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ABSTRACT. Photosystem Il (PSIl) membranes exhibit catalase and polyphenol oxidase (PPO) activities.
Mild heat treatment of PSII membranes for 90 min at'80releases most of these enzyme activities into

the supernatant, accompanied by a 7-fold activation of PPO. In contrast, mild heat treatment of thylakoid
membranes does not release significant amounts of either activity, indicating that both enzymes are bound
to the luminal surface of the thylakoid membrane. The heat-released PSIl membrane-associated catalase
and PPO have been purified and characterized. Catalase activity was correlated with a 63 kDa polypeptide
which was purified by batch adsorption to anion-exchange beads followed by gel filtration. The PSII
membrane-associated catalase is unstable in solution, probably due to irreversible aggregation. The enzyme
was characterized in terms of molecular and subunit size, amino-acid compositiewjsile absorption,

heme content, pH optimum, inhibitor sensitivity, alkg value for HO,. Its properties indicate that the

PSII membrane-associated catalase is a luminal thylakoid membrane-bound heme enzyme that has not
been identified previously. The residual catalase activity of PSII membranes after mild heat treatment is
irreversibly inhibited with 3-amino-1,2,4-triazole, a specific inhibitor of heme catalases, without inhibition

of Oz-evolution activity. This result indicates that little, if any, of the catalase activity from PSIl membranes

in the dark is catalyzed by thex@volving center of PSIl. PPO activity was correlated with a 48 kDa
polypeptide. However, the 48 kDa polypeptide and another heat-released polypeptide of 72 kDa have
the same N-terminal sequence, which is also identical to that of a known 64 kDa protein [Hind, G.,
Marshak, D. R., & Coughlan, S. J. (1998jochemistry 348157-8164]. During heat treatment of PSII
membranes and further manipulations it was found that the 72 kDa polypeptide was largely converted
into the 48 kDa polypeptide. Thus, the 72 kDa polypeptide appears to be a latent precursor of the active
48 kDa PPO. The PSIl membrane-associated PPO was purified by anion-exchange chromatography and
was characterized in terms of substrate specificity, pH optimum, inhibitor sensitivity and native molecular
weight. The heat-released PPO appears to be identical to the enzyme previously isolated from spinach
thylakoid membranes [Golbeck, J. H., & Cammarata, K. V. (198Ant Physiol. 67 977-984].

to its unique properties which include light harvesting, located (Yu et al., 1992), to be isolated without loss of light-

charge separation, and water oxidation, photosystem Il harvesting, charge-separation, or water-oxidation activity.

(PSIIY:

has become the most studied thylakoid membrane- At present 27 polypeptides are identified as either PSII

protein complex. Because 80% of the PSII complexes are sypunits or proteins associated with the PSIl complex
located in the Chloroplast grana, itis pOSSible to isolate PSII (Andersson & Styring, 1991; |rrgang et a|_’ 1993; Kuwabara
in pure and active form by isolating the grana portion of & Hashimoto, 1990; Kuwabara, 1995; Zhang et al., 1995).
thylakoid membranes. During the last two decades, a QOnly two of the 27 proteins, the heterodimer of the D1 and
number of PSII preparations with different degrees of D2 subunits which forms the reaction center, bind all of the
subfractionation have been developed. The procedure knowrnredox components that are necessary for primary charge

as the

BBY preparation (Berthold et al., 1981) has become separation and water oxidation. At least nine polypeptides

a standard method for isolating PSII membranes because ithind chlorophyll a/b and function in the light-harvesting

allows

the appressed region of the grana, where PSIl isprocess. The function of the other proteins associated with
PSII still remains obscure.

* This work was supported by the National Institutes of Health (GM N addition to the primary water-plastoquinone oxi-

32715).

® Abstract published ildvance ACS Abstract®ecember 1, 1996.
1 Abbreviations: AU, arbitrary units; bis-Tris propane, 1,3-bis[tris-

doreductase activity, it has been found that the PSII complex
of higher plants can carry out other enzymatic activities. For

(hydroxymethyl)methylamino]propane; Chl, chlorophyli; dopa, 3,4- €Xample, itis known th.a_t PSIl samples of higher _p|ant3 can
dihydroxyphenylalanine; dopamine, 3-hydroxytyramine; FPLC, fast catalyze the decomposition of hydrogen peroxide in the dark.

protein liquid chromatography; HPLC, high-pressure liquid chroma- This catalase activity has been attributed, in part, to

tography; kDa, kilodalton; LHCII, light-harvesting chlorophyll protein
associated with PSII; MES, N¢morpholino)ethanesulfonic acid; OD,

contamination of a thylakoid membrane-bound heme catalase

optical density; PPO, polyphenol oxidase; PSI, photosystem I; PSII, in PSII samples (Frasch & Mei, 1987; Mano et al., 1987,
photosystem II; PSII-30C, pellet fraction following incubation of PSII 1993). Although there are a few reports of the isolation of

membranes at 3TC for 90 min; SDS-PAGE, sodium dodecyl sulfate
polyacrylamide gel electrophoresis; snt-30, supernatant fraction

heme catalases from spinach leaves (Galston et al., 1951;

following incubation of PSII membranes at 3G for 90 min; TCA, Gregory, 1968; Hirasawa et al., 1987, 1989), the putative
trichloroacetic acid; Tris, tris(hydroxymethyl)aminomethane. catalase from PSIl samples has never been identified or
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purified. Also, several groups have concluded that PSIl can MATERIALS AND METHODS

catalyze the disproportionation of hydrogen peroxide in the ) .
dark by a reaction cycle involving the_Sand S states of Sample Preparation PSIl membranes were isolated from

the Q-evolving center (Frasch & Mei, 1987, 1987; Mano market spinach leaves as described in Beck et al. (1985) by
et al., 1993; Taoka et al., 1993; Velthuys & Kok, 1978). & modified version of the BBY procedure (Berthold et al.,
Thus, the question of whether the catalase activity of PSII 1981). All preparations were done on ice under dim green
samples is due to the presence of a heme catalase, id9ht: Prior to use, PSIl membranes were stored-&5 g
endogenous to the &volving center of PSII, or both of Chl/mL in liquid nitrogen. Unless otherwise stated, the
remains to be elucidated. buffer for PSII samples contained 15 mM NaCl, 20 mM
PSII preparations also exhibit polyphenol oxidase activity. MES. PH 6.5, and 30% ethylene glycol. The Chl concentra-
Polyphenol oxidase (PPO) is a copper enzyme found in 10N Was determined by the method of Arnon (1949),- O

plants. It catalyzes the oxidation of hydroxyphenols to their €volution rates of PSIl samples, measured with a Clark-type
quinone derivatives which then spontaneously polymerize. €/€ctrode, were in the range of 368504mol of O,/(mg of
The molecular weight of active plant PPOs is in the-50 Chl-h).  Extrinsic polypeptides were depleted from PSII

kDa range. The active form of PPO is known to originate Membranes by 1 M Cagtreatment (Ono & Inoue, 1983).
from a latent precursor protein of higher molecular weight. ~ PSIl membranes (1:52.0 mg of Chl/mL) were heat-
Although the physiological route of PPO activation is not treated by incubation in a thermostated cell for 90 min with
known, in sitro activation of PPOs has been achieved by stirring at 30°C. After incubation, the PSIl membranes were
treatment with detergents, denaturing agents, proteolytic centrifuged for 30 min at 370@0 The supernatant
enzymes, fatty acids, high or low pH, or by aging (Golbeck (Snt-30°C) was saved, and the pellet of PSII membranes
& Cammarata, 1981). The existence of a latent PPO in plant (PSII-30 °C), following two washes with buffer, was
thylakoid membranes was first reported by Arnon (1949). resuspended in buffer to a Chl concentration €63mg of
Since then the knowledge about thylakoid PPO has signifi- Chli/mL.
cantly advanced due to efforts of a number of research groups All electrophoretic and blotting procedures were carried
[for review, see Trebst and Depka (1995)]. Spinach thyla- out by using standard procedures (Ausubel et al., 1995).
koid membrane-bound PPO was isolated, purified and Polyacrylamide gel electrophoresis was performed with/
characterized by Golbeck and Cammarata (1981). It waswithout sodium dodecyl sulfate using a Bio-Rad Modular
found to be specific only to o-dihydroxyphenols when it was Mini Electrophoresis System. Dilute protein samples were
activated with linolenic acid and to exist in two intercon- precipitated with 10% TCA prior to solubilization in sample
vertible forms: a tetramer and a monomer with a subunit buffer. Gels were fixed and stained with Coomassie blue
molecular weight of 42.5 kDa. or silver. Polypeptide molecular weights were estimated by
Recently the complete sequence of a 64 kDa protein using the low molecular weight standards from Bio-Rad
purified from spinach thylakoid membranes was reported which included lysozyme (14.4 kDa), soybean trypsin
(Hind et al., 1995). For many years this polypeptide was inhibitor (21.5 kDa), carbonic anhydrase (31 kDa), oval-
thought to be a thylakoid LHCII kinase (Coughlan & Hind, bumin (45 kDa), bovine serum albumin (66.2 kDa), and
1986), but later investigations revealed that the 64 kDa phosphorylaseéb (97.4 kDa). Proteins were eluted from
polypeptide is just a substrate for a not-yet-identified protein SDS-PAGE gel slices using a Schleicher & Schuell EluTrap
kinase (Race et al., 1995). Because the mature proteinsystem. Blotting of proteins onto a polyvinylidene fluoride
sequence showed 50% similarity to several PPOs, it wasmembrane (Immobilon P, Millipore) was done with a Bio-
concluded that the 64 kDa polypeptide is a latent thylakoid Rad Mini Trans-Blot Electrophoretic Transfer Cell. N-
PPO and the precursor of the active 42.5 kDa PPO purified terminal sequencing of blotted proteins stained with Coo-
by Golbeck and Cammarata (1981). massie Blue was performed by the W. M. Keck Foundation
Spinach thylakoid PPO has also been correlated with Biotechnology Resource Laboratory (Yale University, School
dithiothreitol-sensitive proteases (39 and 60 kDa) which were of Medicine).
extracted with 1 M NaCl from spinach PSIl membranes For peptide mapping, proteins were digested in gels
(Kuwabara & Hashimoto, 1990; Kuwabara, 1995). These according to Stone and Williams (1996). SBBAGE-
proteins had the same N-terminal sequence, APILPDVEK-, separated proteins were stained with Coomassie Blue for
as the above-mentioned 64 kDa protein. The 39 and 60 kDal h prior to destaining for a minimum of 2 h. Excised gel
proteins showed protease activity at low-salt conditions with pieces were incubated for 15 min in 50% /0.1 M Tris,
a pH optimum between 7 and 9. Since 1,10-phenanthrolinepH 8.0. Modified trypsin (Promega), diluted in a 1:2 ratio
inhibited the protease activity, a metal was suggested to bewith 0.1 M Tris, pH 8.0, and 0.1% Tween 20, was added to
at the active site of these enzymes. semi-dried gel pieces (final enzyme ratio @&f15 mn# gel).
The localization of the 64 kDa PPO protein on thylakoid After 24 h of incubation at 37C, the sample volume was
membranes has been studied (Lax & Vaughn, 1991; Yu etdoubled with 0.1 M Tris/60% CECN, and 1 mM dithio-
al., 1992). Using different experimental techniques, both threitol was added, followed by a 20 min incubation at
groups found the 64 kDa protein at the edges of the grana.50°C. Then 200 mM methyl-4-nitrobenzene sulfonate was
In this study, we report that a mild heat treatment of BBY added and the samples were incubated &tGfor 40 min.
PSIlI membrane preparations results in release of catalasd’eptides were extracted with 0.1% trifluoroacetic acid/60%
and PPO activities into the supernatant. The proteins CH;CN. Extracts were speed-vac dried and redissolved in
responsible for these enzymatic activities have been identifiedH,O to the final volume of 11L. 0.2 mL of the digests
and purified to electrophoretic homogeneity. Both enzymes containing 2 M urea were loaded in onto a reverse-phase
have been characterized and their properties are comparetHPLC column for automated peptide mapping. Fractions
to those of previously reported proteins. were detected at 210 nm. HPLC runs of protein tryptic
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digests were done by the W. M. Keck Foundation Biotech- 1p101. Relative Catalase Activities ang-Bvolution Rates of

nology Resource Laboratory. Samples for amino-acid psii Samples before and after 90 min Incubation atGd
analysis were presented to the W. M. Keck Foundation

. . catalase activity, % Pevolution rate, %
Biotechnology Resource Laboratory in 20 mM MES, pH 6.5. )
. : experiment PSIl  PSII-306C snt-30°C~ PSIl PSII-30°C
All liquid chromatography experiments were performed
1 100 12 95 100 97

by using a Pharmacia FPLC system. A Mono-Q column 100 17 89 100 84
was used for anion-exchange chromatography. The eluent 3 100 26 87 100 102
buffer contained 0.5% betaine, 20 mM MES, pH 6.55, and = Assay buffer: 20 mM MES. pH 6.5, 15 mM NaCl, 10 mM CaCl
30% ethylene glycol. Gel-filtration experiments were done 4nq 309 ethylene glycol. ' ’

with a HiPrep Sephacryl S-100 column (for catalase purifica- - - -
tion and PPO molecular-weight determination) or Superose &n average of values determined using two different enzyme
12 HR 10/30 column (for catalase molecular-weight deter- concentrations. o .

mination). The gel-filtration buffer contained 0.5% betaine, _ SPectroscopy.The UV-visible absorption spectrum of

20 mM MES, pH 6.55, 0.15 M NaCl, and 30% ethylene PSI.I membrane-associated catalase was recorded with a
glycol. FPLC flow rates were 0.3 and 0.5 mL/min for anion- Varian Cary 3e spectrophotometer. The sample buffer
exchange and gel-filtration runs, respectively. Fractions were contained 0.5% betaine, 20 mM MES, pH 6.5, 0.15 M NaCl,
detected at 280 nm. For molecular-weight determinations, nd 30% ethylene glycol. Other Uwisible measurements
the gel-filtration columns were calibrated by using the low Were done on a Perkin Elmer Lambda 3B spectrophotometer.
and high molecular-weight gel-filtration calibration kits from A Bio-Rad model 1650 densitometer was used to record the
Pharmacia which included the following standards: cyto- Protein profiles of polyacrylamide gels. Both absorption and
chromec (12.4 kDa), chymotrypsinogen (25 kDa), ovalbu- plensﬁo_metry da_ta were digitized by using aprogram Wmten
min (43 kDa), albumin (67 kDa), aldolase (158 kDa), and N Labview (National Instrument Corporation) on a Macin-
dextran (2,000 kDa). For batch adsorption, a sample wastosh SE computer. . _

nutated for 20 min with anion-exchange beads (Q Sepharose A Varian SpectrAA atomic absorption spectrometer was
FF, Pharmacia) which were previously washed with the used for determination of copper content. The sntG0

sample buffer. The supernatant was decanted after theas boiled to reduce the volume to 0.5 mL. Then 2 mL

sample again was boiled to reduce the volume to 0.5 mL.
The final volume of the sample was brought to 1 mL by
0.25% HNQ. Copper content was calibrated with an
atomic-absorption standard solution from Aldrich. Estima-
tion of the Cu/PSIl ratio was made based on the initial
volume of snt-30°C which was from heat-treated PSII
membranes of known concentration.

Assays.All O,-evolution and consumption measurements
were made on a YSI Model 53;0nonitor, equipped with
a Teflon-membrane-covered Clark-type ©lectrode. A
Neslab RTE-9DD circulator bath was used to maintain the
sample cell’s water jacket at 2%C and to equilibrate the
temperature of the electrode and buffers before an assay
The electrode was calibrated with air-saturated water for
which the Q concentration was taken as 0.25 mM. RESULTS

Catalase activity was measured as the initige@olution
rate from 1 mM HO,. Unless otherwise stated, the assay
buffer consisted of 0.5% betaine, 20 mM Tris, pH 8.0, and
30% ethylene glycol. The assay was initiated by injecting
a solution of hydrogen peroxide through a side inlet into the
sample cell containing 4 mL of assay buffer with an aliquot

of the sample.. ] L the samples were incubated 90 min at &) most of the
_ The PPO activity was measured as the initigdlOnsump-  ¢5¢9jase activity was found in the supernatant (Table 1). The
tion rate following injection of 1 mM dopamine into the assay  c4ta1ase activity in snt-30C and the residual catalase activity
media. The assay media was the same as that used fopt pg)1.30°C were both inhibited by 3-amino-1,2,4-triazole,
measurement of catalase activity. a specific inhibitor of heme catalases. Repeated resuspension
Anion or thiol inhibition of PSIl membrane-associated of the inhibited PSII-3C°C pellet in buffer did not restore
catalase was carried out by addition of inhibitor at various catalase activity. After both heat and 3-amino-1,2,4-triazole
concentrations directly into the catalase assay media. Inhibi-treatment, the PSII membranes retained less than 5% of the
tion studies with 3-amino-1,2,4-triazole were performed initial catalase activity, but the light-induced,®volution
according to Margoliash et al. (1960); prior to assay, the activity was not significantly changed.
sample (purified PSII membrane-associated catalase or 0.3 |n addition to the catalase activity, a polyphenol oxidase
mg of Chl/mL of PSII-30°C) was incubated with 4 mM  activity was observed in the PSIl membrane samples. O
ascorbate and 20 mM 1,2,4-aminotriazole for 2 h afG0 Consumption rates due to PPO were in the range o450
For measurement of the effect of copper Chelation, PPO wass500 mM Q/(m"]-lug of ChlF-mM dopamine) when measured
incubated with 50 mM 3,3%,5-diethyldithiocarbamate on  at pH 6.5. Mild heat treatment of the PSII samples resulted
ice for 1 h. in release of the PPO into the supernatant (Table 2).
For the determination ofK, values, Q-evolution/ Solubilization of PPO was accompanied by its activation:
consumption rates were measured at different substratePPO activity of the snt-30C was about 7 times higher than
concentrations and then plotted as rate vs substrate concenthe activity of nontreated PSII (Table 2). Since the PSII
tration. Each plot was fit by the Michaelidlenten equation =~ membranes showed 67% of the original PPO activity after
to obtain theK, value. The final value foK,, was taken as  the first heat treatment, an additional heat treatment of PSII-

Mild Heat Treatment of PSIl Sample®2SIl membrane
samples showed high catalase activity in the dark. The
measured catalase activity was directly proportional to the
PSII membrane concentration and typicat&olution rates
from hydrogen peroxide were 46800 mM QJ/(min-ug of
Chl-mM H,0,) when measured at pH 6.5 in the dark. When
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(a) PSIL 08 (b) PSII-30°C (c) Supernatant from PSII-30°C
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Ficure 1: SDS-PAGE densitometry profiles of (a) PSII; (b) PSII-30; and (c) snt-30C. 12.5% (a, b) and 9% (c) polyacrylamides were
used for the SDSPAGE.

Table 2: Relative Polyphenol Oxidase Activities of the PSII . At_o_mic-absorption measurement§ of the snfG(Bhowed
Samples before and after 90 min Incubations afG® significant levels of copper. The ratio Cu/PSIl was estimated
sample PPO activity, % to be 0_'2__0'_3' )
PSI| 100 Identification of the 72, 63, 48, and 41 kDa ProteinEo
PSI1-30°C identify the heat-released proteins, their N-terminal sequences
first heat treatment 67 were determined. Both the 72 and 48 kDa proteins had the
second heat treatment 23 same N-terminus, APILPDVEKST-, as the known thylakoid
snt-30°C 684 64 kDa protein (Hind et al., 1995). The 63 and 41 kDa

a Assay buffer: 20 mM MES, pH 6.5, 15 mM NacCl, 10 mM CacCl proteins had blocked N-termini.

and 30% ethylene glycol. In order to characterize further the four heat-released
30 °C was carried out to further deplete PPO. The PPO polypeptides, we ran HPLC profiles of tryptic digests of each

activity of PSII-30°C was decreased from 67% to 23% after of tPle f(;ur prtcr)]teigg. A(\js 4v£\3/a:(sDexpelcted,tftge HPI_tChp(ejzptide
the additional heat treatment (Table 2). Considering the high protiies rom the 7. an a polypeptides maitched very
PPO activity of snt-30°C, one can see that two heat well. The HPLC peptide profiles from the 63 and 41 kDa

treatments depleted PPO from the PSII membranes almos roteins did not match vv_ith each other or with those of the
completely. It should be noted that two consecutive heat 2and 48 kpa pol.ypeptlde_s.. )

treatments of PSIl membranes did not inactivate light- 10 determine which protein is responsible for the catalase
induced Q evolution. reaction, the catalase activity was measured for bands on a

To obtain some information on the location of the PS|I Native gel. First, the native polypeptides in the snt*€D
membrane-associated catalase and PPO in thylakoid memWere separated by electrophoresis on a gel containing 5%
branes, we checked the catalase and PPO  activities ofPolyacrylamide. Then, the gel was immersed in 3%k
thylakoid membranes and compared these results with datdn this solution, the catalase-active band was detected by
for PSIl membranes. Both thylakoid and PSII membrane the formation of bubbles of £and marked on the gel. Next,
samples had high catalase and PPO activities. However, mildthe gel was stained with Coomassie Blue which allowed the
heat treatment of thylakoid membranes did not release catalase-active band to be excised precisely. The protein
significant amounts of either activity, indicating that both from the excised gel piece was eluted, concentrated, and
enzymes are bound to the luminal surface of the thylakoid identified by SDS-PAGE, which showed a single protein
membrane. band at 63 kDa.

SDS-PAGE densitometry profiles of PSIl membranes  The function of the 41 kDa protein, which had a blocked
before and after heat treatment and of the supernatant afteN-terminus and was distinct from other heat-released pro-
heat treatment are shown in Figure 1. The most significant teins, remains to be determined. In this study, we did not
difference between the PSII and the PSII280densitometry conduct specific investigations to answer this question.
profiles is the absence of a 72 kDa band in the PSIF30 Purification of the PSIl Membrane-Associated Catalase.
profile. The lower molecular-weight region of the PSIl The PSIl membrane-associated catalase was purified from
samples had overlapping bands, due to the intrinsic proteinssnt-30°C by a simple two-step procedure. First, snt°80
of the PSII complex, which made it difficult to observe any was treated with anion-exchange beads in a buffer containing
changes. The densitometer profile of the supernatant from0.5% betaine, 20 mM MES, pH 6.5, and 30% ethylene
PSII-30 °C showed four distinct bands with apparent glycol. After a 20 min incubation at ambient temperature,
molecular weights 72 5, 63+ 3, 48+ 2, and 41+ 1 kDa the decanted supernatant (snt-Q) retained 100% of the
(data are based on 20 SBBAGE runs). The 63 kDa  original catalase activity, and no PPO activity was detected.
protein was the least abundant protein. The intensities of SDS-PAGE of this fraction showed an intense 63 kDa band
the 41 and 48 kDa bands from snt-30 were similar tothe  and a very faint band at 72 kDa. Tlgod/Aq7s ratio of snt-
intensities of the extrinsic PSII polypeptides from 1 M CaCl Q, a parameter of catalase purity, was low and equal to 0.14.
extraction of PSIl membranes. Sometimes, in addition to Second, gel-filtration chromatography was used to separate
the above-mentioned proteins, SBBAGE of snt-30°C the PSII membrane-associated catalase from the 72 kDa
showed the presence of small amounts of the extrinsic PSlIprotein. When non-concentrated snt-Q was put through the
proteins with apparent molecular weights of 891 and 26 gel-filtration column, the catalase-active fractions were eluted
+ 1 kDa (data not shown). It is interesting that no release first, corresponding to a molecular weight of about 130 kDa,
of the 18 kDa extrinsic PSII protein was observed upon heat and then the 72 kDa protein was eluted. This purification
treatment of PSII membranes. step improved thé\,o/As7g ratio from 0.14 to 1.1.
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Table 3: Amino-Acid Composition of the PSII 120
Membrane-Associated Catalase Calculated for a Single Subunit of ]
63 kDa 100

amino acid no. of residues amino acid no. of residues < ]

Asx 72.88 lleu 26.00 5 80

Thr 36.65 Leu 39.77 5

Ser 38.76 Tyr 20.57 T o

Gly 40.12 Phe 37.19 b )

Glx 40.68 His 20.80 E -
(Pro+ Cysp 41.70 Lys 25.86 8 404

Ala 35.92 Arg 35.49 = 1

Val 29.05 Trp ND ]

Met 19.55 20

2 Not quantitative. ]

ot T T

. 4 5 6 7 8 9 10 11
Although the PSIlI membrane-associated catalase was pH

stable in the snt-30C, which contains the other heat-released ;e . pH dependence of PSII membrane-associated catalase
proteins, it was found to be highly susceptible to inactivation (m) and PPO 4). Assay buffer: 0.5% betaine, 20 mM bis-Tris
during manipulations. This problem was most likely due to propane, and 30% ethylene glycol.
irreversible aggregation of the enzyme. Addition of non-
ionic detergents and/or sugars did not prevent this inactiva-
tion. However, betaine significantly improved the stability
of the enzyme. When 0.5% betaine was added to the buffers,
the catalase samples could be passed through a gel-filtration
FPLC column essentially without deactivation. However,
betaine did not prevent loss of activity during concentration.
Attempts to use ion-exchange chromatography instead of gel
filtration for further purification and concentration of the PSlI
membrane-associated catalase also failed due to its irrevers-
ible deactivation on binding to a column. Typically,
concentration of samples containing the PSIl membrane- 0.0-M . . . . ,
associated catalase resulted in—80% loss of catalase 0 10 20 30 40 50 60 70 80
activity. Thus, to purify the PSII membrane-associated [H,0,], mM
catalase, steps thf’ﬂ required its concentration or blnd_lng to aFIGURE 3: Dependence of catalase activity op4 concentration.
coll_Jr_nn were avoided. It should_ be noted that, during all o assay sample contained al5 aliquot of enzyme and 4 mL
purification steps, the concentration of the PSII membrane- of assay buffer (0.5% betaine, 20 mM Tris, pH 8.0, and 30%
associated catalase was very low. The catalase-enricheathylene glycol). The solid line is a fit of the MichaetiMenten
fractions were only concentrated for UWisible absorption ~ equation to the data.
measurements or precipitated with TCA for SBISAGE.
Characterization of the PSIl Membrane-Associated Cata- O.Osi
lase. The purified PSIl membrane-associated catalase ex- 1 \iﬁ\/\‘
hibits a single band on a denaturing SDS polyacrylamide 1
gel with an apparent molecular weight of 63 kDa (Figure 0.06
6a). Its native molecular weight was determined by gel avelength. nm
filtration to be about 130 kDa, which is consistent with a
dimer. The amino-acid composition calculated for a 63 kDa
subunit is presented in Table 3. As was reported above, the ‘
catalase has a blocked N-terminus. 0.02
The enzyme’s pH optimum is at 8.2 (Figure 2). The ]
catalase activity is inhibited by 3-amino-1,2,4-triazole, thiols, 0 ooj
including 2-mercaptoethanolsf = 0.15 mM), and by the ’ e
anions cyanidel§, = 3.1 uM), azide (5o = 0.6 uM) and 300 400 500 600 700
formate (so = 119 mM). Wavelength, nm
The dependence of catalase activity on the hydrogenFigure 4: Absorption spectrum of 0.4M PSII membrane-
peroxide concentration is shown in Figure 3. No inhibition associated catalasduf4/A;7s = 1.1). The insert shows the absorp-
was observed at high concentrations of hydrogen peroxide.tion spectrum of the pyridine ferrohemochrome of the PSII
The apparenK, was calculated to be 47 mM, which is in me_rn_brane-assomated catalase, obtained by adding 0.5 M Na_1CI, 10%
agreement with typicao, values for heme catalases (Hoch- pyridine, and a small amount of p&0O, to the enzyme solution.
man & Goldberg, 1991; van Eyk et al., 1992). dithionite. The pyridine ferrohemochrome of the enzyme
The absorption spectrum of the PSII membrane-associatedshowed an absorption spectrum typical of protoheme IX:
catalase exhibited peaks at 278, 404, 500, and 620 nm ancpeaks were observed at 417, 522, and 556 nm. Addition of
shoulders at 538 and 572 nm in the oxidized form (Figure peracetic acid to the PSIl membrane-associated catalase
4). The enzyme was not reduced upon addition of sodium resulted in a significant decrease of the Soret peak at 404

(=1
S
)

[=]
w
T IR

e
-
1

0, production rate, mM/min
[}
N
|

Absorption

0.04

Absorption, OD
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5 8% Catalase 41 kDa [80 Table 4: Thylakoid PPO Specificity Data
< (48+72) kDa PPO activity,  Km = 1%
E SOJ 0 _ substrate phenol type  arb. units (mM)
2 — [ z dopamine ortho 17.4 0.33
5 w0 - 4-methylcatechol  ortho 10.5 6.58
p ] A catechol ortho 4.88 8.87
2 = p,L.-dopa ortho 3.04 ND
g‘ 20, Lo & (—)-epicatechin ortho 1.34 ND
2 (+)-catechin ortho 1.14 ND
< chlorogenic acid ortho 0.50 ND
0 Lo resorcinol meta 0 -
T T T T ——T— hydroquinone para 0 -
0 4 8 12 16 20 24 L-tyrosine mono 0 -
Eluted volume, ml p-coumaric acid mono 0 -
gallic acid trinydroxy 0 -

Ficure 5: FPLC profile of the snt-30C on a Mono-Q anion-
exchange column eluted with a NaCl step gradient. Buffer: 0.5%

betaine, 20 mM MES, pH 6.55, and 30% ethylene glycol. PPO was eluted from the beads with a 0.2 M NaCl buffer.
SDS-PAGE of this fraction showed an intense band at 48
nm, which is characteristic of formation of compound | kDa and faint bands at 41 and 72 kDa.

(Schonbaum & Chance, 1976). Purification of the 72 kDa protein alone was not successful
The catalase also could be dissociated from PSII mem-for the following reasons. When the 48 kDa protein was
branes, together with the extrinsic PSII polypeptides, by present in a sample, the 72 kDa protein was progressively
1 M CaCh. 1 M NacCl did not prove to be effective in  converted into the 48 kDa protein. Thus, by the end of the
removing the catalase from PSIl membranes. However, purification procedure the final amount of the 72 kDa protein
high-salt treatments significantly inactivated the PSIl mem- was very small. On the other hand, some of 72 kDa was
brane-associated catalase. We also measured the catalaseund to be present in fractions enriched with the PSII
activity at different steps during the preparation of PSIl membrane-associated catalase. No cleavage or PPO activity
membranes from thylakoid membranes. When thylakoid was observed in this case. However, when these fractions
membranes were incubated with Triton X-100-containing were run through a gel-filtration column, the eluted 72 kDa

buffer followed by centrifugation, high catalase activity was protein was contaminated with the 63 kDa monomer of the
found both in the pellet, enriched in PSII, and in the catalase.

supernatant which contained mostly PSI. Characterization of PPO.Mild heat treatment of PSII
Purification of PPO (48 and 72 kDa Proteins)he PSII membranes released PPO into solution, and simultaneously
membrane-associated PPO was purified from sntby activated it by about 7-fold. Two forms of thylakoid PPO

a single run through an anion-exchange column (Figure 5). were identified in the supernatant after heat treatment. As
A NaCl step gradient was used for elution of the proteins. determined by SDSPAGE, their molecular weights were
All fractions were checked for catalase and PPO activities. 48 and 72 kDa. Both of these proteins had the same
SDS-PAGE densitometry profiles of the three main peaks N-terminal sequence, APILPDVEKST-. The FPLC experi-
are shown in Figure 6. ments showed that PPO activity was associated only with
The PPO-active fraction was eluted with a 0.2 M NaCl the 48 kDa protein. The 72 kDa protein did not exhibit any
step gradient. This fraction contained the 48 kDa protein PPO activity, and in the presence of the 48 kDa protein it
with some contamination of the 72 kDa protein (Figure 6). was converted into the 48 kDa PPO-active form. Gel-
The PSIl membrane-associated catalase was found in the voidiltration experiments showed that the active form of PPO
volume PuodAzzs = 0.28). The 41 kDa polypeptide was was a monomer (the protein eluted at a molecular weight of
eluted as the main peak at 0.1 M NacCl, and it was neither 45 kDa).
catalase- nor PPO-active. The pH dependence of PPO activity is presented in Figure
Sometimes prior to the FPLC step, the snt<ZD was 2. The optimal pH was about 8, and there was practically
incubated with anion-exchange beads in the presence ofmo activity below pH 6.0. The PPO activity was inhibited
0.1 M NaCl. In this case, more than 90% of the PPO was by 3,3,5,5-diethyldithiocarbamate, a copper chelating agent.
bound to the beads; the PSII membrane-associated catalasAs seen in Table 4, the thylakoid PPO showed specificity
and most of the 41 kDa protein were left in the solution. for ortho-dihydroxyphenols, among which dopamine was the

(a) Void volume (b) Main peak at 0.1 M NaCl (c) Main peak at 0.2 M NaCl
0.4 )
2] 2 05| 41kDa < 04 48 kDa
o 03] 63 kDa g g
5] S 0.3 2 1
-?—i 0.2 3 & 0.2
3 S 0.21 $ 0] 72 kDa
2 0.1 a E < 1
< < 0.0 < 0.0
0.0 — T T T T T T T T T T T T T T T T T T
30 40 50 60 70 80 90 100 30 40 50 60 70 80 90 100 30 40 50 60 70 80 90 100
MW, kDa MW, kDa MW, kDa

Ficure 6: SDS-PAGE densitometry profile of the each of the three main peaks in the FPLC run of the $GtsB@wn in Figure 5. 9%
polyacrylamide was used for the SBBAGE.
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Table 5: Properties of PSII Membrane-Associated Catalase, Purified in This Study, and Two Other Spinach Catalases Reported Previously

property PSII membrane-associated catalase spinach leaf catalase green catalage

molecular mass (kDa)

subunit 63 NA 60

native form 130 300 125
pH optimum 8.5 5.38.0 6.0
UV —visible spectra

maxima, nm 278, 404, 500, 620 278, 404, 502, 620 279, 403, 542,592, 723

shoulders, nm 538, 572 533 290, 500, 630
dithionite no reduction NA no reduction
protoheme IX yes yes yes
novel heme no no yes
Km, MM 47 NA NA
inhibition, Isg

a. 2-mercaptoethanol 0.15 mM NA no inhibition

b. cyanide 3.uM 5uM inhibition

c. azide 0.M 20 uM inhibition

d. formate 119 mM NA inhibition

e. 3-amino-1,2,4-triazole inhibition NA NA
stability highly aggregated highly aggregated NA

aGalston et al. (1951) and Gregory (1968Mirasawa et al. (1987, 1989).

best substrate. PPO was not active toward any of the testecbn the observation that mild heat treatment of thylakoid
meta, para, and trihydroxyphenols. Th&, values for membranes did not result in release of catalase into the
dopamine, catechol, and 4-methylcatechol were calculatedsupernatant, as it was the case with PSIl-membrane samples,
by fitting data directly to the MichaelisMenten equation.  the PSIl membrane-associated catalase appears to be bound

We were not able to determin&, values for otheiortho- to the luminal surface of the thylakoid membrane.

dihydroxyphenols due to their limited solubility. It is known that PSII preparations from cyanobacteria do
not exhibit any catalase activity (Dubinin et al., 1992). As

DISCUSSION a result, cyanobacteria form hydrogen peroxide in the light

In the present study, we show that mild heat treatment of and secrete it into the medium at a high rate. The
PSII membranes releases several polypeptides into theconcentration of b, may sometimes be as high as 55 mM.
supernatant. Two of these heat-released proteins are identiln the presence of DCMU or under anaerobic conditions,
fied as membrane-bound catalase and polyphenol oxidaseH202 production virtually ceases. It was proposed that
Both the catalase and PPO have been purified and characterdydrogen peroxide is formed in the electron-transport chain
ized. at the step of ferredoxin oxidation by the generation gf O

Catalase. The purified PSIl membrane-associated catalase @nd its subsequent dismutation. Up to 40% of the total
contains protoheme IX and its native form is a dimer of a electron flow in the electron-transport chain can be used for
63 kDa polypeptide. It is useful to compare the properties hydrogen peroxide formation.
of the PSII membrane-associated catalase with the properties In higher plants, all of the protein complexes responsible
of two known spinach catalases. A spinach leaf catalasefor the photosynthetic light reactions are organized into the
was reported by Galston et al. (1951) and Gregory (1968); thylakoid membrane. Several research groups have found
90% of the catalase activity was found not to be associatedthat hydrogen peroxide is formed during the water-oxidation
with any subcellular particle. An unusual green catalase wasreaction of PSII (Ananyev et al., 1992; Fine & Frasch, 1992;
also extracted from spinach leaves (Hirasawa et al., 1987, Hillier & Wydrzynski, 1993; Klimov et al., 1992, 1993).
1989), although its cellular distribution was not studied. The There are also other possible sources of hydrogen peroxide
characteristics of the PSIl membrane-associated, spinach leafformation in chloroplasts (Gerasimenko et al., 1989). For
and green catalases are presented in Table 5. The PSIexample, hydrogen peroxide may be produced from the
membrane-associated and green catalases have major difautoxidation of heme proteins, plastoquinols, or NADH or
ferences in UV-visible absorbance, pH optimum, inhibitor  from secondary reactions of superoxide. If the production
sensitivity, sensitivity to 2-mercaptoethanol, and heme of hydrogen peroxide in thylakoid membranes has the same
content, whereas the PSIl membrane-associated and spinacfate as in cyanobacteria, the concentration of hydrogen
leaf catalases have somewhat similar properties. Theirperoxide inside the chloroplast during. ®volution could
absorption spectra are very similar, and both enzymes arebecome quite high. For this reason, the association of a
unstable due to irreversible aggregation at high concentra-catalase with thylakoid membranes might be crucial in order
tions. However, there are also major differences betweento protect chloroplast proteins from damage.
these two catalases. These include differences in their native Removal of the extrinsic polypeptides from PSIl mem-
molecular weights, the pH ranges for optimal catalase branes results in production of hydrogen peroxide during
activity, and inhibitor sensitivity. A similarity in the light-induced Q evolution (Schider & Akerlund,
absorption spectra and susceptibility to inactivation due to 1986; Berg & Seibert, 1987). We have found that the 1 M
aggregation are quite typical for plant catalases (BeaumontCaCl treatment, used to remove the extrinsic polypeptides
et al., 1990). Thus, we conclude that the PSIl membrane-from PSIl membranes, depletes the PSIl membrane-associ-
associated catalase and spinach leaf catalase are distinct frorated catalase as well. Because high-salt treatments also
each other and that the PSII membrane-associated catalassignificantly deactivate the catalase, the residual catalase
characterized in this study is a new spinach catalase. Basedctivity of 1 M CaCh-treated PSII is negligibly low.
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Table 6: Properties of PPO Purified in This Study and the
Previously Reported PPO

PPO characteristic 48 kDa spinach thylakoid PPO

heat treatment of sonication of chloroplasts
PSII membranes

isolation method

molecular weight

SDS-PAGE 48 kDa 42.5 kDa
gel-filtration 45 kDa 158 and 42.5 kDa
PPO activity highly active latent
activation mode heat (?) 1gfatty acids, aging
pH optimum 8.0 7.68.0

substrate specificity o-dihydroxyphenolso-dihydroxyphenols
Km, MM

a. dopamine 0.33 0.74
b. catechol 8.87 3.13
c.D,L-dopa ND 8.3

d. chlorogenic acid ND 11.6

aGolbeck and Cammarata (1981).

Therefore, the loss of PSII membrane-associated catalas
activity in extrinsic-polypeptide-depleted PSIl may explain

why it is possible to detect light-induced hydrogen peroxide
production by PSIl membranes only after high-salt treat-
ments.

The disproportionation of hydrogen peroxide in the dark
by a reaction cycle involving the_$ and S states of the
O,-evolving center proposed by Velthuys and Kok (1978)
was studied by several research groups (Frasch & Mei, 1987

Sheptovitsky and Brudvig

specificity. There are, however, a few differences. For
example, the enzyme purified by Golbeck and Cammarata
(1981) consisted of two interconvertible forms: a tetramer
and monomer with a subunit molecular weight of 42.5 kDa.
Both of these forms had latent PPO activity, but they could
be activated either by fatty acids or spontaneously, but
slowly, with time. On the other hand, our experiments did
not reveal any tetrameric PPO and the PPO activity of the
48 kDa protein was high and did not require additional
activation. These minor differences in properties can be
accounted for by differences in experimental conditions,
isolation method or activation mode. Therefore, we conclude
that the active PPO we have characterized is identical to the
42.5 kDa spinach PPO reported by Golbeck and Cammarata
(1981).

During mild heat treatment and further manipulations, most
of the latent 72 kDa PPO protein was converted into an active
48 kDa PPO protein. Although no specific studies on the
ecleavage mechanism were conducted in this work, FPLC
experiments revealed that the 72 kDa protein was cleaved
only in the presence of the 48 kDa protein. This observation
agrees with the finding that active PPO also has protease
activity (Kuwabara & Hashimoto, 1990). Although the
physiological role of the thylakoid membrane-bound PPO
remains to be elucidated, it may have a proteolytic function.

The presence of high levels of copper in the snt280
(Cu/PSIl = 0.2-0.3), together with SDSPAGE experi-

Mano et al., 1987, 1993; Taoka et al., 1993). High pH was ments, indicates that PPO is quite abundant in PSII mem-
necessary to observe this catalase-like reaction. The highyrane preparations, although most of the PPO exists in a

catalase activity of thylakoid or PSII membranes due to the
presence of the PSIl membrane-associated catalase raises t

latent form. It is known that PSII membrane preparations
h®ntain Cu(ll) which has been found to interfere with EPR

question of whether any of the dark rate of hydrogen peroxide gpectroscopic measurements (Miller & Brudvig, 1991). It

disproportionation is actually due to ar/S.; cycle. The
residual catalase activity of PSII-3TC was irreversibly
inhibited by 3-amino-1,2,4-triazole, which is known to bind
covalently to the compound | intermediate of catalase,
without loss of light-induced @evolution activity. This
result indicates that little, if any, of the catalase activity from
PSII membranes in the dark is catalyzed by thee@olving
center of PSII.

Polyphenol OxidaseThe PSII membrane-associated PPO
is present in a latent form with a molecular weight of
72 kDa. Heat treatment releases this latent form from the

seems likely that PPO may be the source of this Cu
contamination. If so, a mild heat treatment of PSIl mem-
branes could be a useful method to remove Cu(ll).

Both the PSII membrane-associated catalase and PPO have
pH optima near 8.0. In addition, both enzymes appear to
bind to the luminal surface of the thylakoid membrane. The
pH dependence and the luminal location of the PSII
membrane-associated catalase and PPO have interesting
implications on their function under physiological conditions.
Because the pH of the lumen is acidic during light-induced
O, evolution, these enzymes would not be expected to be

membrane and also causes it to be processed into an activective in the light. Oppositely, in the dark, the luminal pH

form with a molecular weight of 48 kDa. Both the 48 and
72 kDa PPO proteins have the same N-terminus which is
also identical that of a known thylakoid 64 kDa protein (Hind
et al.,, 1995). The apparent molecular weights of proteins
determined in the present study are ) kDa higher than
previously reported molecular weights. For example, the 24
and 33 kDa extrinsic PSIl proteins ran at 26 1 and
39+ 1 kDa in our SDS-PAGE experiments. Thus, taking
this into consideration, we conclude that the 72 kDa protein
we have characterized is identical to the known thylakoid
64 kDa polypeptide. Our results provide strong support for
the proposal by Hind et al. (1995) that the 64 kDa thylakoid
protein previously thought to be a LHCII kinase is, in fact,
the latent form of PPO.

The properties of the active 48 kDa PPO purified in this

study and the spinach thylakoid PPO characterized by
Golbeck and Cammarata (1981) are summarized in Tableg

6. The properties of the two enzymes are very similar,

is close to the optimum for the catalase and PPO. It appears
that the PSII membrane-associated catalase and PPO are
thylakoid bound luminal enzymes which are important
mostly for dark processes in the thylakoid lumen.
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