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ABSTRACT. A photosystem Il (PSIl) membrane-associated heme catalase has been identified as a major
source of the dark ¥D.-dismutation reaction in PSII membrane samples [Sheptovitsky, Y. G., and Brudvig,
G. W. (1996)Biochemistry 3516255-16263]. Based on this finding, a catalase-free PSIl membrane
sample was prepared by using mild heat treatment to deplete most of the PSII membrane-associated heme
catalase followed by inhibition of the residual catalase with 50 mM 3-amino-1,2,4-triazole, a specific
heme catalase inhibitor that binds covalently to compound I. After these treatments, the PSIl membrane
sample exhibited only 0.02% of the originab®b-dismutation activity when assayed in the presence of

20 mM 3-amino-1,2,4-triazole. This small residuald3-dismutation activity is attributed to adventitious
metal ions or the non-heme iron in PSIl because the activity was still present in a Mn-depleted PSII
sample but was completely suppressed by adding 5 mM ferricyanide to the assay buffer; the effect of
ferricyanide is attributed to oxidation ofB,-dismutating cations. Although the:8,-dismutation activity

was completely eliminated by these treatments, the light-induceelGlution activity was retained. A

single saturating flash given to catalase-free PSIl membranes did not induce@nglisimutation activity.

These results demonstrate that théSS, and $/S, cycles of the @-evolving complex of PSIl do not

occur in the presence of;,B,, as proposed by Velthuys, B., and Kok, B. [(19Bychim. Biophys. Acta
502,211-221]. The light-induced @evolution activity in catalase-free PSIl was found to be irreversibly
impaired by micromolar concentrations 0f®b. Thus, it is possible that the PSII membrane-associated
heme catalase plays an important role in protection of thev@lving complex from damage by,B-.

Photosystem Il (PSR)is a thylakoid membrane protein
complex responsible for light-driven@volution in plants.

from water, there has been much interest in the chemistry
of hydrogen peroxide with the OEC, as it might provide

This is a highly energetic process, and it involves a number insights on the mechanism of,@volution from water.

of redox species located in the D1 and D2 polypeptides of

PSII (reviewed in refl). A molecule of Qis produced from
two water molecules in four light-driven electron-transfer

The reaction of hydrogen peroxide with flash-illuminated
chloroplasts was studied by Velthuys and K@k ( A two-
step delay in the flash-induced-@ield pattern was observed

steps. These electron-transfer steps begin with the photo-in chloroplast samples pretreated in the dark with 80 mM
excitation of a special chlorophyll called P680 followed by H,O, at pH 8.8 for 1 min. These data demonstrated the
the primary charge separation between the electron donomreduction of the & state to the S state by hydrogen
and acceptor sides of PSIl. The-&volving complex (OEC),  peroxide. Since chloroplasts did not show a significant
a tetramanganese cluster on the donor side of PSII, oxidizesconversion into the S state after preincubation with,B,
water while four electrons are consecutively transferred to at neutral pH, Velthuys and Kol2) concluded that an }D,-

the acceptor side of PSII in order to reduce plastoguinonesdismutation cycle between the 8nd S.; states of the OEC
bound at the @site. In the process of water oxidation, the takes place in the dark at neutral pH. When chloroplasts

OEC cycles between five redox stategt@S;. The structure

were given a single flash to produce the §ate in the

of the OEC, as well as the molecular mechanism of water presence of 8 mM BD, at pH 7.8 (conditions when
oxidation, is yet to be determined. Because hydrogen formation of the S; state was minimal), most of the State

peroxide is a potential intermediate in the evolution of O

T This work was supported by the National Institutes of Health
(GM32715).

1 Abbreviations: AT, 3-amino-1,2,4-triazole; Chl, chlorophyll; DCIP,
2,6-dichlorophenolindophenol; DCMU, 3-(3,4-dichlorophenyl)-1,1-di-
methylurea; DCBQ, 2,5-dichlorp-benzoquinone; DPGymdiphen-
ylcarbazide; EDTA, ethylenediaminetetraacetic acid; MESN2-(
morpholino)ethanesulfonic acid; OECz-@volving complex; PPBQ,
p-phenylbenzoquinone; PSII, photosystem II; PSIIF@Qpellet fraction
following incubation of PSII membranes at 30 for 90 min; PSII-30
°C-AT, PSII-30°C treated with 50 mM AT and 10 mM ascorbate;
snt-30°C, supernatant fraction following incubation of PSIl membranes
at 30°C for 90 min.

was found to be converted into the State. Also, S;-
enriched chloroplasts evolved @fter a single flash. Based
on these results, a flash-inducedQ3-dismutation activity
of the OEC was also proposed involving asiSp cycle.
H,O,-dismutation reactions of the OEC were studied later
by other groups. Frasch and Md&, (4) reported that the
SJ/Sy HO-dismutation rate is maximal when the chloride
concentration is above 10 mM, and the darjOptdismu-
tation reaction of the OEC requires activation with Ca(ll).
It was reported that PSII core preparations catalyze the S
S_; reaction in the presence of 130 mM®} at rates up to
760umol of O, (mg of Chly*h~1 (5). The rate of hydrogen
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peroxide dismutation was found to be at least1® times Studies of the KHO,-production and dismutation reactions
faster for the flash-induced,&, cycle @, 6-9). of the OEC have been complicated by a high-background
Mn-depleted PSIl samples were also found to evolye O H,O,-dismutation reaction in PSIl. Most of this activity was
from H,O, either after a single flash or under continuous attributed to the presence of a PSII membrane-associated
light (2, 10. Two mechanisms appear to be involved. Some heme catalase8( 27). Although 1 mM NaN or KCN has
oxidation of HO, was mediated by metal ions because 0.5 been used in bD,-dismutation assays to inhibit the heme
mM EDTA decreased gevolution from hydrogen peroxide catalase, there was always a question of whether the residual
by 23%. One-electron oxidation of,B,, forming super- H.O.-dismutation activity was coming from either the
oxide, was concluded to be responsible for the remaining noninhibited portion of the heme catalase or the OEC.
portion of the evolved @because 77% of the Field was Another complication of adding azide/cyanide is that these
inhibited with 1 mM ascorbate, a compound that reacts with reagents also inhibit PSIR). Surprisingly, in the studies
superoxide, and this inhibition was partially reversed by of the photoproduction of hydrogen peroxide discussed
superoxide dismutase. The latter mechanism.cé@lution above, the samples were not treated with azide or cyanide
from H,O, could be similar to the mechanism of,N to suppress the high background catalase activity. Therefore,
production from hydroxylamine in Mn-depleted PS1I1( it is possible that hydrogen peroxide production, if any, could
12). ltis interesting to note that Nevolution from NHOH not be detected because it was simply dismutated by the PSII
first was detected in water-oxidizing PSII after a single flash membrane-associated catalase. In the case®f produc-
(13). Later, Beck and Brudvigl() found that nitroxide tion from PSIl samples treated to expose the donor side, the
radicals ofN,N-dimethylhydroxylamine are only formed in  various treatments also might have resulted in the removal/
Mn-depleted PSII membranes. The data suggested that thénactivation of the PSII membrane-associated catalase which,
flash-induced MNevolution from hydroxylamine is the result  thereby, could have facilitated the detection of hydrogen
of a one-electron reaction catalyzed by the PSII centers whichperoxide produced upon illuminatio2§).

had lost manganese during the treatment with@H. The Hydrogen peroxide can also damage PSII. Sandusky and
light-induced formation of N from hydroxylamine and  Yocum @Q9) reported that the manganese cluster was released
superoxide from B, probably both result from a one-  from chloride-depleted PSIl membranes after treatment with

electron reaction with the tyrosine Z radicalz*Ybased on high concentrations of hydrogen peroxide. The free man-
studies of the reduction of2rby exogenous electron donors  ganese ions formed in this way could catalyzeOH

in Mn-depleted PSII centerd4, 15. disproportionation or oxidation chemistry in PSIl samples,
There have been a number of reports that hydrogenthus complicating the interpretation of,@-dismutation
peroxide can be produced by PSII during illuminatién, reactions of the OEC. Miyao et al3@ also showed that

16-22). Using a luminot-peroxidase assay for the detection the D1 protein is damaged at a site near the non-heme iron
of H,O,, Klimov et al. (19) observed four types of flash-  in various PSIlI samples treated with 10 mM@3. This
induced HO:; signals, called signals A, B, C, and D, from  protein damage was not observed in isolated reaction centers
PSII membrane preparations. Signal A was found to be duedepleted of the non-heme iron. Iron(ll) in a biological
to the reduction of @by the electron-acceptor side of PSII, coordination environment is known to react with hydrogen

as was previously reported by Stties and AkerlundZ3). peroxide much faster than hexaaqua-iron(ll) in Fenton
Signals B, C, and D were correlated with the electron-donor chemistry 81).

side of PSII based on the effects of flash illumination,  pecently, we reported the isolation and characterization
although the source of hydrogen peroxide was ambiguous ¢ the psj| membrane-associated heme catalase from PSII
because these signals were generated only slowly after aMmembranes2g). In this work, we present a procedure for
untreated or treated sample was added to the luminol , en51ing catalase-free PSII membranes. This has allowed
peroxidase assay medium (signals B and D, respectively) or ;s 15 examine the dark- and flash-inducedpdismutation

after treatment with %Cid (si%nal C). Thus, signals B, C, and 4tjyities of the OEC and the photoproduction of hydrogen
D were QSS|gned to bound_dﬂ)g. There are two p_OSS|bIe peroxide in PSII samples in which the backgroungD
explanations for the production of hydrogen peroxide by the yismutation activity was eliminated.

OEC. First, “bound” HO, could be an intermediary product

of water oxidation, which would be oxidized further to O  \ATERIALS AND METHODS

under normal conditions. Alternatively, it is possible that

hydrogen peroxide is formed from a side reaction of water ~Sample Preparation PSIl membranes were isolated from
with high-valent manganese in the oxidized OEC upon market spinach leaves as described in Beck et3a). §y a
addition of the sample to the lumineperoxidase assay modified version of the procedure of Berthold et &3)
medium or during the acid treatmerit9j. In this regard, All preparations were done on ice under dim green light.
the treatments which promote signal D (lauroylcholine Prior to use, PSIl membranes were stored-ab 3ng of Chl/
chloride, salt washing, or Cldepletion), as well as the high  mL in liquid nitrogen. The resuspension buffer for PSII
pH of the luminot-peroxidase assay (pH 8.0), perturb the samples contained 15 mM NaCl, 20 mM MES, pH 6.5, and
donor side of PSII and may promote increased accessibility 30% ethylene glycol. The chlorophyll concentration was
of the manganese cluster to,®YOH~ molecules with assayed by the method of Arno84j. A stoichiometry of
subsequent formation of ), (24). Therefore, at the present 200 Chl per PSIl was used for calculations of PSIl molar
time, it is not clear whether hydrogen peroxide is a product concentrations35). The manganese cluster was removed
of a side reaction or an intermediate of the normal molecular from PSII samples by treatment with hydroxylamine ac-
pathway of water oxidation, although the concept of a side cording to Tamura and Cheniag&gj. PSIl membranes were
reaction has been favored, (25, 26. depleted of the extrinsic polypeptidesy i M CaCk
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treatment; the @evolution activity of CaGHtreated PSII cell Clark-type electrode in order to avoid reaction of
membranes was typically about 60% of the activity of atthe electrode, as is the case with a bare platinum electrode,
untreated PSII membranes when assayed in resuspensiowhile still allowing single-flash measurements. However,
buffer containing 200 mM NaCl and 20 mM CaClin owing to the slow time response of a Clark-type electrode,
agreement with past worl37). O.-evolution measurements could not be made after each
Heat-treated PSIl membranes (PSII-30), which are flash in a flash series. Therefore, flash-induceee@olution
depleted of the PSIl membrane-associated catalase, wereneasurements were made after a specific number of flashes

prepared according to Sheptovitsky and Brudag)( PSlI space 1 s apart. The flashes were saturating for the concen-
membranes (1:52.0 mg of Chl/mL) were incubated in a trations of PSIl membranes used.
thermostated cell for 90 min with stirring at 3C followed For measurements of the dark- and flash-induce®.H

by two cycles of centrifugation and resuspension of the pellet dismutation activities of PSII-30C-AT preparations, a 125

in resuspension buffer. Catalase-inhibited PSII membranesug Chl sample in @assay buffer was placed into the 600
(PSII-30 °C-AT) were prepared by inhibiting catalase as uL Instech assay chamber. 20 mM AT, 0.2 mM®4, and
described in Margoliash et aB®) with minor modifications. 5 mM ferricyanide were added, and the sample was incubated
PSII-30°C (0.3 mg Chl/mL) were incubated with 50 mM  for 10—15 min to allow full inhibition of the residual PSII
3-amino-1,2,4-triazole (AT), a specific heme catalase inhibi- membrane-associated heme catalase ai@ Hismutation

tor which binds covalently to compound |, and 10 mM by metal ions. Then 1 mM }D, was added and, after
ascorbate fo2 h at 30°C; ascorbate was used as a source stabilization of the base line {12 min), G, evolution was

of trace amounts of hydrogen peroxide to produce compoundmonitored in the dark for-34 min. Then a single flash was

I. After incubation, the pellet was washed 2 times in given to the sample, and the flash-inducede®olution was
resuspension buffer. A PSII-3@-AT preparation contain-  recorded. As soon as the experiment was completed, a 10
ing 20 mM AT and 5 mM ferricyanide in the buffer is «g Chl aliquot was taken for an £&volution assay under
denoted as catalase-free PSIl membranes. continuous light.

Assays.O,-evolution measurements were made with either ~ Electron-transfer activities of Mn-depleted PSII samples
a YSI Model 53 Q monitor or an Instech Model 203B  were measured spectrophotometrically using DPC and DCIP
oxygen uptake system, each equipped with a Teflon- as the exogenous electron donor and acceptor, respectively
membrane-covered Clark-type; ®lectrode. Both sample (39). A 8 ug Chl sample was added to 1 mL of assay buffer
cells were thermostated at 2& with a Neslab RTE-9DD  containing 25 mM MESNaOH, pH 6.5, 10 mM NacCl, 20
circulator bath. The electrodes were calibrated with air- mM AT, 30uM DCIP, 0.5 mM DPC, and, where indicated,
saturated water for which the,@oncentration was taken as 0.1 mM DCMU. The sample was continuously illuminated
0.25 mM. The G-assay buffer contained 20 mM MES, via a fiber optic with light from a 200 W Oriel lamp filtered
15 mM NacCl, 20 mM CaGl pH 6.5. For continuous-light- by a heat-absorbing (Schott KG-5) and a 550 nm short-pass
induced Q-evolution activity assays, 5 mM ferricyanide and (Oriel) filter. Photoreduction of DCIP was monitored by
0.5 mM DCBQ were added as electron acceptors, and thethe decrease of absorbance at 600 nm using a Perkin-Elmer
sample was illuminated via a tapered light pipe with Lambda 3B spectrophotometer. Absorption data were
saturating light from a 1000-W quartz-halogen lamp filtered digitized with a strip-chart program written in Labview
by a heat-absorbing (Schott KG-5) and long-pass filter (Oriel (National Instrument Corp.) on a Macintosh SE computer.
LP 610). For dark HO,-dismutation activity assays, the EPR measurements were performed at liquid helium
reaction rate was found to be proportional to both the PSII temperatures on a Varian E-line EPR spectrometer equipped
and HO, concentrations; the concentrations of PSIl an®H with an Oxford Instruments ESR 900 liquid helium cryostat.
were chosen to obtain reproducible measurements, dependinghe recording conditions were the following: microwave
on the HO,-dismutation activity. power, 0.2 mW; temperature, 6.0 K; magnetic field modula-

Production of HO, in illuminated PSIl membrane samples tion amplitude, 20 G; magnetic field modulation frequency,
was assayed with a YSI Model 53 @onitor as follows. In 100 kHz; microwave frequency, 9.285 GHz.
the case of PSII-30C-AT, a 250ug Chl sample was added
to 2.5 mL of the Q-assay buffer containing 8 mM ferricya- RESULTS
nide, 2 mM DCBQ, and 10 mM AT. In the case of 1 M Preparation of Catalase-Free Photosystem || Membranes.
CaCl-treated PSII-30C-AT, a 50ug Chl sample was added Past studies of the 4@,-dismutation activity of the OEC
to 2.5 mL of assay buffer containing 200 mM NaCl, 1 mM have been done in the presence of azide or cyanide to inhibit
EDTA, 80ug/mL bovine serum albumin, 2 mM ferricyanide, the background heme catalase activity. However, 1 mM
1 mM PPBQ, and 20 mM MES, pH 6.3. The samples were NaN; did not fully inhibit the HO,-dismutation activity and
then illuminated for 5 min in the assay chamber under also inhibited the light-induced&volution activity by about
continuous saturating light. Following illumination,,O  30% (Table 1). Therefore, we have developed a procedure
production from HO, was monitored after addition of & to prepare catalase-free PSIl membranes without the use of
of 0.1 mg/mL bovine liver catalase (Sigma) to the assay azide or cyanide. This procedure involved three steps. First,
medium. At the end of each experiment, an aliquot gdH most of the PSII membrane-associated heme catalase was
was added to the assay medium to verify that the catalasedepleted by a mild heat treatme8|. Second, the residual
was active and to calibrate the, @ield. catalase was irreversibly inhibited by treatment with AT.

Flash experiments were performed with a Xe-flash tube Third, 20 mM AT and 5 mM ferricyanide were added to the
(EG&G) with an 8uF capacitor which produced an energy sample before assay of the activity. The rates of light-
output d 4 J per flash at 1000 V. The flash-induced-O induced Q evolution and disproportionation of,8, by PSII
evolution measurements were made with the Instech micro-membranes after these treatments are presented in Table 1.
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Table 1: Light-Induced @Evolution and Dark HO.-Dismutation
Activities of Photosystem || Membrane Samples

O,-evolution H,0O,-dismutation

Biochemistry, Vol. 37, No. 15, 199%055

100¢-

LU e e S o

sample ratet? (%) rateé< (%)
(a) untreated PSII membranes 6@ 100+ 1
(b) PSII-30°C 8944 35+ 3
(c) PSII-30°C-AT 79+ 8 1.7+£0.2
(d) Mn-depleted PSII-30C-AT - 3.9+0.3
(e) (@)+ 1 mM NaN® 72 0.1
() (c) + 20 mM AT? 76 0.02
(9) (f) + 5 mM ferricyanidé 64 <0.005

2100%= 580umol of O, (mg of Chly™* h=2, ® Standard deviations

were determined by repeating the series of treatments on the same

preparation of PSII membranegsl00% = 890 umol of O, (mg of
Chl)~th=1 (mM H,0,)1. ¢ After additions, the samples were incubated
at 0.2 mg of Chl/mL for 5 min and then 1@y Chl aliquots were taken
for O, assays.
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Ficure 1: Effect of incubation time on the &evolution activity

of PSIl membranes. PSII-36C-AT (0.2 mg of Chl/mL) were
incubated at 25C in 20 mM MES, 15 mM NacCl, and 20 mM
CaCl, at pH 6.5 after the following additions were made: (a) no
additions; (b) 20 mM AT; (c) 5 mM ferricyanide; (d) as in (b) plus
0.2 mM HOy; (e) as in (b) plus 5 mM ferricyanide and 0.2 mM
H,0O,; (f) as in (b) plus 5 mM ferricyanide and 1.2 mM,E&,. 10

#g Chl aliquots of the sample were taken fog-€volution assays
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Ficure 2: Effect of hydrogen peroxide on the-@volution activity
of PSII membranes. PSII-3CC-AT (0.2 mg of Chl/mL), 20 mM
AT, and 5 mM ferricyanide were incubated at 25 for 20 min
with various concentrations of hydrogen peroxide.

either 20 mM AT or 5 mM ferricyanide did not change the
light-induced Q-evolution activity of PSII-30°C-AT, as
curves b and c coincide with curve a for the PSII*83AT
sample which had no additions during incubation. The light-
induced Q-evolution activity of catalase-free PSIl mem-
branes was quite sensitive to hydrogen peroxide. 0.2 mM
H,0, caused significant inactivation of,@volution of PSII-

30 °C-AT when 20 mM AT was present (curve d), and the
inhibition was more pronounced when 5 mM ferricyanide
was also added (curve e). 1.2 mM®4} caused an even
greater inactivation of @evolution (curve f).

The inhibitory effect of hydrogen peroxide on the light-
induced Q-evolution activity of catalase-free PSIl was
studied (Figure 2). Incubation for 20 min with 0.25 mM
H,O; resulted in inactivation of over 50% of the light-induced
O;-evolution activity, and about 90% inactivation occurred
when the HO, concentration was 5 mM. The inhibition of
Os-evolution activity by HO, was not reversed by adding
bovine liver catalase to decompose th€&kremaining after

after various incubation times. The lines drawn though each datathe incubation. One possibility is that€, could cause the

set were interpolated for clarity.

release of Mn(ll) ions from PSII, as was found whenClI
depleted PSII membranes were treated witfOH(29).

Mild heat treatment of PSIl membranes decreased the However, the EPR spectrum of catalase-free PSII which had

H,O,-dismutation activity by more than 60%. The®}-
dismutation activity was further reduced by treatment with
50 mM AT and 10 mM ascorbate to less than 2% of the
initial activity, or 0.02% if 20 mM AT was present in the
assay buffer. The remaining 0.02% of the activity was
eliminated upon addition of 5 mM ferricyanide to the assay
buffer. Although the HO,-dismutation activity was com-
pletely inhibited by these treatments, most of the light-
induced Q-evolution activity was retained. Depletion of the
manganese cluster from PSII-3C€-AT did not eliminate
the residual HO,-dismutation activity. Just the opposite,

been incubated with 120 mM 4, for 20 min showed only

a slight increase in the six-line Mn(ll) and rhombic Fe(lll)
EPR signals; the EPR-visible Mn(lIl) accounted for less than
10% of the PSII centergi().

Photoproduction of Hydrogen Peroxide by Catalase-Free
Photosystem II.Our preparation of catalase-free PSII pro-
vides a system to test for the photoproduction of hydrogen
peroxide by PSIl. Both catalase-free PSIdahM CaCl-
treated catalase-free PSIl were studied. To inhibit the resid-
ual HO,-dismutation activity in PSII-30C-AT, 10 mM AT
and 8 mM ferricyanide were added to the assay media.

the residual activity was somewhat higher in the Mn-depleted Following illumination of the sample for 5 min, bovine liver

sample. The small increase of the®4-dismutation activity
of Mn-depleted PSII-30°C-AT compared to PSII-30C-
AT is attributed to removal of free AT from the sample
during the washing steps used for Mn depletion.
Inhibition of the OEC by Hydrogen Peroxidezigure 1

catalase was injected into the assay medium. Ne@®-
lution from H,O, was detected. Based on the detection limit
of our system (0.kM H;0,) and the concentration of PSII
used in the assay (0.1 mg of Chl/mL, approximately/Ns
PSIl), we conclude that the net amount ofC4 evolved at

shows the effects of AT, ferricyanide, and hydrogen peroxide the end of the illumination was less than 0.2 per PSIl. The

on the light-induced @evolution activity in PSII-30°C-
AT. Inhibiting the HO,-dismutation activity by adding

AT.

same result was obtained fb M CaCl-treated PSII-30C-
It should be mentioned that, in the latter case, the
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single flash given to a sample of catalase-free PSII containing
naMo, | — 3 mM H,0,. The Q yield in this case was 0.26 0.054M
0, (0.28 @ molecule per 200 Chl, average of 13 measure-
ments), which was about 60% of the first-flashy@eld from
@ © f a Mn-depleted catalase-free PSIl sample. The flat pre-flash
i base line in Figure 3Ad demonstrates that the sample did
1 12 13 fashes 11 flash not exhibit any measurable dark®-dismutation activity.
®) @ The @ production in catalase-free PSIl occurred only
immediately following the flash; continuous,@volution,
W/«/ w\’/"‘“ as would be expected in the case obE58H0,-dismutation
cycle of the OEC, was not observed.,-&volution activity
assays of the catalase-free PSIl sample were done after the
flash experiment and showed that the sample retained about
40% of the light-induced @evolution activity owing to some
B 1 . . . . . ] inactivation by the addition of 3 mM ¥D..
b ] Light-Dependent ©@Evolution from HO, in Mn-Depleted
0.8 [ ] Catalase-Free Photosystem [T he origin of the Qevolved
I . ] from H,O, in Mn-depleted catalase-free PSII following a
single flash (Figure 3Ac,Bb) was further investigated. The
flash-induced production of &rom H,O, in Mn-depleted
I ] catalase-free PSII was linearly dependent on the number of
0.4 - a . flashes spaakl s apart. With continuous illumination, Mn-
I depleted catalase-free PSII evolvegffom a 3 mMsolution
02 | ] of H,O, at a rate of 12«mol of O, (mg of Chly*h=% This
I ] concentration of hydrogen peroxide appeared to be saturating,
as the same rate was observed from 6 mjd# DCBQ in
the assay media was necessary in order to obtain maximal
Number of flashes rates and yields _of ©evolution. To verif_y that the light-
Ficure 3: (A) O.-evolution traces from (a) assay buffer in the induced production of ©from H,O, derived from PSII
presence of 20 mM AT, 5 mM ferricyanide, and 3 mMQ4 after electron transport, measurements were made in the presence
one, two, and three flashes; (b) 12§ of Chl of PSII-30°C-AT of 0.1 mM DCMU; 0.1 mM DCMU decreased both the rate
after 3 flashes in the presence of 1 mM ferricyanide and 0.25 mM and the yield of @ evolution from HO, by 44%. The
DCBQ; (c) 125ug of Chl of Mn-depleted PSII-30C-AT in the incomplete inhibition by DCMU was found to be due to an

presence of 20 mM AT, 5 mM ferricyanide, and 3 mM®j3 after : -
a single flash; (d) 12g of Chl of PSII-30°C-AT in the presence effect of hydrogen peroxide on the binding of DCMU to

of 20 mM AT, 5 mM ferricyanide, and 3 mM $D, after a single PSII, rather than to a non-PSIl mechanism for the light-
flash. The arrows denote the times of the flashes. (B) Dependenceinduced production of ©from H;O,; 0.1 mM DCMU
<13f2;he Qo%eég:Uéifg%’:F?gognAt_?eaggf?t?)ei ;éuﬂaz?%sh?i(\)/ferl\lmt]o (@ completely blocked electron transport from DPC to DCIP
deplg?ed PSII-30C-AT in the presence of 28 mM AT, 5 mM n Mn-deplet_ed PSII-30°C-AT. After the sample was
ferricyanide, and 3 mM bO». pre.trgated with 3 mM kD,, however, 0.1 mM DCMU
inhibited DPC to DCIP electron transport by only 45%,
addition of AT was not necessary as these samples did notalthough the pretreatment with hydrogen peroxide did not
exhibit any dark HO.-dismutation activity. significantly affect the rate of electron transport from DPC
Flash-Induced HO, Dismutation by Catalase-Free to DCIP in the absence of DCMU. Therefore, we con-
Photosystem II. The results of flash experiments with a clude that hydrogen peroxide affects the ability of DCMU
catalase-free PSII membrane preparation are reported into bind to the @ site without significantly disrupting elec-
Figure 3. Figure 3Aa shows that one, two or three flashes tron transport. From these results, we can also conclude that
did not induce any signal in the control sample containing all of the light-induced production of Ofrom H;O, in
only assay buffer with 20 mM AT, 5 mM ferricyanide, and Mn-depleted PSII-30°C-AT derives from PSII electron
3 mM H;0,. Figure 3Ab,Ba shows that PSII-3C-AT did transport.
not produce significant amounts of,@fter one or two
flashes, and after three flashes &volution was observed DISCUSSION
at the saturation level. The,@ield after three flashes was We have developed a procedure for preparing PSIl mem-
0.43+ 0.05uM O, (0.46 @ molecule per 200 Chl, average brane samples free of backgroungdzdismutation activity
of six measurements). Figure 3Ac shows the result from a from the PSIl membrane-associated heme catalase and metal
single flash given to a sample of Mn-depleted catalase-freeions. These catalase-free PSIl samples retained most of the
PSII containing 3 mM HO,. The flash induced an immedi- light-induced G-evolution activity, but they were irreversibly
ate Q production of 0.44t 0.05uM O, (0.48 Q molecule inactivated by micromolar concentrations of hydrogen per-
per 200 Chl, average of five measurements). Figure 3Bb oxide. Using catalase-free PSIl membranes and conditions
shows that the yield of ©§from Mn-depleted catalase-free when inactivation of @evolution activity by hydrogen
PSII containing 3 mM HO, increased linearly with flash  peroxide was minimal, we have examined the dark- and
number, although the average yield per flash was less thanflash-induced HO,-dismutation activities of the 5, and
the first-flash yield. Figure 3Ad shows the result from a SyJ/S, cycles of the OEC. The catalase-free PSII samples

A

O, evolution

13 flashes T 1 flash

Time

O ) evolution, uM

0 1 2 3 4

ol
o
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have also enabled us to study the photoproduction,@hbH  measured to be 76@mol of O, (mg of Chly? h™! in the
by PSII membranes. presence of 130 mM D, (5). This rate can be recalculated
Dark H,O,-Dismutation Reaction of the £Ewvolving for a PSIl membrane preparation assayed at low concentra-
Complex. We have found that there are two sources of dark tions of HO,, if the following two results are used. The
H.O,-dismutation activity in PSIl membranes. A PSIl chlorophyll contents in PSIl membrane and core PSII
membrane-associated heme catalase is the major source angreparations are about 200 and 50 molecules/PSII center,
is responsible for all but 0.02% of the activity, as shown by respectively 27, 39, and the rate of the #D,-dismutation
the effects of depleting the heme catalase by mild heat reaction is proportional to the J@, concentration. Using
treatment and of adding the heme catalase-specific inhibitor,these values and the literature®3-dismutation rates, a PSlI
3-amino-1,2,4-triazole (Table 1). The small residuaDk membrane preparation would be expected to have a rate of
dismutation activity was still present in a Mn-depleted PSII the dark HO.-dismutation reaction of about 1:8nol of O,
sample but was completely suppressed by adding 5 mM (mg of Chly* h™* (mM H,0,)~! and a rate of the 5 H,O»-
ferricyanide to the assay buffer. The effect of ferricyanide dismutation reaction in the range of45 umol of O, (mg
can be explained by oxidation of adventitious metal ions or of Chl)™* h™! (mM H,0,)~%. We found that a single flash
the non-heme iron. Metal ions such as Cu(ll), Mn(ll), and given to a catalase-free PSIl membrane sample produced only
Fe(ll) are known to catalyze J@, dismutation. Fe(ll), in a small fraction of the @ expected for the £5 H,0,-
particular, also reacts with hydrogen peroxide via Fenton dismutation reaction and the,@as generated immediately
chemistry 81). Therefore, we conclude that adventitious after the flash. We did not observe catalytie €/olution
Fe(ll), Cu(ll), or Mn(ll) or the non-heme iron in PSIl were from H;O, after a single saturating flash with a rate that
the second source of the dark®}-dismutation activity in decayed slowly according to the lifetime of the Sate, as
PSII membranes. has been reported for the/S, H,O,-dismutation reaction
Many research groups have used azide or cyanide to inhibit(10). Therefore, we conclude that there is no significasit S
the PSII membrane-associated heme catalase in order to studfp H-O>-dismutation activity in catalase-free PSIl mem-
the dark- and flash-induced,B.,-dismutation reactions of  branes. The yield of @generated immediately after a flash
the OEC in PSIl sample24, 8-10). However, as seen in catalase-free PSIl was about 60% of the yield measured
in Table 1, the PSII membrane-associated catalase is noin Mn-depleted catalase-free PSII. Since catalase-free PSII
completely inhibited by 1 mM Nai cyanide is less also lost approximately 60% of the water-oxidizing activity
inhibitory than azide 28). Therefore, azide- or cyanide- during the flash experiment due to inactivation byQ0d we
treated PSIlI samples would exhibit some residugD4 conclude that the one-flash-induced evolution gftiiat we
dismutation activity. In addition, the 4@,-dismutation observe from catalase-free PSIl membranes derived from
activity of adventitious metal ions in PSIl samples would H:O; oxidation in damaged centers.
not be eliminated by adding azide or cyanide. Consequently, H:0. Photooxidation by Mn-Depleted Catalase-Free
there has always been a background rate @i iismutation Photosystem Il.Flash- or light-induced @evolution from
in past studies of the dark- and flash-inducedOK H,0, in Mn-depleted PSII has been reported previougly (
dismutation reactions of the OEC. By suppressing both 8). We determined the Oyield in Mn-depleted catalase-
sources of the dark iD.-dismutation activity in PSIl  free PSIl to be 0.48 ©@molecule per 200 Chl when the
membranes while maintaining good light-inducegevolu- concentration of kD, was saturating, which is consistent
tion activity, we can conclude that thei/S; H,O,- with the yield observed by Mano et al8)( taking into
dismutation cycle of the OEC does not occur at a measurableconsideration that the contribution of metal ions teCA
rate. It should be noted that this result does not raise doubtdismutation was eliminated in our PSIl samples. Mano et
about the reduction of the, State to the S state by HO.. al. (8) also provided evidence that light-induced evolution
Measurements of a two-flash delay in the flash-yield of O, from H,O, by Mn-depleted PSII proceeds via formation
pattern of HO.-treated chloroplasts provide convincing of superoxide. Based on this observation and our measured
evidence that this reaction took place and was favored by flash yield of approximately 0.5 £PSll, we propose the
high pH ). Moreover, the observation that high concentra- following two-step reaction mechanism for the production
tions of HO, cause the release of Mn(ll) ions from €l of O, from H,O, by Mn-depleted PSII:
depleted PSIl samples provides additional evidence tk@ H

acts as a reductant of the manganese ions in the QEC ( H,O,+Y,— 0O, + H + Y, @
However, the conclusion by Velthuys and KdR that the
OEC could be reoxidized by hydrogen peroxide, thus 20, + 2H " —H,0,+ O, 2

completing a dismutation cycle, was only inferred from the
pH dependence of hydrogen peroxide dismutation and notThese reactions would only occur in Mn-depleted or damaged

based on a direct measurement of the reaction. PSIl centers, where Y becomes accessible to hydrogen
Light-Induced HO,-Dismutation Reaction of the © peroxide.
Evolving Complex. The light-induced HO,-dismutation rate Formation of Hydrogen Peroxide by Photosystem IlI.

from the $/S, cycle has been estimated to be 1D times Previous studies have shown thatld could be formed by
higher than the dark rate from the/S_; cycle @, 6, 8, 9, PSIl in free and “bound” formsl@). However, these studies
27). We can use the previously reported rates of dark- and have been performed in the presence of the PSII membrane-
light-induced HO, dismutation from PSII preparations to associated heme catalase, which could have dismutated any
estimate the expected rate 0f®} dismutation from the $ photoproduced bD,. In samples of either catalase-free PSII

S cycle under our conditions. The rate of the dagkSS, or 1 M CaCl-treated catalase-free PSIl samples, we found
H,O,-dismutation cycle in PSIlI core preparations was that the net yield of photoproduced hydrogen peroxide was
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less than 0.2 per PSII after 5 min of illumination. These

Sheptovitsky and Brudvig

light-induced evolution of @from H,O, that was observed

results demonstrate that PSII does not photoaccumulatein both catalase-free PSIl and Mn-depleted catalase-free PSII

significant amounts of free hydrogen peroxide, although we
would not have observed “bound”,8, under our assay
conditions. This result is consistent with our observation
that the light-induced @evolution activity of PSIl samples
did not decrease in parallel with inhibition of the,®}-
dismutation activity (Table 1); if a significant amount of
H,O, was being generated in the light, then theedolution

can be attributed to the disproportionation of superoxide
formed via one-electron oxidation of hydrogen peroxide by
Yz. Second, micromolar concentrations of®4 signifi-
cantly inactivated light-induced {&volution in catalase-free
photosystem II. Since PSII-mediated oxidation gf0hlis
catalyzed only in the light (eqs -44), the functional
O,-evolving complex would be susceptible to inactivation

activity of catalase-free PSIl would have been much smaller by exogenous bD, under dark conditions. It is notable that
than that of untreated PSII. the PSII membrane-associated heme catalase is bound to the
There are, however, mechanisms for the light-induced luminal surface of the thylakoid membrane and is active only
oxidation of HO, by either Mn-depleted PSII (eqs 1 and 2) above pH 6 (28). Because the pH of the lumen is acidic in
or Mn-containing PSII (egs 3 and 4). the light, the photosystem Il membrane-associated catalase

H,0,+S —0,+S_, 3)

S,+2w—S 4

In both cases, light is used to effect the oxidation O

to O,. Therefore, it is not possible to exclude the photo-
production of some hydrogen peroxide by PSII which was
decomposed during the illumination via either eqs 1 and 2
or egs 3 and 4.

Sensitiity of Catalase-Free Photosystem Il to,®b.
Micromolar concentrations of hydrogen peroxide signifi-
cantly inactivated the light-induced,@volution activity in
catalase-free PSIl samples (Figure 2). The inactivation was
more significant for samples in which the dark®4-
dismutation reaction was more strongly inhibited (Figure 1,
curves d and e). Hydrogen peroxide has been shown to
reduce the OEC to the_gstate ), and, in the case of Ci
depleted PSII, the reduction of the OEC is accompanied with
the release of Mn(ll) Z9). We found that HO, did not
significantly inactivate PSII electron transport and also did
not cause the release of Mn(ll) in Csufficient PSII.
Therefore, the irreversible inactivation of ;®volution
activity by H,O, appears to be caused by disruption of the
manganese cluster without release of Mn(ll) ions. The
mechanism of b, inhibition of the donor side of PSII might
be similar to the one of irreversible hydroxylamine inhibition
of the OEC (1), except that in the case of.8, the
conditions are more oxidizing such that free Mn(ll) ions are
not formed.

In all previous studies of the #,-dismutation activity
of the OEC, high concentrations of,&, (up to 300 mM)
were usedZ—4, 8, 10. Without inhibiting the background
heme catalase activity, much of the addeffimay have
been dismutated, resulting in a lower and time-dependent
concentration of bD,. However, our data suggest that most
of the Q-evolving centers should be damaged with such high
concentrations of kD,, especially under conditions when

the PSIl membrane-associated catalase was inhibited. There-

fore, measurements of light-induced &volution from HO,

in PSIlI samples must take into account the degree of PSII
inactivation because Mn-depleted PSII samples also evolve
O, from HyO, in the light [2, 8 and data presented
here)].

Two main results were reported in this study. First, it
was found that there is no significant,®L-dismutation
activity from the dark gS_; cycle or the light-induced 5
S cycle of the Q-evolving complex in photosystem Il. The

may be crucial for protection of the J£2volving complex
from damage by hydrogen peroxide during dark conditions.
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