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Abstract

Photoinhibition of PSII occurs at the same quantum efficiency from very low to very high light, which raises a question about how

important is the rate of photosynthetic electron transfer in photoinhibition. We modulated electron transfer rate and light intensity

independently of each other in lincomycin-treated pea leaves and in isolated thylakoids, in order to elucidate the specific effects of light and

PSII electron transport on photoinhibition. Major changes in the rate of electron transport caused only small changes in the rate of

photoinhibition, suggesting the existence of a significant photoinhibitory pathway that contains an electron-transfer-independent phase. We

compared the action spectrum of photoinhibition with absorption spectra of PSII components that could function as photoreceptors of the

electron-transfer-independent phase of photoinhibition and found that the absorption spectra of Mn(III) and Mn(IV) compounds resemble the

action spectrum of photoinhibition, showing a steep decrease from UV-C to blue light and a low visible-light tail. Our results show that the

release of a Mn ion to the thylakoid lumen is the earliest detectable step of both UV- and visible-light-induced photoinhibition. After Mn

release from the oxygen-evolving complex, oxidative damage to the PSII reaction center occurs because the Mn-depleted oxygen-evolving

complex cannot reduce P680
+ normally.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Photosynthesis is a light-driven reaction, but light also

damages the photosynthetic machinery. The light-induced

damage to the oxygen-evolving PSII is termed photo-

inhibition and the damaged PSII reaction centers are

repaired via de novo synthesis of the D1 protein of PSII

core (for reviews, see [1–4]).

Four main hypotheses have been put forward to explain

photoinhibition under visible light. In the acceptor-side
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mechanism [5], light-induced reduction of the plastoquinone

pool promotes double reduction, protonation and loss of the

QA electron acceptor of PSII. When the QA site is in one of

these abnormal configurations, recombination reactions

produce triplet chlorophyll (Chl) that may react with O2 to

produce harmful singlet oxygen. The low-light hypothesis

[6] states that generation of triplet Chl in recombination

reactions would explain photoinhibition when electron

transfer is slow, i.e., under dim continuous light or under

illumination by short flashes. The donor-side mechanism is

based on the fact that the oxidized primary donor of PSII,

P680
+, has so high oxidative potential that it can oxidize

pigment molecules if electron transfer from the oxygen-

evolving complex (OEC) does not function. Donor-side

photoinhibition has been directly observed after chemical

inactivation of OEC [7–9], but it has also been hypothesized

that this mechanism occurs in intact PSII because OEC

sometimes fails to reduce P680
+ [10]. We will call the latter
cta 1706 (2005) 68–80

https://core.ac.uk/display/82510624?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


M. Hakala et al. / Biochimica et Biophysica Acta 1706 (2005) 68–80 69
variant of the donor-side mechanism the statistical donor-

side mechanism. The fourth main hypothesis, singlet-oxy-

gen hypothesis, proposes that photoinhibition is caused by

generation of singlet oxygen or other reactive oxygen

species by iron–sulfur centers or cytochromes [11] or by

uncoupled Chl [12]. In addition, light absorption by

plastosemiquinone [13] or manganese [14] has been

proposed to account for photoinhibition under UV or near-

UV illumination.

Photoinhibition occurs both under anaerobic and

aerobic conditions [2,5]. Because QA double reduction

and oxidative damage caused by P680
+ are independent of

oxygen, both acceptor- and donor-side mechanisms can

function under anaerobic conditions. On the contrary,

hypotheses explaining photoinhibition by the effects of

singlet oxygen produced outside functional PSII do not

explain the occurrence of photoinhibition under anaero-

biosis. Thus, if singlet oxygen production outside PSII is

the dominant mechanism of photoinhibition under aerobic

conditions, a distinct pathway must function under

anaerobic conditions. On the other hand, hypotheses

based on production of singlet oxygen outside functional

PSII are in agreement with the finding that the quantum

yield of photoinhibition is the same under all light

intensities [15,16], whereas acceptor-side photoinhibition

occurs only under excess light, low-light photoinhibition

under dim light, and donor-side photoinhibition is most

pronounced under moderate light and is expected to

saturate when the formation of long-lived P680
+ saturates

under bright light.

The finding that the rate of photoinhibition is directly

proportional to light intensity from very low light to highly

over-saturating light [16] suggests that, at least in part,

photoinhibition proceeds through a mechanism that is

independent of the rate of electron transfer through PSII.

We studied further the relationship between photoinhibition

and electron transport by varying light intensity and

electron transport rate independently of each other, to

identify their specific effects on photoinhibition. Our

results revealed that indeed light intensity, not the rate of

electron transfer nor the amount of excess energy, was the

main factor determining the rate of photoinhibition. To get

insight into this electron-transport-independent component,

we compared the action spectrum of photoinhibition with

the absorption spectra of different PSII components, such

as aromatic amino acids, Chl, plastosemiquinone and

manganese. The comparison indicated that the Mn cluster

is apparently the photoreceptor of photoinhibition under

UV light, and that the visible-light absorbance values of

manganese compounds are so high that the manganese-

related mechanism is important in visible light, too. We

show that under both UV and visible light, photoinhibition

proceeds largely with a mechanism that begins with

inactivation of oxygen-evolving manganese complex,

which predisposes PSII to damage caused by long-lived

P680
+.
2. Materials and methods

2.1. Plant material and isolation of thylakoids

Pea (Pisum sativum L.) and pumpkin (Cucurbita pepo

L.) plants were grown under 150 Amol photons m�2 s�1 in a

12-h day/night rhythm. For in vivo experiments, thylakoids

were isolated from control and treated leaves by grinding

them in buffer containing 40 mM HEPES (pH 7.4), 0.3 M

sorbitol, 10 mM MgCl2, 1 mM ethylenediamine tetraacetic

acid, 1 M glycine betaine and 1% bovine serum albumin.

The suspension was centrifuged for 5 min at 1100�g and

the pellet was suspended in osmotic shock buffer (10 mM

HEPES (pH 7.4), 5 mM sorbitol and 10 mM MgCl2). The

centrifugation was repeated (2000�g) and the pellet was

suspended in storage buffer (10 mM HEPES (pH 7.4), 0.5

M sorbitol, 10 mM MgCl2 and 5 mM NaCl). In vitro

experiments were done with pumpkin thylakoids isolated

using the method described above and stored at �70 8C
until use.

2.2. PSII activity measurements

Unless otherwise stated, the light-saturated rate of

oxygen evolution was measured before and after photo-

inhibitory treatment with a Hansatech (King’s Lynn, UK)

oxygen electrode from isolated thylakoids (10 Ag Chl ml�1)

by using 0.5 mM 2,6-dichlorobenzoquinone (DCBQ) as

electron acceptor. The rate constant of photoinhibition (kPI)

was obtained by fitting the photoinhibitory loss of PSII

activity to a first-order reaction equation and subtracting the

rate constant of eventual dark inactivation. The quantum

yield of photoinhibition was calculated by dividing kPI by

the incident photosynthetic photon flux density (PPFD) and

multiplying by the initial number of PSII centers in the

sample, obtained by measuring the maximum flash-induced

rate of oxygen evolution from a similar thylakoid prepara-

tion. Continuous 400–700-nm light was measured with a LI-

185A quantum sensor (LICOR, Lincoln, NE).

2.3. Photoinhibition of DL-glyceraldehyde-treated leaves

The effect of Calvin–Benson cycle inhibitor, dl-glycer-

aldehyde (DLGA), on photoinhibition was studied using the

second leaf pair of 2-week-old pea seedlings. The petioles

were cut under water, placed in 2.3 mM lincomycin and

kept under dim light (20 Amol photons m�2 s�1) for 1.5 h.

DLGAwas then added to 50 mM final concentration; water

was added to control leaves. DLGA uptake through the

petiole was allowed for 1 h under 100 Amol photons m�2

s�1. To induce photoinhibition, control and DLGA-treated

leaves were illuminated with the petioles in the DLGA or

control solutions at 600 or 1500 Amol photons m�2 s�1, as

indicated, for 3.5 or 1.5 h, respectively. PSII activity was

measured from thylakoids isolated from non-illuminated

and illuminated leaves.
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To verify that DLGA fully inhibited photosynthesis,

oxygen evolution was measured from control and DLGA-

treated leaves (both treated with lincomycin) with a

Hansatech leaf disc oxygen electrode. These measurements

were done without exposing the leaves to photoinhibitory

illumination prior to measurement. The oxygen-evolution

measurement was done at 20 8C under the PPFD of 1500

Amol m�2 s�1. CO2 was provided by flushing the electrode

cuvette with exhaled air. The effect of DLGA on the rate of

electron transfer through PSII was measured with PAM-101

fluorometer (Heinz Walz GmbH, Effeltrich, Germany).

Before the fluorescence measurement, control and DLGA-

treated pea leaves were kept in darkness for 30 min. F0 and

FM were measured by illuminating the leaf with the

measuring beam alone and with a 2-s saturating light pulse

(PPFD 5500 Amol m�2 s�1), respectively. The leaf was then

illuminated for 6 min at 600 or 1500 Amol m�2 s�1, as

indicated, and a second saturating light pulse was fired to

induce FMV, followed by switch-off of all other light except

for the measuring beam, to measure F0V. The rate of

absorption of excess photons (E) was calculated as

E=(FMV�F0V)/FMV�(1�qP)�0.5�0.84�PPFD, where qP is

photochemical quenching and the factors 0.5 and 0.84 stand

for the assumed PSII/(PSI+PSII) ratio and leaf absorptance,

respectively [17].

2.4. Photoinhibition of isolated thylakoids treated with MV

Comparison of in vitro photoinhibition of thylakoids in

the presence and absence of 120 Amol methyl viologen

(MV) was done by illuminating 3 ml of thylakoid

suspension (50 Ag Chl ml�1) in a 50-ml beaker at 20 8C
with gentle stirring at 450 or 2300 Amol m�2 s�1, as

indicated, for 60 or 10 min, respectively. Catalase (3000 U

ml�1) was added to all samples to protect the thylakoids

from hydrogen peroxide. Preliminary experiments showed

that the presence of superoxide dismutase (5 U ml�1) in

addition to catalase offered no extra protection in our

thylakoid material (data not shown) and superoxide dis-

mutase was therefore omitted. Ammonium chloride (5 mM)

was added to both control and MV-treated samples to relieve

the effect of photosynthetic control on electron transfer

during photoinhibitory illumination.

The effect of MV on the reduction state of PSII electron

acceptors in isolated thylakoids was measured with Chl

fluorescence basically in the same way as in intact leaves.

Thylakoids were dark adapted for 2 min, F0 and FM were

measured, and the 1.5-ml sample (10 Ag Chl ml�1) was then

illuminated in a 1-cm spectrophotometer cuvette at 450 or

2300 Amol m�2 s�1, as indicated. After 7.5 min of actinic

illumination, a 2-s saturating pulse was fired to induce FMV,
and then F0Vwas measured by switching off the actinic light.

Absorptivity of the thylakoid sample between 400 and 700

nm was measured by integrating the product of the emission

spectrum of the lamp and the transmission spectrum of

thylakoid pigments in N,N-dimethylformamine; a similar
absorptivity value was obtained by directly measuring the

fraction of incident quanta transmitted through a 1-cm layer

of intact thylakoids (data not shown). The rate of excess

photon absorption was calculated as described by Demmig-

Adams et al. [17], but replacing leaf area by the number of

functional PSII centers per unit area of the thylakoid

sample.

2.5. In vitro photoinhibition induced with short flashes and

continuous light

Thylakoids (50 Ag Chl ml�1) were illuminated at 20 8C
in 200-Al, 1-cm dia. stirred cuvettes sealed with Schott

GG400 UV-blocking filters. Flash illumination (1 flash/4.7 s

unless otherwise stated) was given with a FX-200 Xenon

flash lamp (EG&G, Gaithersburg, MD) brought to 1-mm

distance from the cuvette. The flash energy was varied with

capacitors. At regular intervals, PSII activity was measured

from one flashed and one non-flashed sample. The number

of photons entering the cuvette through UV-blocking filter

per one Xenon flash was measured by chemical actinometry

at 475–610 nm [18]; the result was extended to the 400–

700-nm range by comparison with the spectrum of the flash

lamp. Continuous-light photoinhibition was induced with a

slide projector lamp and the same cuvette setup was used as

in flash illumination experiments.

Oxygen evolution under flash illumination was meas-

ured with a Hansatech oxygen electrode. A fused silica rod

was used both as a light guide and a stopper [19]. The

310-Al thylakoid sample (100 Ag Chl ml�1) was illumi-

nated with the FX-200 Xenon lamp through the fused

silica rod at 10-Hz flash frequency. The number of photons

entering the oxygen electrode chamber was measured

actinometrically [18] in separate experiments. The max-

imum rate of oxygen evolution per four flashes was taken

to represent the number of functional PSII centers in the

thylakoid sample.

2.6. Action spectra of photoinhibition

Aerobic and anaerobic action spectra of photoinhibition

were produced by illuminating thylakoids with an ozone-

free continuous-light Xenon lamp (Model 6258, Oriel,

Stratford, CT) through a water filter and pairs of LS and LL

cutoff filters (Corion) defining 50-nm wavelength bands in

visible region. The PPFD of the visible-light treatments was

200 Amol m�2 s�1. The 360- and 254-nm peaks (138 and

72 Amol photons m�2 s�1, respectively) were produced

with an ENF-280C lamp (Spectronics, Westbury, NY). The

number of UV photons entering our illumination cuvette

was measured with ferrioxalate actinometry [20]. The kPI
values were obtained from the loss of oxygen evolution,

and the kPI values from the UV light treatments were

corrected for differences in photon flux density according to

the linear proportionality between kPI and light intensity

[16]. Aerobic action spectrum of photoinhibition was done
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by illuminating 5-ml thylakoid samples (50 Ag Chl ml�1;

2.4-mm light path). For illumination under anaerobic

conditions, the photoinhibition buffer was bubbled with

Argon, and 8 U/ml glucose oxidase, 6 mM glucose and 800

U/ml catalase were added to the 11-ml thylakoid sample (18

Ag Chl ml�1; 10-mm light path), and the cuvette was sealed

gas-tightly. After the anaerobic photoinhibition treatment,

the thylakoids were washed twice with the O2 measurement

medium before measuring O2 evolution.

The action spectrum of photoinhibition of hydroxyl-

amine-washed [7] thylakoids was produced by illuminating

800-Al thylakoid samples at 100 Amol photons m�2 s�1 of

visible or UV light as described above. Before and after

illumination, the light-saturated rate of reduction of 120 AM
dichlorophenol-indophenol (DCPIP) in the presence of 2

mM diphenylcarbazide (DPC) was measured spectrophoto-

metrically at 590 nm. Avery slow endogenous rate of DCPIP

reduction by DPC was subtracted, and kPI values were

calculated from first-order fits of the loss of DCPIP reduction

rate. Separate experiments with white light showed that the

light response of photoinhibition of the hydroxylamine-

washed thylakoids was directly proportional to photoinhibi-

tory PPFD in the range of 50 to 150 Amol m�2 s�1 (data not

shown).

Action spectrum of O2 evolution was measured by

illuminating thylakoids in an O2 electrode through a fused

silica rod, using the same filter combinations as described

above. The light intensities were adjusted so that the rate of

O2 evolution was directly proportional to light intensity

when the 400–450-nm filter pair was used.

2.7. OEC-dependent and independent PSII activities and

Mn loss

For comparison of the kinetics of the loss of OEC-

dependent and OEC-independent electron transfer activ-

ities of PSII and for Mn loss measurements, thylakoids

were illuminated in the same way as in the action spectra

measurements but using either 72 Amol photons m�2 s�1

of 254-nm UV-C light or 17 mmol photons m�2 s�1 of

visible light, as indicated. A Schott GG-400 filter and an

extra heat-absorbing glass blocked UV light in the visible-

light experiments. The temperature of the visible light

treatment was 20 8C and the UV-C treatments were done

on ice. After illumination, OEC-independent PSII activity

(H2O+DPC to DCPIP) was measured as described above,

and the OEC-dependent PSII activity (H2O to DCPIP)

was measured similarly but in the absence of DPC. D1

protein was quantified immunologically after electropho-

retic separation of thylakoid proteins as earlier described

[21]. For measurements of lumen Mn content, non-

illuminated and illuminated thylakoids were broken with

a Yeda press at 100 bar. The suspension was then

centrifuged at 300 000�g for 30 min, and the Mn content

of the supernatant was measured by plasma emission

spectroscopy.
3. Results

3.1. Photoinhibition of DLGA-treated leaves

Photoinhibition damage in vivo is repaired via de novo

synthesis of the D1 protein that is encoded by the

chloroplast genome. To determine the actual rate of photo-

inhibition in vivo, we treated pea leaves with lincomycin, an

inhibitor of chloroplast protein synthesis. Photoinhibition of

lincomycin-treated pea leaves was compared in the presence

and absence of DLGA, a specific inhibitor of the Calvin–

Benson cycle [22]. The leaves were illuminated under the

PPFD of 600 or 1500 Amol m�2 s�1, as indicated.

Thylakoids were isolated from non-illuminated and illumi-

nated leaves and light-saturated oxygen evolution was

measured from these thylakoids in the presence of the

artificial electron acceptor DCBQ. The first order rate

constant of photoinhibition (kPI; see Ref. [16]) was

calculated from the decrease in the oxygen evolution rate

during illumination. The results showed that photoinhibition

proceeded slightly more slowly in DLGA-treated than in

control leaves at both 600 and 1500 Amol photons m�2 s�1

(Fig. 1A).

To confirm that the DLGA treatment actually inhibited

photosynthesis, we measured oxygen evolution from leaf

discs under the PPFD of 1500 Amol m�2 s�1 and found

that the DLGA-treated leaves did not evolve any oxygen

(Table 1). Furthermore, fluorescence quenching analysis

showed that the electron acceptor QA was fully reduced

and the electron transfer rate was almost zero in the

DLGA-treated leaves during illumination (Fig. 1B and

Table 2). DLGA had no direct inhibitory effect on PSII, as

the in vitro rate of oxygen evolution in the presence of

artificial electron acceptor, DCBQ, measured before the

photoinhibitory treatment, was similar in thylakoids

isolated from the lincomycin treated leaves and from the

leaves treated with lincomycin and DLGA (Table 1). In

earlier experiments by Hollinderb7umer et al. [23], DLGA

treatment was shown to enhance photoinhibition, but in

their experiments concurrent repair of PSII was not

prevented during illumination, and thus the enhancing

effect of DLGA on loss of PSII activity was probably due

to decrease in D1 synthesis, which apparently requires

functional photosynthesis.

The rate of photoinhibition and excess energy generally

show a positive correlation, because both excess energy and

the rate constant of photoinhibition are directly proportional

to light intensity. The fluorescence quenching data allowed

us to calculate the number of excess photons absorbed by

the leaf but neither used for photochemistry nor dissipated

by the light-inducible excitation quenching mechanisms

[17]. DLGA treatment doubled the amount of excess

photons under 600 Amol photons m�2 s�1 and greatly

increased excess energy also at 1500 Amol photons m�2 s�1

(Table 2). When excess energy and photoinhibitory effi-

ciency were compared in control and DLGA-treated leaves



Table 1

In vivo and in vitro oxygen evolution rates of non-illuminated samples

Sample Oxygen evolution in

leaves (H2O to CO2),

Amol O2 cm
�2 h�1

Oxygen evolution in

thylakoids (H2O to DCBQ),

Amol O2 mg Chl�1 h�1

Control leaves 6.8F0.3 163F4

DLGA leaves 0 156F3

Control thylakoids 245F3

MV thylakoids 239F4

In vivo oxygen evolution rates were measured with a leaf disc oxygen
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at the same light intensity (Fig. 1C, dashed lines), the

relationship showed negative correlation: the more excess

energy, the less photoinhibition.

3.2. Effect of MV on photoinhibition of isolated thylakoids

The DLGA treatment led to decrease in photochemical

quenching. To test the effect of an increase in photochemical

quenching under unchanged light intensity, we photo-
electrode at saturating CO2 concentration under the PPFD of 1500 Amol

m�2 s�1 from control and DLGA-treated leaves, both treated with

lincomycin. The in vitro oxygen evolution rates were measured in the

presence of an exogenous electron acceptor either from thylakoids isolated

from control and DLGA-treated pea leaves (both treated with lincomycin)

or from non-treated pumpkin thylakoids in the presence of catalase or in the

presence of MVand catalase. Oxygen evolution in thylakoids was measured

at saturating PPFD with a suspension-type oxygen electrode, using DCBQ

as electron acceptor. The values represent the mean and S.D. of at least

three independent experiments.
inhibited isolated thylakoids in the absence and presence

of MV, a potent electron acceptor of PSI. Catalase was

added to prevent nonspecific damage caused by the

oxygen radicals and hydrogen peroxide arising due to

the autooxidation of MV. Photoinhibition proceeded

slightly faster in the presence than in the absence of MV

at both 450 and 2300 Amol photons m�2 s�1 (Fig. 2A).

Fluorescence quenching analysis showed that the electron

acceptor MV increased the electron transfer rate and

thereby significantly lowered the excitation pressure of

PSII, especially at the lower PPFD of 450 Amol m�2 s�1

(Fig. 2B and Table 2), and that MV treatment efficiently

decreased the amount of excess energy under both 450 and

2300 Amol photons m�2 s�1 (Table 2). Again, a slightly

negative correlation was obtained between kPI and excess

energy when samples illuminated in the presence and

absence of MV were compared at the same light intensity

(Fig. 2C, dashed lines).
Fig. 1. Effect of DLGA on photoinhibition. (A) The in vivo rate constant of

photoinhibition, measured from lincomycin-treated pea leaves illuminated

in the absence (open bars) and presence (hatched bars) of 50 mM DLGA.

Photoinhibition was induced by illuminating leaves for 3.5 h at the PPFD of

600 Amol m�2 s�1 or for 1.5 h at 1500 Amol m�2 s�1, as indicated, and the

kPI values were obtained by comparing the oxygen-evolution activity (H2O

to DCBQ) of thylakoids isolated from illuminated leaves to thylakoids

isolated from non-illuminated leaves. (B) Fluorescence measurements from

non-photoinhibited lincomycin treated pea leaves in the absence (traces a

and g) and presence of 50 mM DLGA (traces h and y). After dark

adaptation, the F0 value was measured (horizontal arrow) and then the

leaves were illuminated at the PPFD of 600 Amol m�2 s�1 (traces a and h)
or 1500 Amol m�2 s�1 (traces g and y). Two saturating flashes were applied
as indicated by the vertical arrows. (C) kPI of control leaves (open symbols)

and of DLGA-treated leaves (solid symbols) (data from A) as a function of

the number of excess photons (data from Table 2). The dashed line connects

photoinhibition experiments at the PPFD of 600 Amol m�2 s�1 (circles) and

those done at 1500 Amol m�2 s�1 (squares). In A and C, error bars, drawn if

larger than the respective symbol, show S.D. (n=3).



Table 2

Photochemical quenching, electron transport rate and the number of excess

photons measured from control and DLGA-treated pea leaves and from

control and MV-treated thylakoid samples

Sample PPFD,

Amol

m�2 s�1

Photochemical

quenching

( qP)

Electron

transfer

rate

Excess

photons

Control leaves 600 0.66F0.03 107F6.8 54F4.4

1500 0.45F0.11 165F47 199F37

DLGA leaves 600 0.03F0.05 1.7F3.4 112F10

1500 0F0 0F0 269F7.1

Control thylakoids 450 0.22F0.11 34F3.4 306F13

2300 0.01F0.00 17F4.1 1380F19

MV thylakoids 450 0.47F0.02 132F1.5 149F13

2300 0.14F0.02 161F15 1010F79

Both control and DLGA leaves were treated with lincomycin, and catalase

was present in both control and MV-treated thylakoids samples. The values

were calculated from fluorescence measurements like those shown in Figs

1B and 2B, and each value represents the mean and S.D. of at least three

independent experiments. When calculating the electron transport rate and

the number of excess photons, the PSII:PSI stoichiometry was assumed to

be 1:1 and the leaves were assumed to absorb 84% of incident quanta; the

thylakoid samples were measured to absorb 56%. The electron transfer

rates and excess photons are expressed as Amol m�2 s�1 for leaves and

PSII�1 s�1 for thylakoids.

M. Hakala et al. / Biochimica et Biophysica Acta 1706 (2005) 68–80 73
3.3. In vitro photoinhibition induced with short flashes and

continuous light

Photoinhibition experiments in the presence of DLGA or

MV showed that the rate of electron transfer had only a

minor influence on the rate of photoinhibition (Figs. 1A and

2A). To further study the relationship between photo-

inhibition and electron transfer rate, we used short flashes

of light to measure the ratio between kPI and PPFD. For the

measurement of flash-induced photoinhibition, thylakoids

were enclosed in a small cuvette under a UV-blocking filter,

and illuminated with 5-As Xenon flashes. The flashes were

fired at 4.7-s intervals, unless otherwise stated. The single

turnover Xenon flashes were supersaturating with regard to

oxygen evolution (Fig. 3A), thus inducing one electron

transfer event (SnQAYSn+1QA
�; Sn denoting the nth S-state
Fig. 2. Effect of MV on photoinhibition. (A) The in vitro rate constant of

photoinhibition, measured from isolated pumpkin thylakoids illuminated in

the absence (open bars) or presence (hatched bars) of 120 AM MV. Catalase

was present in all samples. Photoinhibition was induced by illuminating the

thylakoid samples for 60 min at the PPFD of 450 Amol m�2 s�1 or for 10

min at the PPFD of 2300 Amol m�2 s�1, as indicated, and the kPI values

were obtained by comparing the oxygen-evolution activity (H2O to DCBQ)

before and after the photoinhibitory illumination. (B) Fluorescence

measurements from non-photoinhibited thylakoids in the absence (traces

a and g) and in the presence of MV (traces h and y). After dark adaptation,

the F0 value was measured (horizontal arrows) and then the thylakoids were

illuminated at the PPFD of 450 (traces a and h) or 2300 (traces g and y)
Amol m�2 s�1. Two saturating flashes were applied as indicated by the

vertical arrows. (C) kPI of thylakoids photoinhibited in the absence (open

symbols) or presence (solid symbols) of MV (data from A) as a function of

the number of excess photons (data from Table 2). The dashed line connects

photoinhibition experiments done at the PPFD of 450 Amol m�2 s�1

(circles) and those done at 2300 Amol m�2 s�1 (squares). In A and C, error

bars, drawn if larger than the respective symbol, show S.D. (n=3).
of OEC) per flash per PSII, followed by a moderate number

of back reactions (SnQB
�YSn�1QB), irrespective of the flash

intensity. The background was dim laboratory light of 1–2

Amol photons m�2 s�1. Oxygen evolution activity was

measured from the thylakoid samples before and after the

photoinhibitory illumination. The results show that photo-

inhibition proceeded more rapidly when the intensity of the

supersaturating flashes was increased (Fig. 3B), and the kPI
values were directly proportional to the flash intensity (Fig.
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3C, circles). The average PPFD values of the flash photo-

inhibition treatments were calculated by measuring the

number of photons delivered by each flash to the cuvette,

and by multiplying the result by the flashing frequency.

Flash-light-induced photoinhibition was then compared

with continuous-light-induced photoinhibition using the

same cuvette system. The ratio between kPI and PPFD
remained the same under continuous light (Fig 3C, squares)

as under illumination with 5-As Xenon flashes. The quantum
yield of photoinhibition, calculated from the data in Fig. 3C,

is approximately 2�10�7 and the similarity of the quantum

yield of photoinhibition under continuous and flash illumi-

nation supports the conclusion that continuous-light-

induced photoinhibition contains a significant component

which is independent of PSII electron transport.

According to the low-light photoinhibition mechanism

[6], the flashing rate has a major influence on the rate of

photoinhibition. To test if our flash-induced photoinhibition

obeyed the predictions of the low-light mechanism, we

induced photoinhibition with multiple flashing rates. In our

experiments, changing the flash-to-flash delay from 4.7 to

18.8 s (Fig. 3C, diamond), doing the flash treatment in full

darkness (Fig. 3C, solid circles) or using flash pairs with 1 s

between the flashes of the pair and 9.6 s between the pairs

(Fig. 3C, triangle) did not affect the ratio between kPI and

average PPFD. Furthermore, flashes fired at flash-to-flash

delay of 1 s had the same photoinhibitory efficiency as

flashes fired at the flash-to-flash delay of 4.7 s (data not

shown). These results indicate that Xenon flashes caused

photoinhibition in the same way as continuous light rather

than with the low-light mechanism.

3.4. Action spectra of anaerobic and aerobic

photoinhibition

Next, we tested if production of singlet oxygen outside

PSII can account for the electron-transport-independent

component of photoinhibition. Singlet oxygen can only be

generated in the presence of oxygen, and therefore photo-

sensitizers producing singlet oxygen would be recognized

by comparing the action spectrum of photoinhibition under

anaerobic and aerobic conditions. This comparison showed
Fig. 3. Flash-light-induced photoinhibition. (A) The light response curve of

oxygen evolution obtained by illuminating thylakoids (35 Ag Chl) with 5-As
flashes from a Xenon flash lamp at the frequency of 10 flashes/s. Oxygen

evolution was measured with a Hansatech oxygen electrode, using a quartz

bar both as a stopper and a light guide. Each symbol represents one

determination of the oxygen evolution rate. The flash energy range is 0 to 2

J/flash. (B) Time course of photoinhibition of oxygen evolution activity

during illumination of thylakoids with Xenon flashes fired at the rate of 1

flash/4.7 s. The flash energies were 1.3 J (diamonds), 3.7 J (upward

triangles), 11.4 J (circles) and 14.6 J (downward triangles). Loss of PSII

activity in the absence of flash illumination is also shown (solid squares).

The lines show the best fit to a first-order reaction equation. Each data point

represents the mean of three to four independent experiments. (C) kPI
measured under Xenon flash illumination (circles, diamond, triangle) and

under continuous light (squares), as a function of PPFD. The kPI values

have been corrected by subtracting the rate constant of dark inactivation.

Thylakoids were illuminated in 200-AL cuvettes, protected with an UV

absorbing filter. The delay between the flashes was 4.7 s (circles) or 18.8 s

(diamond); flash pairs with 1 s between the flashes of the pair and 9.4 s

between the pairs were also tested (triangle). The flash treatments were

done under dim laboratory light, PPFD 1–2 Amol m�2 s�1 (open symbols;

data from B), or in darkness (solid circles). In B and C, error bars, drawn if

larger than the respective symbol, show S.E. (n=3).
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that the action spectra of aerobic and anaerobic photo-

inhibition are essentially similar and no peaks, specific to

aerobic conditions, can be seen (Fig. 4A). This result strongly

suggests that the contribution of singlet oxygen produced

outside PSII was small in our thylakoid material, which limits

the possible photoreceptors to constituents of PSII.

3.5. Oxygen evolving manganese complex is the target of

UV-induced photoinhibition

The photoinhibitory efficiency of light in intact thyla-

koids is high in UV-C and decreases steadily towards the

visible range, staying low and relatively constant above 450

nm (Fig. 4B and C). In order to localize the photoreceptor,

we measured the action spectrum of photoinhibition from

thylakoids that had been pretreated with hydroxylamine to

wash off the oxygen evolving manganese complex. Fig. 4B

shows that the removal of OEC changed the action spectrum

of photoinhibition radically, revealing that the reaction center

of OEC-less PSII is remarkably resistant against UV light.

Furthermore, an apparent similarity between the action

spectrum of photoinhibition in OEC-less thylakoids and
Fig. 4. Action spectra of photoinhibition. (A) Action spectrum of photoinhibition o

conditions (solid squares). The spectra are normalized to the value at 400–450 nm

of electron transfer from DPC to DCPIP in OEC-less thylakoids (donor-sid

photoinhibition in intact thylakoids (squares). Triangles show the action spectrum

value at 400–450 nm, and a logarithmic ordinate axis is used. Error bars, drawn

photoinhibition published by Jones and Kok [15] (open triangles) and by Jung and

manganese model compounds: 5 mM Mn(III)gluconate in 0.01 M gluconate (

salicyliden-1,2-diaminoethane)2 (Ref. [28]; thick solid line) and [Mn2(III,IV)(A-O)
are normalised so that the value at 360 nm is 0.1, and a logarithmic ordinate axis is

tyrosine (dashed line), tryptophan (solid line) and plastosemiquinone (dotted line
the action spectrum of PSII oxygen evolution was revealed

(Fig. 4B) suggesting that if OEC is damaged, then photo-

damage to the PSII reaction center occurs due to light

absorption by Chl. This is in accordance with earlier data

showing that photodamage to Mn-less thylakoids is caused

by the primary donor of PSII [7–9].

The similarity of aerobic and anaerobic photoinhibition

(Fig. 4A) limits the search for the main photoreceptors of

photoinhibition to constituents of PSII, and Fig. 4B shows

that the compound responsible for the UV-sensitivity of PSII

is part of the OEC and washes off with hydroxylamine.

These data exclude plastosemiquinone (Fig. 4D) and the

tyrosine (Fig. 4D) residues of D1 protein as photoreceptors

of photoinhibition, because these UV-absorbing compounds

are not washed off with hydroxylamine. From the proteins

and metal cofactors of the OEC, only manganese ions and

tyrosine and tryptophan (Fig. 4D) residues of the 33-, 23-

and 16-kDa proteins show absorption in the 220- to 400-nm

range. However, the extinction coefficients of the aromatic

amino acids decrease sharply before or at 300 nm (Fig. 4D),

indicating that the UV absorption by these compounds does

not significantly contribute to photoinhibition. In addition to
f isolated thylakoids illuminated under aerobic (open squares) or anaerobic

to facilitate comparison in the visible range. (B) Action spectrum of the loss

e photoinhibition) (circles) in comparison with the action spectrum of

of oxygen evolution in intact thylakoids. The spectra are normalized to the

if larger than the respective symbol, show SE (n=3). (C) Action spectra of

Kim [11] (solid circles) in comparison with the absorption spectra of three

Ref. [26]; dashed line), Mn(III)-O-Mn(IV)-(N,N-bis(2-pyridylmethyl)-NV-

2(2,2V:6,2U-terpyridine)2(CF3CO2)2]
+ (Ref. [29]; thin solid line). The spectra

used to facilitate comparison of the whole range. (D) Absorption spectra of

). These spectra are redrawn from Ref. [46].



Fig. 5. Photoinhibition and release of manganese to thylakoid lumen during

(A) UV light treatment (254 nm; 72 Amol photons m�2 s�1) or (B) strong

visible light treatment (17 mmol m�2 s�1). Loss of OEC-dependent PSII

electron transfer activity (H2O to DCPIP; open circles); loss of OEC-

independent PSII activity (DPC+H2O to DCPIP; solid circles); release of

Mn to the lumen (triangles) and loss of the D1 protein (squares). Error bars,

drawn if larger than the respective symbol, show SE (n=3). Error bars

belonging to Mn release have a short dash at top and bottom; other error

bars have long dashes.
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the Chl antenna of PSII (see action spectrum in Fig. 4B),

also manganese compounds absorb throughout the visible

range (Fig. 4C). Thus, further discussion about the photo-

receptors of photoinhibition can be limited to the manganese

ions of OEC and to the Chl antenna of PSII.

The comparison of the action spectrum of photo-

inhibition with the absorption spectra of Mn(III) and

Mn(IV) ions, which are found in functional OEC during

the oxygen evolving S-state cycle [24,25], revealed

remarkable similarity throughout the whole UV and visible

wavelength range (Fig. 4C). We used the absorption

spectra of three different OEC-model Mn compounds in

comparison; manganese(III)gluconate [26], which has been

used as the spectral basis of difference spectroscopy of the

S-states [27], and two OEC model compounds containing

oxo-bridged Mn(III) and Mn(IV); Mn(III)-O-Mn(IV)-

(N ,N-bis(2-pyridylmethyl)-NV-salicyliden-1,2-diamino-

ethane)2 [28] and [Mn2(III,IV)(A-O)2(2,2V:6,2U-terpyridi-
ne)2(CF3CO2)2]

+ [29]. The similarity between the action

spectrum of photoinhibition and the absorption spectra of

the manganese model compounds is obvious in the UV

range (Fig. 4C), indicating that manganese is the photo-

receptor of photoinhibition in UV light. In the visible-light

range, the absorption spectra of the manganese model

compounds differ from each other. However, absorbance

values of Mn complexes in visible wavelengths and the

photoinhibitory efficiency of visible light are both at the

same overall level compared to their corresponding values

under UV light (Fig. 4C). Therefore, assigning Mn as the

photoreceptor of photoinhibition in UV light implies that

absorption of light by Mn will inevitably cause some

photoinhibition in the visible range, too.

3.6. Oxygen evolution is lost in photoinhibition before

damage to electron transfer chain

Photodamage of the oxygen-evolving manganese com-

plex represents an electron-transfer-independent mechanism

of photoinhibition. If this mechanism contributes signifi-

cantly to photoinhibition, then the photoinhibitory loss of

OEC activity would precede the eventual inhibition of other

parts of the PSII electron transfer chain. We studied the order

of inhibition of the OEC and the PSII reaction center by

comparing the rate of PSII electron transport in the presence

and absence of an exogenous electron donor DPC that

mediates PSII electron transport even if OEC does not

function. DCPIP was used as an electron acceptor. These

measurements showed that under UV light, inhibition of

OEC-dependent electron transfer from H2O to DCPIP

preceded inhibition of OEC-independent electron transfer

from DPC and H2O to DCPIP (Fig. 5A), confirming that

OEC is the primary target of UV-induced photoinhibition.

Fig. 5B shows that the precedence of the inhibition of OEC

persisted under strong visible light, but the delay between

inhibition of OEC-dependent and OEC-independent electron

transport was much shorter than under UV light.
3.7. Manganese release is an early step in photoinhibition

We measured the Mn content of the thylakoid lumen

before and after short photoinhibition treatments with UVor

intense visible light. The lumen of control thylakoids

contained approximately 0.5 Mn ions per PSII. Both under

UV (Fig. 5A) and visible light (Fig. 5B), the Mn content of

lumen increased by one Mn per one PSII center that had lost

OEC activity, and this similarity in the stoichiometry was

particularly obvious at the very early time points of the

photoinhibition treatment. The kinetics of Mn release was

notably faster than the kinetics of the decrease in the D1

protein content of the thylakoids (Fig. 5), indicating that

secondary release of manganese due to D1 degradation [30]

does not explain Mn release during the early phases of

photoinhibition.
4. Discussion

4.1. Relationship between photoinhibition and excess energy

The mechanisms of photoinhibition of PSII have been

under debate for several decades [31]. Because photo-
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inhibition was first seen only if plants were exposed to high

light intensities, it was initially assumed that the damage is

caused by excess excitation energy. Excess energy has later

been defined as energy that is absorbed by PSII but is

neither used in photochemistry nor safely dissipated by

light-inducible non-photochemical quenching [17]. From

the viewpoint of the mechanisms of photoinhibition, excess

energy is a complicated concept because the definition of

excess energy assumes that photochemical and non-photo-

chemical quenching have the same effect. Non-photo-

chemical quenching has been shown to have no effect or

a slight protective effect on photoinhibition [32,33] whereas

conditions that lead to increase in excess energy by

decreasing photochemical quenching actually protect

against photoinhibition (Figs. 1C and 2C). Contrary to our

result, slightly positive correlations between excess energy

and the rate constant of photoinhibition were obtained when

nitrogen fertilization or different growth light conditions

were used to modulate excess energy [34,35], apparently

because these treatments affect both photochemical and

non-photochemical quenching. Altogether, both non-photo-

chemical and photochemical quenching have only a minor

effect on the rate of photoinhibition, which suggests that a

significant part of photoinhibition is not caused by PSII

electron transfer events after absorption of light by PSII

antenna. This conclusion is supported by the finding that the

quantum yield of photoinhibition is similar under continu-

ous light and under illumination with single-turnover flashes

fired at 1–18.8 s intervals (Fig. 3C), although flash

illumination induces remarkably fewer electron transfer

events per unit time than continuous light.

In donor-side photoinhibition, the photon that causes the

formation of the damaging species, P680
+, is by definition

photochemically quenched. Thus, photochemical quenching

enhances P680
+-induced damage, although photochemical

quenching lowers excess energy. Slight enhancement of

photoinhibition by increased photochemical quenching

occurred in our experiments (Figs. 1 and 2), suggesting

that P680
+-related damage has a role in photoinhibition both

in vivo and in vitro. This enhancing effect of photochemical

quenching on P680
+-induced photoinhibition has been earlier

seen in OEC-less PSII reaction centers in which photo-

inhibition occurs rapidly only if an electron acceptor ensures

efficient oxidation of reduced QA [36].

The finding that P680
+ plays a role in photoinhibition

might suggest that the statistical donor-side mechanism is a

major component in photoinhibition. However, statistical

donor-side mechanism is not in accordance with other

features of photoinhibition. First, statistical donor-side

photoinhibition is expected to have a similar action

spectrum as was measured from OEC-less thylakoids but

the action spectrum of photoinhibition in OEC-less thyla-

koids is notably different from the action spectrum of

photoinhibition measured from intact thylakoids (Fig. 4C).

Second, the formation of long-lived P680
+ would become

saturated under intense light, but light saturation of photo-
inhibition of intact PSII has never been reported, and the

present data show that the ratio between the rate constant of

photoinhibition and light intensity remains constant even

under extremely high momentary irradiance (Fig. 3C).

These data suggest that statistical donor-side photoinhibition

does not have a dominating contribution to photoinhibition

in general.

The acceptor-side mechanism requires intense light to

reduce the plastoquinone pool [5], and therefore acceptor-

side photoinhibition cannot explain why photons of low

continuous light or short flashes cause photoinhibition with

the same quantum efficiency as photons of intense

continuous light (Fig. 3; Ref. [16]). The acceptor-side

mechanism also predicts that the rate of photoinhibition

always increases with PSII excitation pressure, but our

results (Figs. 1 and 2), as well as earlier data [37,38],

indicate that increase in the excitation pressure of PSII as

such does not enhance photoinhibition. These data suggest

that the contribution of the acceptor-side pathway to PSII

photoinhibition is minor both in vivo and in vitro. The main

evidence for the acceptor-side mechanism is that this

mechanism predicts that photoinhibited PSII produces

singlet oxygen, which has indeed been detected [39,40].

However, it is possible that only a small number of PSII

become inhibited via the acceptor-side mechanism, and

these ones produce the detected singlet oxygen. An

alternative explanation for the production of singlet oxygen

by photoinhibited leaves is that singlet oxygen originates

from the light-harvesting complex II that may have lost the

connection to the reaction center during the PSII repair [2].

Disconnected light-harvesting complex II has been shown to

produce singlet oxygen in vitro [41].

Significant photoinhibition caused by singlet oxygen

sensitizers outside of functional PSII [11,12] could not be

verified in the present study. First, the absence of oxygen

did not protect our thylakoid preparations against photo-

inhibition, and second, the aerobic action spectrum of

photoinhibition did not contain any significant peaks

missing from the anaerobic spectrum (Fig. 4A). Thus,

our data support the conception that photoinhibition

originates in functional constituents of PSII and that

anaerobic and aerobic photoinhibition have essentially the

same mechanism.

4.2. Electron-transport-independent photoinhibition is the

visible-light tail of the UV mechanism

Our data strongly support the hypothesis that the oxygen-

evolving manganese complex is the target and photo-

receptor of UV-induced photoinhibition. First, Mn-less PSII

is stable under UV light (Fig. 4B; Ref. [14]) and the action

spectrum of photoinhibition is similar to the absorption

spectra of Mn(III) and Mn(IV) compounds in the UV range

(Fig. 4C). Second, oxygen evolution activity is lost during

UV-induced photoinhibition before the loss of electron

transfer activity from P680 to QA (Fig. 5A). Furthermore, the
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stoichiometric loss of one Mn per PSII during the early

phase of UV-induced photoinhibition (Fig. 5A) suggests that

the primary reaction in UV-induced photoinhibition is the

release of a Mn ion from OEC to the thylakoid lumen. The

finding that different S-states are differently susceptible to

UV-induced photoinhibition [42] provides further evidence

for the key role of Mn in UV-induced photoinhibition.

Because the data strongly suggest that the oxygen-

evolving manganese complex is the photoreceptor of

photoinhibition in UV light, we have to consider the

consequences for the visible light range, too. The absorption

spectra of different Mn(III) and Mn(IV) compounds vary

considerably in the visible range (Fig. 4C; see also Refs.

[26,28,29]), but the fact that all relevant Mn compounds

show significant absorbance in the visible region implies

that Mn contributes to photoinhibition in visible light. Our

experiments demonstrate that the same Mn-related feature is

present in photoinhibition under visible light as under UV

light: the release of Mn to lumen and inhibition of OEC

occur before the inhibition of electron transfer from P680 to

QA. Mn loss from damaged PSII has been reported earlier,

but Mn release was interpreted to be a late event, possibly

related to D1 protein degradation, rather than the primary

cause of photoinhibition [30,43]. However, our data show

that loss of manganese occurs early in photoinhibition under

both visible (Fig. 5B) and UV light (Fig. 5A). Under visible

light, the damage to OEC only slightly precedes the damage

to the rest of PSII, because when OEC is damaged, the

oxidizing P680
+ damages the reaction center more rapidly

under visible light than under UV light. Under strong visible

light we were able to separate these two concurrent

damaging reactions because strong light partially saturates

electron transfer from P680 to QA and the consequent

damage caused by P680
+, but the rate of Mn-targeted

inactivation of OEC is not light-saturated.
Fig. 6. Main mechanisms of photoinhibition. (A) Manganese-dependent photoi

photoinhibition.
The role of the oxygen-evolving Mn complex in photo-

inhibition is further supported by the action spectrum of

photoinhibition in the cyanobacterium Synechocystis sp.

PCC 6803 in which blue-violet light (400–450 nm) has

greater photoinhibitory efficiency than orange light (600–

650 nm) although orange light is more efficiently absorbed

by the phycobilisome antenna of cyanobacterial PSII [44].

In addition, action spectrum measurements around the red

peak of Chl absorption suggest that PSII antenna may not be

the main photoreceptor of photoinhibition even in red light

in plant thylakoids [12].

The quantum yield of manganese excitation deserves

attention because it constitutes an upper limit for the

quantum yield of photoinhibition. The ratios of the

extinction coefficients of the Chls to those of Mn(III) and

Mn(IV) compounds [26–29] are between 100 and 1000 in

visible light, depending on wavelength, and thylakoids

contain one functional Mn per approximately 100 Chls.

Thus, although Mn compounds show low absorbance in the

visible range, the Mn ions of OEC would absorb one

incident photon out of 104–105. This number is 10–100

times bigger than the quantum yield of photoinhibition (Fig.

3; Ref. [16]), indicating that Mn-based reactions may

contribute to photoinhibition under visible light. Light-

induced breakage of the coordination bonds that hold the

Mn ions in OEC may occur because excitation (d–dV
transition) changes the electronic configuration of Mn. A

synthetic model compound of the functional Mn cluster [45]

decomposes under 488-nm laser illumination (G. Brudvig,

personal communication), suggesting that light-induced

ligand loss occurs in Mn complexes.

The main mechanisms of photoinhibition are described in

Fig. 6. The manganese-dependent mechanism (Fig. 6A) is

the only one that can explain a major part of photoinhibition

occurring under different conditions. The damage begins
nhibition, (B) statistical donor-side photoinhibition and (C) acceptor-side
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with excitation of a Mn ion of the OEC. The excited Mn

leaves its site, which renders OEC incapable of donating an

electron to P680
+, which may then damage the PSII reaction

center. We do not know if rebinding of Mn can occur after

the light-induced inactivation. This mechanism is in agree-

ment with the action spectrum of photoinhibition and with

the relative independence of photoinhibition of PSII electron

transfer reactions (Figs. 1 and 2), because the damage

caused by Mn excitation is not expected to be influenced by

non-photochemical or photochemical quenching. The small

enhancement of photoinhibition by photochemical quench-

ing reflects the role of P680
+ in reactions occurring after

damage to OEC. The similarity of the quantum yield of

photoinhibition under various intensities of continuous light

and Xenon flash illumination (Fig. 3) is also consistent with

the fact that Mn absorption is directly proportional to the

amount of light and not influenced by the rate of photo-

synthetic electron transfer. Thus, current data support the

conclusion that a photoinhibition mechanism based on

direct effect of light on the oxygen-evolving manganese

cluster has significance under UV light, visible light and

under illumination with short Xenon flashes.
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