution of 16O2 from water on addition of H2

18O2 in
intact chloroplasts (Asada & Badger 1984). Thus, chloro-
plasts can reduce O2 to water via superoxide and
hydrogen peroxide in PS I by the electrons derived from
water in PS II, with little di¡usion of superoxide and
hydrogen peroxide from their generation sites.

Since the regenerating enzymes of ascorbate occur in
chloroplasts, ascorbate is the most likely electron donor in
the peroxidase reaction for scavenging hydrogen
peroxide. Ascorbate peroxidase (APX) was found by
Kelly & Latzko (1979) in a soluble form and by Groden
& Beck (1979) in a thylakoid-bound form in plants. The
peroxidase for scavenging hydrogen peroxide in chloro-
plasts has been identi¢ed to be the enzyme using ascor-
bate as the speci¢c electron donor (Nakano & Asada
1981). Classical plant peroxidase, guaiacol peroxidase (as
represented by horseradish peroxidase) is not present in
chloroplasts, but APX is a new family of peroxidase
which scavenges hydrogen peroxide, including cyto-
chrome c peroxidase from yeast and catalase peroxidase
from prokaryotes (Mutsuda et al. 1996). APX is distin-
guished from guaiacol peroxidase in physiological func-
tion, amino-acid sequence and speci¢city of electron
donor (Asada 1997).

(b) Whole sequences of the water^water cycle
The molecular mechanism of the water^water cycle

and microcompartmentation of the participating enzymes
in chloroplasts are illustrated in ¢gure 1. For further
details of the cycle and the participating enzymes in it,
see a recent review by Asada (1999).

The water^water cycle comprises the following reaction
sequences:

2H2O ! 4‰e¡Š ‡ O2 ‡ 4H‡ (1)

(oxidation of water in PS II),

2‰e¡Š ‡ 2O2 ! 2O¡
2 (2)

(the photoreduction of dioxygen to superoxide in PS I by
the electrons derived from PS II),

2O¡
2 ‡ 2H‡ ! O2 ‡ H2O2 (3)

(the disproportionation of superoxide to hydrogen
peroxide and dioxygen catalysed by SOD),

H2O2 ‡ 2 ascorbate ! 2H2O

‡ 2 monodehydroascorbate
(4)

(the reduction of hydrogen peroxide to water by ascorbate
catalysed by APX), and

2‰e¡Š ‡ 2H‡ ‡ oxidized ascorbates ! ascorbate (5)

(the regeneration of ascorbate from oxidized forms of
ascorbate, monodehydroascorbate and/or dehydro-
ascorbate, by reduced ferredoxin and/or NAD(P)H
photogenerated in PS I, which are reduced by the elec-
trons from PS II).

The sum of the reactions (1) to (5) is

2H2O ‡ O*
2 ! O2 ‡ 2H2O

*. (6)

In the water^water cycle, half of the four electrons
generated in PS II from two molecules of water are used
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in the univalent reduction of two molecules of O2 (in
reaction (2)), and the remaining half in the regeneration
of ascorbate from oxidized ascorbates (in reaction (5)).
Thus, the water^water cycle does not give a net
exchange of oxygen, and can be observed only by using
18O2. This equal donation of the electrons to the two
reactions is possible only when the rates of reactions (3),
(4) and (5) are faster than that of reaction (2). If the
rates of reactions (3), (4) and (5) are slower than that of
photoreduction of O2, the lifetime of superoxide would
be prolonged and hydrogen peroxide would accumulate
in chloroplasts. This does not occur in intact chloroplasts
because when 18O2 is photoreduced, H2

18O2 does not
accumulateöits accumulation occurs only either when
chloroplasts are ruptured and microcompartmentation of
the scavenging enzymes is disrupted or when the inhi-
bitor of APX and Cu,Zn-SOD cyanide is added (Asada
& Badger 1984).

(c) Microcompartmentation in chloroplasts of the
participating enzymes in the water^water cycle

Rapid disproportionation of superoxide, reduction of
hydrogen peroxide and reduction of oxidized forms of
ascorbate are guaranteed by the high reaction rates of the
respective enzymes (table 1) and by their micro-
compartmentation in the vicinity of the generation site of
superoxide PS I complex (¢gure 1). SOD catalyses the
disproportionation of superoxide at 2£109 M71s71, which
is the highest rate constant among not only the
participating enzymes in the water^water cycle but also

all enzymes known so far. The SOD reaction is di¡usion
controlled, but its actual reaction rate constant would be
lowered one order of magnitude in the chloroplast stroma
where the relative viscosity to that of water is 69 due to
the high protein content of 40%. The second-order re-
action rate constant of SOD in the stroma is estimated to
decrease to around 0.12 of that in water, i.e.
2.4£108 M71s71 (Ogawa et al. 1995).

Little di¡usion of superoxide from its generation site is
guaranteed also by the attachment of SOD on the PS I-
rich, stromal thylakoids (Ogawa et al. 1995). Attachment
of over 70% of soluble SOD in chloroplasts to the stromal
thylakoid membranes would be facilitated by ionic inter-
actions of SOD molecules with the membranes. In such a
way, the di¡usion of the superoxide generated on the
surface of the thylakoids is very limited, which is
indispensable for avoiding inactivation of the hydrogen
peroxide-sensitive enzymes in the stroma. Antisense-
repressed transformant tobacco of chloroplastic Cu,Zn-
SOD is susceptible to bright light as compared with the
wild-type plants, and PS I is inactivated rather than
PS II. Similar high sensitivity to strong light has also
been observed in the transformant in which mito-
chondorial Mn-SOD is over-expressed in the chloroplasts
but the chloroplastic Cu,Zn-SOD is repressed (Ogawa et
al. 1997). These observations strongly support the require-
ment for the attachment of Cu,Zn-SOD to the thylakoid
membranes in the vicinity of the PS I complex for
e¡ective scavenging of superoxide and protection from
photoinhibition.

Water^water cycle as alternative sinks K. Asada 1421
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Table 1. Local concentrations (5 nm layer on thylakoid membranes) and reaction rate constants of the scavenging enzymes, and
simulated half-lives of O¡

2 , H2O2 and monodehydroascorbate radical (MDA) in the thylakoidal scavenging system of spinach
chlorop lasts (Asada 1999)

local concentration
reaction rate constant

half-life of

reaction
of enzyme

(mM)
second order

(M71 s71)
pseudo ¢rst order

(s71)
substrate

(s)

SOD+ O¡
2 1 2.4£ 108 2.4£ 105 3£ 107 6

APX + H2O2 1 107 104 7£ 107 5

Fd+ MDA 3 107 3£ 104 2£ 107 5

Table 2. E¡ect of thylakoid addition on the bicarbonate-dependent oxygen evolution by intact spinach chloroplasts (Asada 1992)

(The photogeneration rate of hydrogen peroxide from superoxide by added thylakoids was 9 nM s7 1 in the medium (1 ml), but
that by intact chloroplasts was expected to be 0.12 mM s71 within chloroplasts as estimated by the uptake rate of 18O2 and a
chloroplast volume of 25 m l mg Chl7 1. Thus, the hydrogen peroxide generated by the thylakoids within chloroplasts is so
e¡ectively scavenged through the water^water cycle that it does not inhibit CO2 ¢xation (bicarbonate-dependent O2 evolution),
as observed no e¡ect of catalase on it. On the contrary, the hydrogen peroxide photogenerated by thylakoids in the medium
inhibits CO2 ¢xation of the intact chloroplasts severely, even at a low concentration.)

reaction mixture

bicarbonate-dependent
O2 evolution

( m molmg Chl71h71)

intact chloroplasts (37 m g chlorophyllml71) 97
intact chloroplasts+ catalase (1000units ml7 1) 97
intact chloroplasts+ thylakoids (7 m g chlorophyllml7 1) 12
intact chloroplasts+ thylakoids+ catalase 76
thylakoids 77
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The hydrogen peroxide produced from superoxide via
the SOD-catalysed reaction is also rapidly reduced to water
by ascorbate, catalysed by the APX. Chloroplasts contain
ascorbate at 10^30 mM which is high enough to saturate
the APX reaction at 107 M71s71. In chloroplasts, two
isoforms of APX occur: thylakoid bound and stromal forms
(Miyake et al. 1993); the bound form has an additional
hydrophobic domain in the C-terminus for binding to the
membranes (Ishikawa et al. 1997). As shown in ¢gure 1, the
thylakoid-bound APX is the key enzyme for reduction of
hydrogen peroxide and is microcompartmented with the
attached Cu,Zn-SOD on the PS I complex of thylakoids
(thylakoidal scavenging system). However, the stromal
APX is a component of the stromal scavenging system. The
thylakoidal scavenging system contains nearly one molecule
each of SOD and the bound APX for one molecule of P700,
and the local concentration of SOD and APX in 5 nm layer
on the thylakoid membranes are both ca. 1 mM and that of
ferredoxin is ca. 3 mM.

Table 1 summarizes a simulation of the rates of the
disproportionation of superoxide, the reduction of
hydrogen peroxide to water and the reduction of mono-
dehydroascorbate radical to ascorbate in the thylakoidal
scavenging system, considering the viscosity of the stroma
for the SOD reaction. Using these values, the pseudo ¢rst-
order reaction rate constants and the half-lives are

estimated. SOD of the thylakoidal scavenging system
lowers the steady-state concentration of superoxide below
30 nM on 5 nm layer (the diameter of Cu,Zn-SOD) on the
thylakoid membranes when the production rate of super-
oxide is 25 O¡

2 P700
71 s71 (125 m mol O¡

2 mg Chl71h71; see
table 3). If the SOD is uniformly distributed in the stroma,
the concentration of superoxide on the 5 nm layer of thyla-
koid membranes is increased to over 150 nM and di¡uses
out from this layer where the target enzymes of the
Calvin cycle are localized. In addition to the stoichio-
metry of 18O2 experiments, other evidence for the short
lifetimes of the intermediates of the water^water cycle is
an observation that electron paramagnetic resonance
signal of the monodehydroascorbate radicals (MDA) is
not detectable in healthy leaves on illumination, indi-
cating its rapid reduction to ascorbate in chloroplasts,
although MDA appears under environmental stress
(Heber et al. 1996) including ultraviolet (Hideg et al.
1997).

It should be noted that the simulated half-lives of
superoxide, hydrogen peroxide, and monodehydro-
ascorbate radicals, i.e. 1075 to 107 6 s, are shorter than
that of the maximal rate of the linear electron transport,
i.e. 5£1073 s. Thus, the limiting step of the water^water
cycle is the reducing step of O2, but not the disproportio-
nation of superoxide, nor reduction of hydrogen peroxide

1422 K. Asada Water^water cycle as alternative sinks
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Figure 1. Water^water cycle in chloroplast, showing photoreduction of dioxygen to generate superoxide, disproportionation
of superoxide to hydrogen peroxide, reduction of hydrogen peroxide to water and the associated reduction of oxidized ascorbates
to ascorbate, and microcompartmentation of the participating enzymes. APX, ascorbate peroxidase; AsA, ascorbate;
Cu,Zn-SOD, copper-zinc superoxide dismutase; DHA, dehydroascorbate; DHAR, dehydroascorbate reductase; Fd, ferredoxin;
FR, Fd-NADP+ reductase; GR, glutathione reductase; MDA, monodehydroascorbate radical; MDAR, MDA reductase;
sAPX, stromal APX; SF, stromal factor for enhanced photoreduction of dioxygen; tAPX, thylakoid-bound APX; VDE,
violaxanthin de-epoxidase.

 rstb.royalsocietypublishing.orgDownloaded from 

http://rstb.royalsocietypublishing.org/


nor regeneration of ascorbate. This allows electrons
derived from water in PS II to be divided into one-half
for the reduction of oxygen and the remaining half for the
regeneration of ascorbate.

The thylakoidal and stromal scavenging systems have
the same stoichiometry for the reduction of O2 to water
in respect of the reducing equivalents, although the
respective reducing systems of oxidized ascorbates are
di¡erent from each other (¢gure 1). DHA reductase seems
to play a role in the ascorbate generation from the DHA
produced by the spontaneous disproportionation of MDA
in the stromal system. DHA is generated from MDA also
in the lumen by the violaxanthin de-epoxidase (VDE) of
the xanthophyll cycle and by the donation of electrons to
PS II from ascorbate in place of water (Mano et al. 1997)
(¢gure 1). The DHA reductase-depleted tropical ¢g shows
photobleaching of chlorophyll under direct sunlight
(Yamasaki et al. 1999), indicating a requirement of DHA
reductase for protection from photoinhibition.

It is not known whether the stromal system is
uniformly distributed in the stroma or microcompart-
mented around the thylakoid membranes. However, as
shown in table 2, when hydrogen peroxide di¡uses to
intact chloroplasts through the envelope from the
suspending medium, the CO2 ¢xation is severely inhib-
ited even at low concentrations, as compared with that
generated by the thylakoids in intact chloroplasts. This
observation indicates the absence of the stromal scaven-
ging system in the vicinity of the chloroplast envelope,
and it is likely that the stromal system also microcom-
partments around the thylakoid membranes. It also
remains to be established whether the stromal system is
just for the `second defence’ of the thylakoidal system or
for the scavenging of the reduced species of oxygen
produced in the stroma. Another possible function of the
stromal system is the scavenging of the reduced species of
oxygen if produced in the dark (night) via the chloro-
respiratory process (Buchel & Garab 1996).

(d) Characteristics of the water^water cycle
These can be summarized as follows.

(i) The rate of the cycle is regulated by the photo-
reduction of O2, but not by the disproportionation of
superoxide, nor the reduction of hydrogen peroxide
nor the reduction of oxidized forms of ascorbate.
Therefore, the regeneration of ascorbate is always
associated with the photoreduction of dioxygen, and
the water^water cycle allows twofold linear electron
£ux.

(ii) The half-lives of superoxide and hydrogen peroxide
are so short that they do not di¡use from their
generation site, and active oxygens have little chance
for interaction with the target molecules in chloro-
plast stroma and the PS I complex.

(iii) ¢pH and ATP are generated but no NADPH is
generated, which has been referred to as `peudocyclic
electron £ow’or `pseudocyclic photophosphorylation’.

3. STROMAL FACTOR-MEDIATED

PHOTOREDUCTION OF DIOXYGEN

Photoreduction of dioxygen in washed thylakoids is
characterized by its low rate, its low apparent Km for O2
and its low intensity of saturating light (table 3). The
photoproduction rate of superoxide by thylakoids is
ca. 20 m mol mg chlorophyll71h71, corresponding to
4 O¡

2 P700
71s71, and then accounts for the linear electron

£ux of only 8 e71P700
71s71 through the water^water

cycle. However, the actual observed rates through the
water^water cycle in leaf tissues and algal cells are
higher than that by thylakoids only (table 4). The most
remarkable case is Scenedesmus cells. The illuminated cells
showed the same rate of 16O2 evolution from water in
both the presence and absence of CO2, but, in the
absence of CO2, the rate of 18O2 uptake is increased to
the same rate as that of 16O2 evolution (Radmer et al.
1978). This stoichiometry is the same as that observed in
intact spinach chloroplasts when the water^water cycle
operates (Asada & Badger 1984). The observed Km for
O2 in the algal cells was 7 kPa, indicating that the 18O2
uptake is not due to the oxygenase reaction of ribulose
biphosphate carboxylase/oxygenase (rubisco). The same
was observed also just after the turning on of light prior
to the photoactivation of the Calvin cycle enzymes
(Radmer & Kok 1976). Thus, at least, in these algal
cells, the linear electron £ux for the water^water cycle
under the conditions of either CO2 depletion or little
CO2 ¢xation is the same as that for CO2 ¢xation. These
electron £uxes via the water^water cycle cannot be
accounted for by the photoreduction of dioxygen by
thylakoids onlyöa stromal factor should participate in
the enhancement of the photoreduction rate of dioxygen
to meet the observed rates.

Auto-oxidation of the primary electron acceptor of
PS I, [4Fe^4S] centre X or A/B, is the most likely elec-
tron donor for the photoproduction of superoxide in
washed thylakoids. In chloroplasts what stromal
components participate in the enhanced photoreduction
of dioxygen? Auto-oxidation of reduced ferredoxin is an

Water^water cycle as alternative sinks K. Asada 1423
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Table 3. Comparison of the rates of the photoreduction of dioxygen to superoxide, in thylakoids and chlorop lasts in leaf tissues; their
rates, apparent Km-values for oxygen and saturated intensity of light (Asada 1999)

(The values for the chloroplasts are those from table 4.)

production rate of O¡
2

Km for O2

saturated light intensity
(O¡

2 ; P700
71s71) ( m M) (kPa) ( photon m molm72 s71)

thylakoids 4 2^10 0.2^0.8 10
chloroplasts 12^100 60^120 65^10 5 300
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additional source of superoxide, and its concentration
requirement of oxygen for the generation of superoxide is
higher than that of thylakoids (Furbank & Badger 1983).
However, because of its slow auto-oxidation rate (0.08 s71

in 21kPa O2) and its rapid reaction rate with MDA for
regeneration of ascorbate (107 M71s71; Miyake & Asada
1994), this is not the major source of enhanced photo-
production of superoxide.

Recently, Miyake et al. (1998) found that £avodehydro-
genases in chloroplasts enhanced the photoreduction of
dioxygen producing superoxide by thylakoids: ferredoxin-
NADP+ reductase; glutathione reductase ; and MDA
reductase (Kobayashi et al. 1995; Sano et al. 1995). The
NAD(P)H-reduced £avodehydrogenases are only slowly
auto-oxidized, but the photoreduced enzymes by PS I of
thylakoids are rapidly auto-oxidized to produce super-
oxide at a rate of 300 m mol mg chlorophyll71h71

(60 O¡
2 P700

71s71) at maximum. In addition, require-
ments of oxygen concentration (Km100 m M or 8.4 kPa)
and of light intensity (300 m molphotons m72 s71 for
saturation) are higher than those for thylakoids only

(Miyake et al. 1998), which meet requirements for the
conditions observed in intact leaves and cells (table 3).

Ferredoxin-NADP+ reductase catalyses the photo-
production of superoxide by thylakoids (Goetze &
Carpentier 1994; Miyake et al. 1998), but only when the
enzyme is released from the thylakoid membranes, for
example, by active oxygens (Palatnik et al. 1997). In
healthy leaves this enzyme binds to the thylakoid
membranes and does not catalyse the production of super-
oxide, but are released from the membranes with senes-
cence, which enhance the production of superoxide. At
present, MDA reductase is the most likely mediator for
the enhanced photoreduction of dioxygen, i.e. enhanced
operation of the water^water cycle, because of its higher
contents than glutathione reductase in the stroma. The
mechanism of how the stromal factor-mediated photo-
reduction of dioxygen is regulated in chloroplasts and
adjusted to the physiological requirements under photon
excess conditions remains unknown. Primarily, the
competition of the electrons generated in PS I between
NADP+ via ferredoxin and the stromal factor determine

1424 K. Asada Water^water cycle as alternative sinks
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Table 4. Electron £ux through the water^water cycle in algal cells and plant leaf tissues as per cent of the total linear electron £ux
and apparent Km-values (O2) of the photoreduction of dioxygen under various environmental conditions

(For the data using 18O2, see also Badger et al. (this issue). The values in square brackets represent the linear electron £ux on the
basis of P700

7 1 s7 1. A dash indicates when the Km for O2 and the electron £ux for the water^water cycle are not deduced or the
experiments were done under non-speci¢ed environmental stress.)

species
environmental
condition

Km (O2)
(kPa)

linear electron £ux through
water^water cycle

(% of linear electron £ux,
e7 P700

71s71) reference

algae
Synechococcus saturating light ö 32 Mir et al. (1995)
Scenedesmus CO2 depletion 7 100

[80]
Radmer et al. (1978)

Chlamydomonas ö ö ?20 SÏltemeyer et al. (1993)
Chondrus cripsis ö 4^16 ö Brechignac & Andre (1985)
Scenedesmus before start CO2 ¢xation

after turning on of light
ö 100 Radmer & Kok (1976)

C4 plants
maize (mesophyll) ö ö ö Ivanov & Edwards (1997)
maize ö 5^10a ö Maroco et al. (2000)
maize chilling ö ö Fryer et al. (1998)
sorghum low CO2 ö 30 Laisk & Edwards (1998)
amaranthus low CO2 ö 70 Laisk & Edwards (1998)

C3 plants
wheat drought ö 29

[50]
Biehler & Fock (1996)

Indian mustard low CO2 7 30
[50]

Canvin et al. (1980)
Osmond & Grace (1995)

sun£ower ö 10 25^30 Laisk & Loreto (1996)
tomato drought ö ö Biehler et al. (1997)
tobacco low rubisco ö 0 Ruuska et al.(2000)
pea ö ö ö Park et al. (1996)
soybean ö 7^8 ö Behrens et al. (1982)
watermelon low CO2, bright light 8 20

[24]
Miyake & Yokota (2000)

Festucaprutensis senescence ö ö Kingston-Smith et al. (1997)
grape chilling, drought ö ö Flexas et al. (1999)
mangrove salt stress (¢eld) ö 30 Cheeseman et al. (1997)
tropical trees ö ö 10^20 Lovelock & Winter (1996)

a A range of optimal concentrations for maximal CO2 ¢xation.
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the rate. Actually, the PS I-reduced MDA reductase is
rapidly auto-oxidized producing superoxide in the
presence of NADH, but the auto-oxidation is completely
suppressed on addition of NAD+ (C. Miyake, unpublished
data). Furthermore, a putative regulation via the redox
state of the intersystem electron carriers is also a possible
mechanism.

Bipyridyl derivatives such as paraquat (1,1’-dimethyl-
4,4’-bipyridylium chloride) induce the photodamage to
leaf tissues by active oxygens derived from the superoxide
generated via auto-oxidation of their radicals photo-
produced in PS I. The most distinct di¡erence between
paraquat- and stromal factor-enhanced photoreductions
of dioxygen is the rapid photoreduction rate of paraquat
as compared with that of dioxygen in PS I. The photo-
reduction rate constant of paraquat with PS I is
1.7£108 M71s71 (Takahashi & Katoh 1984), and the
resulting paraquat cation radical is rapidly auto-oxidized
to produce superoxide at 7.7£108 M71s71 (Farrington
et al. 1973). Because of the high reaction rate, almost all
electrons generated in PS I are trapped by paraquat, and
few electrons are available for either the associated
regeneration of ascorbate in the water^water cycle or the
photoreduction of NADP+ via ferredoxin. Thus, ascorbate
is not regenerated, and hydrogen peroxide accumulates
when endogenous ascorbate is exhausted (Nakano &
Asada 1980). In the absence of ascorbate, the reaction
intermediate APX compound I is decomposed by
hydrogen peroxide resulting in inactivation (Miyake &
Asada 1996), and chloroplastic APX, especially the
thylakoid-bound form, is inactivated by application of
paraquat (Miyagawa et al. 2000; J. Mano, unpublished
data). This mechanism is why paraquat causes photo-
inhibition and is used as a herbicide. Microbial toxins like
cercosporin and naphthazarins photoproduce superoxide
in chloroplasts and induce photodamage (Heiser et al.
1998). Similar to paraquat, the production rate of super-
oxide by these toxins is so high that the associated regen-
eration of ascorbate could not operate, resulting in the
accumulation of hydrogen peroxide.

When superoxide and hydrogen peroxide produced in
PS I are not e¡ectively scavenged, the hydroxyl radicals
are produced by their interaction with a trace amount
of Fe or Cu ions or by the interaction of hydrogen
peroxide with the reducing side of PS I (Jakob &
Heber 1996). At least in intact thylakoid membranes,
the generation of superoxide is limited to the reducing
side of PS I, and no superoxide generation has been
detected in other possible sites such as the reducing side
of PS II (Q A and Q B), plastoquinone and the Q-cycle.
PS II membranes photoproduce superoxide (Chen et al.
1995) but intact thylakoid membranes do not, indi-
cating the protection of reduced Q A or Q B from its
interaction with dioxygen. In contrast to the reduced
species of oxygen, singlet excited oxygen (1O2 ) is not
photoproduced in PS I even under photon excess condi-
tions (Hideg & Vass 1995). On the contrary, 1O2 is
photoproduced in PS II via the interaction of the
triplet-excited reaction centre chlorophyll (3P680

* ), with
triplet ground-state dioxygen (3O2) when photon inten-
sity is in excess of its use capacity and 3P680

* is
produced through recombination in PS II (Hideg et al.
1998, this issue).

4. PHYSIOLOGICAL FUNCTIONS OF THE

WATER±WATER CYCLE

(a) Suppression of the oxidation of target
molecules by active oxygens

The water^water cycle allows reduction of dioxygen to
water at rapid rates without releasing reactive species of
oxygen from the generation site in PS I, i.e. superoxide
and hydrogen peroxide disappear prior to their di¡usion
from the thylakoidal scavenging complex. Even if they
leak from the thylakoidal system, the stromal system
scavenges them. Therefore, the primary function of the
water^water cycle is the protection of chloroplast compo-
nents from their interaction with active oxygens. For
details of the target molecules of active oxygens in chloro-
plasts, see a recent review by Asada (1999). Oxidation of
the target molecules inactivates CO2 ¢xation (Calvin
cycle enzymes including rubisco), photorespiration (gluta-
mate synthase; Kozaki & Takeba 1996), water^water
cycle (APX and SOD), and PS I activity itself öall of
them lower the photon-using capacity of chloroplasts and
enhance further the photoinhibition. The de novo synthesis
system of D1 protein of PS II in chloroplasts for repairing
PS II photoinhibition is also sensitive to active oxygens
(Nishiyama et al. 2000).

(b) Enhanced photoinihibition by anaerobiosis
Active oxygens are photoproduced either by the reduc-

tion or excitation of dioxygen in chloroplastsösuppres-
sion of photo-oxidative damage or enhancement of
photosynthesis under low concentrations of oxygen would
therefore be expected. However, this is not the caseö
under low concentrations of oxygen, photoinhibition of
thylakoids, chloroplasts, leaf tissues and algal cells is
enhanced, especially when photon intensity is in excess of
its use capacity. At low (1^2 kPa) oxygen, photo-
respiration is suppressed due to high Km-values (O2) of
rubisco and glycolate oxidase, and the CO2 ¢xation is
rather increased under such mild conditions as high CO2
concentrations and low light intensity. However, under
CO2-de¢cient conditions photoinhibition is induced
because excess photon energy is not e¡ectively dissipated
via photorespiration in low O2 (Osmond 1981). Further-
more, under anaerobic conditions, enhanced photoinihi-
bition has been repeatedly observed after the ¢rst
discovery in thylakoids by Trebst (1962). Under such
conditions, for thylakoids no electron acceptor is available
for PS I and the intersystem electron carriers between
PS II and PS I are over-reduced, which induces photoi-
nactivation of PS II. Anaerobiosis-induced photoinhibi-
tion has been observed in intact chloroplasts, mesophyll
cells, algal cells and leaf tissues (Park et al. 1996), as
reviewed by Asada (1999). Thus, over several kilopascals
of oxygen is required not only for the normal photo-
synthesis but also for the suppression of photoinhibition.

(c) Electron £ux through the water^water cycle
As long as the water^water cycle operates e¡ectively

in chloroplasts, the reduced species of oxygen do not
inactivate the target molecules, as described in ½ 4(a).
Oxygen requirement for photosynthesis and enhanced
photoinhibition in anaerobiosis, especially under photon
excess conditions, suggest another function of the
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water^water cycle. The electron £ux rates through the
water^water cycle in algae and plants have been deduced
under various stress conditions (table 4). Carbon dioxide
¢xation, 18O2 uptake (Badger et al., this issue) and elec-
tron £ux through PS II, as determined by chlorophyll
£uorescence under various light intensities and oxygen
concentrations, and a combination of these and other
methods, have been used to deduce the contribution of
the electrons generated in PS II to CO2 assimilation (A),
photorespiration and the water^water cycle.

All of the data in table 4 do not allow an estimation of
the ratio of the electron £ux and oxygen concentrations
required for the water^water cycle, but the cycle operates
for the dissipation of excess electrons at least in algae and
C4 plants. In algal cells the deduced electron £ux through
the water^water cycle appears to be highest, as discussed
above. In C3 plants, photorespiration makes it di¤cult to
estimate the electron £ux through the water^water cycle
but the £ux appears to increase under conditions of
photon excess induced by CO2 depletion, bright light,
drought stress, chilling stress, salt stress and senescence.
In tobacco whose rubisco is reduced, no oxygen uptake
thought the water^water cycle was observed (Ruuska
2000). In C4 plants, the absence of oxygen uptake
through photorespiration makes it easy to estimate the
electron £ux through the water^water cycle, and the £ux
has been observed under environmental stress. The
deduced £ux rate through the water^water cycle cannot
be accounted for by the thylakoid-dependent photoreduc-
tion of oxygen but only by the stromal factor-enhanced
one, in respect of oxygen concentration and light intensity
(table 3). Thus, the linear electron £ux through the
water^water cycle increases under photon excess condi-
tions and protects from photoinhibition by the following
mechanisms as far as the cycle e¡ectively scavenges reac-
tive species of oxygen.

(d) ATP and DDDDDDDpH generation
The water^water cycle allows linear electron £ow and

generates a proton gradient across the thylakoid
membranes (Schreiber et al. 1995), but no net production
of reduced ferredoxin and NADPH is expected. First, the
properties of the water^water cycle make it possible to
adjust promptly the photoproduction ratio of ATP^
NADPH required for CO2 ¢xation and other stromal
reactionsöa classical pseudocyclic photophosphorylation.
Fine tuning of the production ratio of ATP^NADPH is
possible also by the cyclic electron £ow around PS I, but
the cyclic electron £ow operates only under conditions
where the electron £ow from PS II is limited. For C3 CO2
¢xation, linear electron £ow supplies ATP without the
help of either the water^water cycle or cyclic electron
£ow, but C4 CO2 ¢xation requires more ATP than C3
plants. It has been shown that 5^10 kPa O2 is required for
the highest CO2 ¢xation of C4 plants (Maroco et al.
2000), which supplies additional ATP for CO2 ¢xation in
the mesophyll cells, which indicates the participation of
the stromal factor-enhanced water^water cycle in ATP
production. Guard cells require ATP for potassium ion
movement in the regulation of stomata functioning.
Chlorophyll £uorescence of guard cell chloroplasts is
largely a¡ected by anaerobiosis, which suggests that, as a
possible mechanism, the water^water cycle is the major

electron £ux for ATP production (Goh et al. 1999). Thus,
the water^water cycle is able to reinforce the photon
using capacity (A) by ATP supply. Furthermore, ATP
required for other chloroplast reactions, such as repairing
of the target molecules under photon excess conditions,
could be supplied by the water^water cycle. Photo-
respiration requires more ATP than for the CO2 ¢xation
cycle, and the water^water cycle could supply additional
ATP required for the operation of photorespiration,
which also dissipates excess photon energy.

The water^water cycle itself does not consume any ATP
and e¡ectively generates a proton gradient across the
thylakoid membranes (Schreiber et al. 1995). Down-
regulation of the quantum yield of PS II is a rapid
response to the photon excess conditions and requires
a proton gradient. When the electron acceptor in PS I
is not available, for example under conditions of
limited CO2 supply to chloroplasts, little electron £ux
from PS II to PS I is expected to generate the proton
gradient. Under such conditions, the water^water cycle
could promptly generate a proton gradient across the
thylakoid membranes and trigger the downregulation of
PS II to dissipate excess photon energy.

(e) Dissipation of excess photon energy
When PPFD is in excess of that required to support the

rate of CO2 ¢xation (A), the downregulation of PS II is
an e¡ective way to dissipate rapidly the excess photon
energy. Decrease of the quantum yield of PS II by the
proton gradient-dependent downregulation has been esti-
mated to be between 60 and 35%, as determined by non-
photochemical quenching of chlorophyll £uorescence
under ¢eld conditions where little irreversible photoinhi-
bition is induced (Genty & Harbinson 1996). Further-
more, it has been suggested that the lowest pH in the
lumen at high PPFD, up to 3000 m mol m72 s71, is regu-
lated to maintain between 5.8 and 6.5, as determined by
the kinetic half-lives of re-reduction of cytochrome f in
chloroplasts of intact leaves. Under extreme photon excess
conditions, where the lumen pH is below pH 5.5, the
donor side of PS II is inactivated and plastocyanin is acid
decomposed, resulting in irreversible photoinhibition
(Kramer et al. 1999). Thus, an upper limit of the dissipa-
tion of excess photons as heat via the downregulation of
PS II is around one-half of the absorbed photons. When
excess photon energy cannot only be dissipated by down-
regulation of PS II via the proton gradient, the excess
electrons generated in PS II could be dissipated either by
photorespiration or the water^water cycle. In C4 plants
the water^water cycle could dissipate excess photons and
electrons under photon excess stress, since little
contribution of photorespiration to the dissipation is
expected.

5. FUNCTIONAL EVOLUTION OF THE

WATER±WATER CYCLE

As described above, the water^water cycle of plants
has, at least, two physiological functions to suppress the
photoinhibition when photon intensity is in excess of that
required to support the photon using capacity, CO2
assimilation (A); ¢rst, the rapid scavenging of active
oxygens, and second, dissipation of and relaxation from
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excess photon stress. Occurrence of Fe-SOD in the anae-
robic photosynthetic bacteria Chlorobium and Chromatium
(Kanematsu & Asada 1978, 1979) indicates that the
production of active oxygens was unavoidable even under
extremely low concentrations of dioxygen when they
appeared on the Earth over 3£109 years ago. The oxygen
concentration then has been estimated to be 1074 of
present atmospheric levels (2.1Pa, 2.6 nM in water at
25 8C), and even under such conditions rapid scavenging
of active oxygens would have been essential to avoid
photo-oxidative damage. Mn-SOD was acquired
followed by Fe-SOD, and then Cu,Zn-SOD, accompanied
by an increase in atmospheric concentration of oxygen
(Asada et al. 1980) (¢gure 2).

APX activity has been found in cyanobacteria (Tel-or
et al. 1986; Miyake et al. 1991; Miller et al. 2000), but we
failed to detect ascorbate in cyanobacteria as in other
prokaryotes. However, several species of cyanobacteria,
including Synechocystis, show the stoichiometric photo-
evolution of 16O2 on addition of H2

18O2 as observed in
spinach chloroplastsöindicating the reduction of
photoproduced hydrogen peroxide to water by the photo-
reductants via a peroxidase reaction. Other species of
cyanobacteria disproportionate hydrogen peroxide to
dioxygen and water by catalase as observed by 18O2
evolution on addition of H2

18O2 in both dark and light
(Miyake et al. 1991). In cyanobacteria catalase^peroxidase
has been characterized (Mutsuda et al. 1996). Thus, the
peroxidase scavenging system of hydrogen peroxide was

acquired during the evolution of cyanobacteria. Recently
it has been shown that thioredoxin peroxidase (2-Cys
peroxiredoxin) plays a role as a hydrogen peroxide-
scavenging peroxidase in the prototype of the water^
water cycle in Synechocystis (Yamamoto et al. 1999). 2-Cys
peroxiredoxin also plays a role in the protection from
oxidative stress in plant chloroplasts (Baier & Dietz
1999). Since occurrences of APX, ascorbate and the
operation of the water^water cycle have been shown in
Chlamydomonas and Euglena (Miyake et al. 1991), the water^
water cycle of ¢gure 1 seems also to be functional in
eukaryotic algae in addition to land plants.

While the atmospheric oxygen concentration was
below 1kPa, the physiological function of the water^water
cycle would be limited to the scavenging of active
oxygens photoproduced by PS I of the thylakoids. Since
the stromal factor-enhanced production of superoxide
requires higher concentrations of oxygen than that by
thylakoids only (table 3), the water^water cycle was
employed by organisms for the dissipation of excess
photons after the atmospheric concentrations of oxygen
increased to at least 1kPa, although its function did not
operate at maximum level (¢gure 2). Since photo-
respiration requires higher concentrations of oxygen than
that for the stromal factor-enhanced photoreduction of
oxygen, it is reasonable to assume that the dissipation
mechanism of excess photon energy via photorespiration
was acquired by plants following that via the water^water
cycle.

Water^water cycle as alternative sinks K. Asada 1427

Phil. Trans. R. Soc. Lond. B (2000)

´  2.6

10- 4

10- 5

10- 6

10- 7

10- 8 10- 4

10- 3

10- 2

10- 1

1

- 1 present- 2- 3- 4- 5- 6- 8- 10- 20- 30- 40
time ( ´  10 - 8 years)

O
2 

in
 w

at
er

 (
M

)

O
2 

in
 a

tm
os

ph
er

e

- 46

land plantseukaryotic algae

cyanobacteria

W–W cycle for
scavenging of
active oxygens

W–W cycle for
dissipation of
excess photons photorespiration

for dissipation of
excess photons

PS bacteria

CuZn-SOD

Mn-SOD

Fe-SOD

by UV by PS organisms

O2 evolution

Figure 2. Functional evolution of the water^water (W^W) cycle in photosynthetic (PS) organisms accompanied by an increase
in the concentration of atmospheric dioxygen on the Earth. Right ordinate, represents oxygen concentration relative to present
atmospheric level. Left ordinate, concentration in water equilibrated with the atmosphere at 25 8C. Acquisition of Fe-SOD,
Mn-SOD and Cu,Zn-SOD, accompanied by an increase of atmospoheric dioxygen concentration, is included (Asada et al. 1980).

 rstb.royalsocietypublishing.orgDownloaded from 

http://rstb.royalsocietypublishing.org/


The present work has been supported by Grant-in-Aid for
Scienti¢c Research from the Ministry of Education, Science and
Culture, Japan.

REFERENCES

Asada, K. 1992 Production and scavenging of active oxygen in
chloroplasts. In Molecular biology of free radical scavenging system
(ed. J. G. Scandalios), pp. 173^192. Cold Spring Harbor
Laboratory Press.

Asada, K. 1997 The role of ascorbate peroxidase and mono-
dehydroascorbate reductase in H2O2 scavenging in plants. In
Oxidative stress and the molecular biology of antioxidant defenses (ed.
J. G. Scandalios), pp. 715^735. Cold Spring Harbor
Laboratory Press.

Asada, K. 1999 The water^water cycle in chloroplasts:
scavenging of active oxygens and dissipation of excess
photons. A. Rev. Plant Physiol. Plant Mol. Biol. 50, 601^639.

Asada, K. & Badger, M. R. 1984 Photoreduction of 18O2 and
H2

18O2 with concomitant evolution of 16O2 in intact chloro-
plasts: evidence for scavenging of hydrogen peroxide by
peroxidase. Plant Cell Physiol. 25, 1169^1179.

Asada, K. & Takahashi, M. 1987 Production and scavenging of
active oxygens in chloroplasts. In Photoinhibition (ed. D. J. Kyle,
C. B. Osmond & C. J. Arntzen), pp. 227^287. Amsterdam:
Elsevier.

Asada, K., Urano,T. & Takahashi, M. 1973 Subcellular location
of superoxide dismutase in spinach leaves and preparation
and properties of crystalline spinach superoxide dismutase.
Eur. J. Biochem. 36, 257^266.

Asada, K., Kanematsu, S., Okada, S. & Hayakawa, T. 1980
Phylogenic distribution of three types of superoxide dismutase
in organisms and in cell organelles. In Chemical and biochemical
aspects of superoxide and superoxide dismutase (ed. J. V. Bannister &
H. A. O. Hill), pp. 136^153. Amsterdam: Elsevier.

Baier, M. & Dietz, K.-J. 1999 Protective function of chloroplast
2-cysteine peroxiredoxin in photosynthesis. Evidence from
transgenic plants. Plant Physiol. 119, 1407^1414.

Behrens, P. W., Marsho, T. V. & Radmer, R. J. 1982
Photosynthetic O2 exchange kinetics in isolated soybean cells.
Plant Physiol. 70, 179^185.

Biehler, K. & Fock, H. 1996 Evidence for the contribution of the
Mehler-peroxidase reaction in dissipation excess electrons in
drought-stressed wheat. Plant Physiol. 112, 265^272.

Biehler, K., Haupt, S., Beckmann, J., Fock, H. & Becker, T. W.
1997 Simultaneous CO2- and 16O2/18O2-gas exchange and
£uorescence measurements indicate di¡erences in light energy
dissipation between the wild type and the phytochrome-
de¢cient aurea mutant of tomato during water stress. J. Exp.
Bot. 48, 1439^1449.

Brechignac, F. & Andre, M. 1985 Oxygen uptake and photo-
synthesis of the red macroalga, Chondtus crispus, in sea water.
Plant Physiol. 78, 545^550.

Buchel, C. & Garab, G. 1996 Respiratory regulation of electron
transport in chloroplasts: chlororespiration. In Handbook of
photosynthesis (ed. M. Pessarakli), pp. 83^93. NewYork: Marcel
Dekker.

Cakmak, I. 2000 Possible role of zinc in protecting plant cells
from damage by reactive oxygen species. New Phytol. 146,
185^205.

Canvin, D. T., Berry, J. A., Badger, M. R., Fock, H. & Osmond,
C. B. 1980 Oxygen exchange in leaves in the light. Plant
Physiol. 66, 302^307.

Cheeseman, J. M., Herendeen, L. B., Cheeseman,A.T. & Clough,
B. F. 1997 Photosynthesis and photoprotection in mangrove
under ¢eld conditions. Plant Cell Environ. 20, 579^588.

Chen, C.-H., Blubaugh, D. J., Hormann, P. H., Golbeck, J. H.
& Cheniae, G. M. 1995 Superoxide contributes to the rapid
inactivation of speci¢c secondary donors of the photosystem II

reaction center during photodamage of manganese-depleted
photosystem II membranes. Biochemistry 34, 2317^2332.

Farrington, J. A., Ebert, M., Bors, W. & Legfelder, E. 1973
Bipyridium quaternary salts and related compounds. Biochim.
Biophys. Acta 314, 372^381.

Flexas, J., Badger, M., Chow, W. S., Medrano, H. & Osmond,
C. B. 1999 Analysis of the relative increase in photosynthetic
O2 uptake when photosynthesis in grapevine leaves is inhib-
ited following low night temperatures and/or water stress.
Plant Physiol. 121, 675^684.

Foyer, C. H. & Halliwell, B. 1976 Presence of glutathione and
glutathione reductase in chloroplasts: a proposed role in
ascorbic acid metabolism. Planta 133, 21^25.

Fryer, M. J., Andrews, J. R., Oxborough, K., Blowers, D. A. &
Baker, N. R. 1998 Relationship between CO2 assimilation,
photosynthetic electron transport, and active O2 metabolism
in leaves of maize in the ¢eld during periods of low tempera-
ture. Plant Physiol. 116, 571^580.

Furbank, R. T. & Badger, M. R. 1983 Oxygen exchange
associated with electron transport and photophosphoryla-
tion in spinach thylakoids. Biochim. Biophys. Acta 723,
400^409.

Genty, B. & Harbinson, J. 1996 Regulation of light utilization
for photosynthetic electron transport. In Photosynthesis and
the environment (ed. N. R. Baker), pp. 67^99. Amsterdam:
Kluwer.

Goetz, D. C. & Carpentier, R. 1994 Ferredoxin-NADP+ reduc-
tase is the site of oxygen reduction in pseudocyclic electron
transport. Can. J. Bot. 72, 256^260.

Goh, C. H., Schreiber, U. & Hedrich, R. 1999 New approach of
monitoring changes in chlorophyll a £uorescence of single
guard cells and protoplasts in response to physiological
stimuli. Plant Cell Environ. 22, 1057^1070.

Groden, D. & Beck, E. 1979 H2O2 destruction by ascorbate-
dependent system from chloroplasts. Biochim. Biophys. Acta
546, 426^435.

Heber, U., Miyake, C., Mano, J., Ohno, C. & Asada, K. 1996
Monodehydroascorbate radical detected by electron para-
magnetic resonance spectrometry is a sensitive probe of
oxidative stress in intact leaves. Plant Cell Physiol. 37,1066^1072.

Heiser, I., Osswald, W. & Elstner, E. E. 1998 The formation of
reactive oxygen species by fungal and bacterial phytotoxins.
Plant Physiol. Biochem. 36, 703^713.

Hideg, E. & Vass, I. 1995 Singlet oxygen is not produced in
photosystem I under photoinhibitory conditions. Photochem.
Photobiol. 62, 949^952.

Hideg, E., Mano, J., Ohno, C. & Asada, K. 1997 Increased
levels of monodehydroascorbate radicals in UV-B-irradiated
broad bean leaves. Plant Cell Physiol. 36, 684^690.

Hideg, E., Kalai, T., Hideg, K. & Vass, I. 1998 Photoinhibition
of photosynthesis in vivo results in singlet oxygen production
detection via nitroxide-induced £uorescence quenching in
broad bean leaves. Biochemistry 37, 11405^11411.

Hossain, M. A., Nakano, Y. & Asada, K. 1984 Mono-
dehydroascorbate reductase in spinach chloroplasts and its
participation in regeneration of ascorbate for scavenging
hydrogen peroxide. Plant Cell Physiol. 25, 385^395.

Ishikawa, T., Yoshimura, K., Tamoi, M., Takeda, T. & Shigeoka,
S. 1997 Alternative mRNA splicing of 3’-terminal exons
generates ascorbate peroxidase isoenzymes in spinach
(Spinacia oleracea) chloroplasts. Biochem. J. 328, 795^800.

Ivanov, B. & Edwards, G. E. 1997 Electron £ow accompanying
the ascorbate peroxidase cycle in maize mesophyll chloroplasts
and its cooperation with linear electron £ow to NADP+ and
cyclic electron £ow in thylakoid membrane energization.
Photosynth. Res. 52, 187^198.

Jablonski, P. P. & Anderson, J. W. 1981 Light dependent reduc-
tion of dehydroascorbate by ruptured pea chloroplasts. Plant
Physiol. 57, 1239^1244.

1428 K. Asada Water^water cycle as alternative sinks

Phil.Trans. R. Soc. Lond. B (2000)

 rstb.royalsocietypublishing.orgDownloaded from 

http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1040-2519^28^2950L.601[aid=536348]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0032-0781^28^2925L.1169[aid=536349]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0032-0889^28^29119L.1407[aid=536350,nlm=10198100]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0032-0889^28^29112L.265[aid=536351]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-0957^28^2948L.1439[aid=536352]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-646X^28^29146L.185[aid=536353]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0032-0889^28^2966L.302[aid=536354]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0140-7791^28^2920L.579[aid=536355]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0032-0935^28^29133L.21[aid=536358,springer=1]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0008-4026^28^2972L.256[aid=536360]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0140-7791^28^2922L.1057[aid=536361,doi=10.1046/j.1365-3040.1999.00475.x]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0032-0781^28^2937L.1066[aid=536363]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0031-8655^28^2962L.949[aid=536364]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0032-0781^28^2925L.385[aid=536367]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0014-2956^28^2936L.257[aid=536370,nlm=4354621]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0032-0889^28^2970L.179[aid=536371]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-0957^28^2948L.1439[aid=536352]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0032-0889^28^2978L.545[aid=536372,csa=0032-0889^26vol=78^26iss=3^26firstpage=545]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-646X^28^29146L.185[aid=536353]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0032-0889^28^2966L.302[aid=536354]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0032-0889^28^29121L.675[aid=536373,nlm=10517860]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0032-0889^28^29116L.571[aid=536374,nlm=9490760]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0981-9428^28^2936L.703[aid=536375,doi=10.1016/S0981-9428^2898^2980020-X]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0031-8655^28^2962L.949[aid=536364]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0166-8595^28^2952L.187[aid=536376]
http://rstb.royalsocietypublishing.org/


Jakob, B. & Heber, U. 1996. Photoproduction and detoxi¢cation
of hydroxyl radicals in chloroplasts and leaves and relation to
photoinactivation of photosystems I and II. Plant Cell Physiol.
37, 629^635.

Kaiser,W. M. 1976 The e¡ect of hydrogen peroxide on CO2 ¢xa-
tion of isolatedchloroplasts. Biochim. Biophys. Acta 440, 476^482.

Kanematsu, S. & Asada, K. 1978 Superoxide dismutase from an
anaerobic photosynthetic bacterium Chromatium vinosum. Arch.
Biochem. Biophys. 185, 473^482.

Kanematsu, S. & Asada, K. 1979 Crystalline ferric superoxide
dismutase from an anaerobic green sulfur bacterium
Chlorobium thiosulfatophilum. FEBS Lett. 91, 94^98.

Kelly, G. J. & Latzko, E. 1979 Soluble ascorbate peroxidase:
detection in plants and use in vitamin C estimation.
Naturwissenschaften 66, 717^718.

Kingston-Smith, A. H., Thomas, H. & Foyer, C. H. 1997
Chlorophyll a £uorescence, enzyme and antioxidant analyses
provide evidence for the operation of alternative electron
sinks during leaf senescence in a stay-green mutant of Festuca
pratensis. Plant Cell Environ. 20, 1323^1337.

Kobayashi, K., Tagawa, S., Sano, S. & Asada, K. 1995 A direct
demonstrationof the catalytic action of monodehydroascorbate
reductase by pulse radiolysis. J. Biol. Chem. 270, 27551^27554.

Kozaki, A. & Takeba, G. 1996 Photorespiration protects C3

plants from photoinhibition. Nature 384, 557^560.
Kramer, D. M., Sacksteder, C. A. & Cruz, J. A. 1999 How

acidic is the lumen? Photosynth. Res. 60, 151^163.
Laisk, A. & Edwards, E. 1998 Oxygen and electron £ow in C4

photosynthesis: Mehler reaction, photorespiration and CO2

concentration in the bundle sheath. Planta 205, 632^645.
Laisk, A. & Loreto, F. 1996 Determining photosynthetic para-

meters from leaf CO2 exchange and chlorophyll £uorescence.
Plant Physiol. 110, 903^912.

Lovelock, C. E. & Winter, K. 1996 Oxygen-dependent electron
transport and protection from photoinhibition in leaves of
tropical tree species. Planta 198, 580^587.

Mano, J., Takahashi, M. & Asada, K. 1987 Oxygen evolution
from hydrogen peroxide in photosystem II: £ash-induced
catalatic activity of water-oxidizing photosystem II
membranes. Biochemistry 26, 2495^2501.

Mano, J., Kawamoto, K., Dismukes, G. C. & Asada, K. 1993
Inhibition of the catalase reaction of photosystem II by
anions. Photosynth. Res. 38, 433^440.

Mano, J., Ushimaru, T. & Asada, K. 1997 Ascorbate in thyla-
koid lumen as an endogeneous electron donor to photosystem
II: protection of thylakoids from photoinhibition and regen-
eration of ascorbate in stroma by dehydroascorbate reductase.
Photosynth. Res. 53, 197^204.

Maroco, J. P., Ku, M. S. B. & Edwards, G. E. 2000 Utilization
of O2 in the metabolic optimization of C4 photosynthesis.
Plant Cell Environ. 23, 115^121.

Marre, E. & Arrigoni, O. 1958 Ascorbic acid and photosynth-
esis. I. `Monodehydroascorbic acid’ reductase of chloroplasts.
Biochim. Biophys. Acta 30, 453^457.

Mehler, A. H. 1951 Studies on reactivity of illuminated chloro-
plasts. I. Mechanism of the reduction of oxygen and other
Hill reagents. Arch. Biochem. Biophys. 33, 65^77.

Miller, A. G., Hunter, K. J., O’Leary, S. J. & Hart, L. J. 2000
The photoreduction of H2O2 by Synechococcus sp. PCC 7942
and UTEX 625. Plant Physiol. 123, 625^635.

Mir, N. A., Salon, C., Canvin, D. T. 1995 Inorganic carbon-
stimulated O2 photoreduction is suppressed by NO¡

2 assimila-
tion in air-grown cells of Synechococcus UTEX 625. Plant
Physiol. 109, 1295^1300.

Miyagawa,Y., Tamoi, M. & Shigeoka, S. 2000 Evaluation of the
defense system in chloroplasts to photooxidative stress caused
by paraquat using transgenic tobacco plants expressing
catalase from Escherichia coli. Plant Cell Physiol. 41, 311^320.

Miyake, C. & Asada, K. 1994 Ferredoxin-dependent photo-
reduction of monodehydroascorbate radical in spinach
chloroplasts. Plant Cell Physiol. 34, 539^549.

Miyake, C. & Asada, K. 1996 Inactivation mechanism of ascor-
bate peroxidase at low concentration of ascorbate: hydrogen
peroxide decomposes compound I of ascorbate peroxidase.
Plant Cell Physiol. 37, 423^430.

Miyake, C. & Yokota, A. 2000 Determination of the rate of
photoreduction of O2 in the water^water cycle in watermelon
leaves and enhancement of the rate by limitation of photo-
synthesis. Plant Cell Physiol. 41, 335^343.

Miyake, C., Michihata, F. & Asada, K. 1991 Scavenging of
hydrogen peroxide in prokaryotic and eukaryotic algae;
acquisition of ascorbate peroxidase during the evolution of
cyanobacteria. Plant Cell Physiol. 32, 33^43.

Miyake, C., Cao, W. H. & Asada, K. 1993 Puri¢cation and
molecular properties of the thylakoid-bound ascorbate perox-
idase in spinach chloroplasts. Plant Cell Physiol. 34, 881^889.

Miyake, C., Schreiber, U., Hormann, H., Sano, S. & Asada, K.
1998 The FAD-enzyme monodehydroascorbateradical reduc-
tase mediates photoproduction of superoxide radicals in
spinach thylakoid membranes. Plant Cell Physiol. 39, 821^829.

Mutsuda, M., Ishikawa, T., Takeda, T. & Shigeoka, S. 1996 The
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Discussion
J. Allen (Department of Plant Cell Biology, Lund University,
Sweden). What is the electron donor to MDAR?

K. Asada. The photoreduction of the FAD-enzyme
MDAR, as determined by the bleaching of the FAD in
absorbance at 450 nm, was observed by washed thyla-
koids, and it was inhibited by either DCMU or DBMIB.
Since this photoreduction was not enhanced by the addi-
tion of either ferredoxin or ferredoxin-NADP+ reductase,
then I suppose that the FAD of MDAR is directly photo-
reduced by the reducing side of PS I, possibly by the
centre A/B.

J. Allen. Does water^water cycle operate from water
!PS II ! PS I! MDAR !O2?

K. Asada. Under the conditions where chloroplasts
should dissipate a large excess electrons, the MDAR-
mediated photoreduction of dioxygen would be the major
route in the water^water cycle. However, a mechanism to
regulate the rate of photoreduction of oxygen depending
on the amounts of excess electrons remains to be
revealed.

J. Allen. Is the donor P700?

K. Asada. I suppose that P700 is not a direct electron
donor to MDAR, because the interaction of P700 with
MDAR (molecular size of 47 kDa) is unlikely to occur in
the thylakoids.

J. Allen. Ferredoxin reduces O2 at high ratesöis it the
factor required for O2 uptake from the thylakoids?

K. Asada. Ferredoxin is not required for the photo-
reduction of MDAR. Auto-oxidation rate of reduced
ferredoxin is not so high as compared with that of
reduced MDAR. Furthermore, reduced ferredoxin is
oxidized rapidly by the monodehydroascorbate radical
produced by the ascorbate peroxidase reaction at a
similar rate to that of the auto-oxidation of MDAR
(around 107 M71s71). Thus, in chloroplasts the auto-
oxidation of reduced ferredoxin would not be the major
source of superoxide generation.

C. H. Foyer (Department of Biochemistry and Physiology,
IACR-Rothamsted, UK ). The role of superoxide dismutase
has always been di¤cult to understand because the
enzyme-catalysed reaction is only slightly faster than the
chemical reaction. Furthermore, it cannot be a rate-
limiting reaction but over-expression of SOD leads to
enhanced protection of photosynthesis. Your data show
that Cu,Zn-SOD antisense plants have a shrunken
phenotype and show inhibition of PS I. I would suggest
that this is a re£ection of the role of superoxide dismutase
in substrate channelling rather than simple catalysis.
Hence, the function of Cu,Zn-SOD is to channel super-
oxide to H2O2 formation close to the thylakoid bound
ascorbate peroxidase. This channelling of superoxide and
H2O2 would limit the possibility of oxidative damage.

K. Asada. In chloroplasts, Cu,Zn-SOD is compartmenta-
lized or attached on the PS I complex where superoxide is
generated, and its local concentration on the thin layer
(5 nm) on the thylakoid membranes is nearly 1 mM. Since
the reaction rate constant of superoxide with SOD
(2£109 M71s71) is four orders of magnitude higher than
that with ascorbate (3 £105 M71s71), the simulated
disproportionation of superoxide by SOD is over 99%
from their concentrations (ascorbate, 30 mM; Cu,Zn-
SOD, 1mM). Therefore, the attachment of the Cu,Zn-
SOD on the thylakoid membranes allows the channelling
of the superoxide to the thylakoid-bound ascorbate perox-
idase, rather than its interaction with ascorbate. If
Cu,Zn-SOD is distributed uniformly in chloroplasts, its
concentration is lowered to around 10 m M, and the inter-
action of superoxide with ascorbate or glutathione
increased to a similar order to that with SOD, which
causes the photooxidative damage.

C. H. Foyer. Do you have any data on the activity and
role of thylakoid-bound Fe-SOD in the Cu,Zn-SOD anti-
sense plants? Evidently Fe-SOD cannot compensate for
low Cu,Zn-SOD but is expression of the protein increased
in the Cu,Zn-SOD antisense transformants?

K. Asada. According to preliminary assays, the Cu,Zn-
SOD antisense tobacco had about 18% Cu,Zn-SOD of
the wild-type, but the contents of Fe-SOD of the Cu,Zn
SOD antisense plants are about 50^60% that of the wild-
type. In wild-type the activity ratios of the two types of
SOD are similar to each other. Intrachloroplastic locali-
zation of Fe-SOD is not determined, but Fe-SOD appears
not to compensate for a low activity of the thylakoid-
attached Cu,Zn-SOD.

H. C. P. Matthijs (Department of Microbiology, University of
Amsterdam, The Netherlands). I wish to ask your opinion on
the distribution of cyclic electron £ow and the
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water^water cycle in photosynthetic organisms: the
water^water pathway aids ATP formation, and so does
PS I cyclic electron transfer. In your ¢gure 2 you showed
that the water^water pathway was less e¡ective in cyano-
bacteria than in plant chloroplasts. How would you see
the use of PS I cyclic versus water^water in evolutionary
terms? In what way do you compensate for cytochrome
aa3 contribution?

K. Asada. When the cyanobacteria appeared over 3£109

years ago, the atmospheric concentration of oxygen was
extremely low (1074 of the present level). Then the
cytosol factor-mediated water^water cycle could not
operate, because it requires 5^10% of atmospheric
oxygen for half saturation. However, the cyclic electron
£ow around PS I is possible even under these conditions.
Therefore, I suppose that the water^water cycle for the
dissipation of excess electrons could not operate in cyano-
bacteria when they appeared, and its operation started
after the accumulation of oxygen in the atmosphere. Both
the water^water cycle and the cyclic electron £ow
generate ¢pH across the thylakoid membranes and ATP
without generation of biochemical reductants, but the
operation of the cyclic electron £ow around PS I is
limited only when the electron supply from PS II is
limited or the molar ratio of PS I is higher than that of
PS II under white light. Under the speci¢c conditions

where the cells are illuminated by far-red light, the cyclic
electron £ow around PS I would be the major £ux.

In cyanobacteria, generally the PS I complex is rich as
compared with the PS II complex, and the cyclic electron
£ow would be major £ux when either ¢pH or ATP is
required. In plant chloroplasts, except for those of the
bundle sheath cells of C4 plants, the cyclic £ow around
PS I is very limited, at least prior to the downregulation
of PS II. For the downregulation of PS II, the water^
water cycle is necessary to trigger the ¢pH generation.
Even after the PS II yield is downregulated by ¢pH, it
decreases only to one-half. Under the conditions where
the remaining half of the electrons from PS II should be
dissipated, the water^water cycle is necessary in addition
to the cyclic electron £ow. Chlororespiration connected to
the putative thylakoid-bound cytochrome oxidase would
not be so high as long as PS I is excited.

H. C. P. Matthijs. Once again, what is the relative role of
the water to water cycle versus PS I cyclic?

K. Asada. As stated above, the molar ratio of PS I^PS II,
downregulation of PS II and excitation ratio of PS I^
PS II depending on the light spectrum would determine
the operation ratio of the water^water cycle and cyclic
electron £ow, when chloroplasts are exposed to light
intensities in excess of that required for CO2 ¢xation.

Water^water cycle as alternative sinks K. Asada 1431

Phil. Trans. R. Soc. Lond. B (2000)

 rstb.royalsocietypublishing.orgDownloaded from 

http://rstb.royalsocietypublishing.org/

