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Sonication of barley thylakoids in a high salt buffer released three polypeptides of M r 32,000, 23,000, and 13,500 
which were purified to homogeneity by chromatofocusing. 

Highly purified inside-out photosystem II preparations were obtained by French Press treatment or by Triton X- 
100 fractionation of stacked lamellar systems. Both preparations are composed of pairs of appressed membrane 
sheets. In the French Press preparation, the majority of these membrane pairs are sealed whereas they are predomi- 
nantly unsealed in the Triton X-100 preparation. Both preparations are able to evolve oxygen and show reversed 
proton pumping. The oxygen evolving capacity and variable fluorescence of both preparations were lost upon 
washing with high salt buffer. This treatment also removed three polypeptides at M r 32,000, 23,000, and 13,500. 
The inactivated preparations were reconstituted with respect to oxygen evolution and variable fluorescence by 
rebinding of the isolated M r 23,000 polypeptide. The M r 32,000 and 13,500 polypeptides had no effect on recon- 
stitution. 

Abbreviations: Chl = chlorophyll; chl-P = chlorophyll-protein; DCCD = dicyclohexyl carbodiimide: DCMU = 3- 
(3,4-dichlorophenyl)-l,l-dimethylurea; DCPIP = 2,6-dichlorophenol indophenol; EPR = electron paramagnetic 
resonance; Hepes = N-2-hydroxyethylpiperazine-N'-2-ethane sulfonic acid; PPBQ = phenyl-p-benzoquinone: PS = 
photosystem; SDS-PAGE = sodium dodecylsulfate polyacrylamide gel electrophoresis; TMBZ = 3.Y,5,5'- 
tetramethylbenzidine; Tricine = N-(2-hydroxy-l,l-bis(hydroxymethyl)ethyl)glycine: Tris = tris-(hydroxymethyl)- 
amino methane 

0105/1938/83/0048/0161/$05.00 



B.L. MOLLER 8r EB. HOJ: Photosynthetic oxygen evolution 

1. INTRODUCrION 

Two different methods are available whereby 
an essentially complete fractionation of pho- 
tosystem II from photosystem I can be achieved 
with retainment of the photosynthetic charac- 
teristics of photosystem II including the water 
splitting activity (6, 18). The photosystem II 
preparation of BERTHOLD, BABCOCK and YOCUM 
(6) was obtained from stacked lamellar systems 
of spinach by two consecutive Triton X-100 ex- 
tractions and characterized by electron paramag- 
netic resonance (EPR) spectroscopy. Signal I 
(F'/00+) was absent under strongly oxidizing con- 
ditions indicating the absence of the pho- 
tosystem I reaction centre. Upon Tris washing, a 
doubling of the light induced photosystem II sig- 
nal was observed. Since this signal (Signal IIf) is 
thought to arise from the P680 donor Z, the re- 
sult suggested that the preparation was active 
with respect to oxygen evolution as was also di- 
rectly shown polarographically (6). Generally, 
the treatment of thylakoids with detergents have 
resulted in the loss of oxygen evolution although 
in a few studies (30, 46, 50) more complex pho- 
tosystem II preparations with retained oxygen 
evolution were obtained. The conditions of de- 
tergent fractionation designed by BERTHOLD et 
al. (6) thus constitutes a major improvement. 

The second procedure used for the isolation of 
pure photosystem II vesicles was described by 
HENRY and MOLLER (18): Chloroplasts of spinach 
were isolated in the presence of l0 mM-magne- 
slum chloride and osmotically lysed maintaining 
the magnesium chloride concentration. The 
tightly stacked lamellar systems thus obtained 
were subjected to repeated mechanical disrup- 
tion in the French Pressure Cell. This procedure 
allowed the subsequent isolation of pure inside- 
out photosystem II vesicles by phase partitioning 
(l, 3, 25, 54). These oxygen evolving pho- 
tosystem II vesicles released protons into the am- 
bient medium upon illumination and were en- 
riched in the high potential form ofcytochrome 
b-559. The low temperature fluorescence emis- 
sion spectrum showed a major emission peak at 
694 nm whereas the emission at 729 nm was 
weak. Four chlorophyll-proteins were contained 
in the photosystem II vesicle, namely chlo- 
rophyll a-protein 2 (M r 55,000), chlorophyll a- 
protein 3 (M r 47,000), and chlorophyll a/b-pro- 

tein I and 2 (M r 32,000 and 28,000, respec- 
tively). Also present were four polypeptides with 
lower molecular weights. 

Being active in photosynthetic oxygen evolu- 
tion, both photosystem II preparations must 
contain all the polypeptides, lipids and cofactors 
required in this process. Much evidence suggest 
that manganese is essential in the oxygen evolv- 
ing process (2,12,41) but its mechanism of par- 
ticipation and site of action remains unknown. 
SPECTOR and WINGET (45) reported the isolation 
of a cholate-extractable Tris-sensitive man- 
ganese-containing polypeptide of M r 65,000 
which reconstituted oxygen evolution when add- 
ed to the cholate-extracted thylakoid material 
after its incorporation into artificial liposomes. 
SAYRE and CHENIAE (42, 43) were unable to iso- 
late such a manganese-containing polypeptide. 
NAKATANI and BARBER (38) using essentially the 
procedure of SPECTOR and WINGET (45) isolated a 
protein of molecular weight 230,000 composed 
of four identical subunits. This protein was also 
reported to restore oxygen evolution but other- 
wise resembled catalase. More recently, MANS- 
FIELD and BARBER (32) reported the inhibition of 
oxygen evolution upon washing of inside-out 
vesicles with 2 mM-EDTA. This treatment re- 
leased manganese and polypeptides with appar- 
ent molecular weights in the range of 58,000 to 
70,000. Oxygen evolution was partially regained 
by addition of the released polypeptides in the 
presence of glycerol. The relationship of any of 
the EDTA released polypeptides with the recon- 
stituting protein earlier reported (38) was not dis- 
cussed. The use of inside-out vesicles in the study 
of the oxygen evolving enzymes was initiated by 
,h, KERLUND et al. (53, 55). Salt-washing of inside- 
out vesicles inhibited oxygen evolution and re- 
suited in the simultaneous release of polypep- 
tides of M r 34,000, 23,000, 21,000, and 16,000. 
Readdition of these polypeptides to the washed 
inside-out vesicles using a low salt buffer resulted 
in partial reconstitution of oxygen evolution. 
The M r 23,000 polypeptide was purified from 
acetone extracts ofthylakoids and could by itself 
mediate reconstitution. Preliminary studies indi- 
cated that this protein did not contain man- 
ganese. Three polypeptides of M r 34.000, 
23,000, and 17,000 were also obtained by cholate 
extraction of sonicated thylakoids (47). These 
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polypeptides were claimed identical to those ob- 
tained by salt washing of inside-out vesicles. 
After separation on a DEAE-Sephacel column, 
the M r 17,000 polypeptide was found to be es- 
sential for reactivation of the extracted mem- 
branes. This protein did not contain manganese. 

Using the technique of chromatofocusing, we 
here report on the purification to homogeneity 
of polypeptides released from thylakoids of bar- 
ley by sonication in the presence of 200 mM- 
NaCI (53). Among these is a polypeptide with an 
apparent molecular weight of 23,000. When 
washed with NaC1, both inside-out vesicles (18) 
and a photosystem II preparation obtained with 
Triton X-100 (6) were inactivated with respect to 
oxygen evolution and polypeptides of M r 
32,000, 23,000, and 13,500 were released. Upon 
addition of stoichiometric amounts of the iso- 
lated M r 23,000 polypeptide to each of the two 
photosystem II preparations used, both prepara- 
tions were reactivated to the same extent. None 
of the additionally isolated polypeptides had any 
effect on reconstitution. 

2. MATERIALS AND METHODS 
2.1. Solubilization of thylakoid polypeptides by 

sonication 
Seeds of barley (Hordeum vulgare L. cv 

Svalofs Bonus) were germinated in vermiculite 
moistened with tap water. Seedlings were har- 
vested after growing for 7 days at 20 ~ in contin- 
uous white light (1700 lux provided by Sylvania 
F48TI2-GRP-VHO Gro-lux fluorescent lights). 
Chloroplasts were isolated in a medium com- 
posed of 400 mM-sucrose, 20 mM-NaCI and 50 
mM-Tricine pH 7.5. The chloroplasts were os- 
motically lysed and the lamellar systems de- 
stacked by two consecutive washings in 10 mM- 
Hepes pH 8.3. The thylakoids were then resus- 
pended in 200 mM-NaC1/10 mM-Hepes pH 8.3 at 
a chlorophyll concentration of 0.6 mg�9 ml-l. 
After stirring for 10 min, the thylakoids were pel- 
leted by centrifugation for 15 min at 48,000 g. 
The washed thylakoids were resuspended in an 
identical volume of the NaC1/Hepes buffer and 
sonicated at 4 ~ for 2• sec in a MSE MK2 
Sonicator fitted with a 10 mm probe and ad- 
justed to a peak to peak amplitude of 18 microns. 
The solubilized thylakoid polypeptides were sep- 

arated from the depleted thylakoids by cen- 
trifugation for 30 min at 116.000 g. Sodium 
dodecyl sulfate polyacrylamide gel elec- 
trophoresis (SDS-PAGE) revealed the preferen- 
tial extraction of three polypeptides at M r 
32,000, 23,000, and 13,500. All operations were 
carried out at 0-4 *C. 

2.2. Isolation of polypeptides for reconstitution 
experiments 

The supernatant containing the polypeptides 
solubilized by sonication in 200 mM-NaCI/10 
mM-Hepes (conductivity 23 mS) was dialysed 
against 25 mM-imidazol pH 6.2 for 2 hours to 
decrease its conductivity to around 6 mS corre- 
sponding to approx. 50 mM-NaCI. Centrifuga- 
tion for 10 min at 48,000 g produced a tiny green 
pellet and an almost colorless clear supernatant 
which was fractionated by chromatofocusing on 
a column (1.0x30 cm) containing Polybuffer ex- 
changer PBE 94 (Pharmacia Fine Chemicals, 
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Figure 1. Fractionation of the M r 32,000 and 23,000 
polypeptides by chromatofocusing. 
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Figure 2: Isolation of the M r 13,500 polypeptide by cation exchange chromatography. 
Polypeptides released by thylakoids by sonication in the presence of 200 mM-NaC1 and which did not bind to the 

chromatofocusing column were applied to a CM Sepharose CI 6B column and eluted using a linear salt gradient 
(section 2.2). Pure M r 13,500 polypeptide was obtained in fractions 32-34. For convenience, the M r 13,500 
polypeptide is assigned as 13k in subsequent figure legends. 

Uppsala, Sweden) previously equilibrated with 
25 mM-imidazole pH 6.2. Elution was carried 
out using a 1:10 dilution of  Polybuffer PB 74 at 
pH 4.0 using a flow rate of  3 ml �9 min-l. The 
presence of polypeptides in the run-off and in 
the collected fractions (3 ml) was monitored by 
SDS-PAGE: Fractions containing either the M r 
32,000 or the 23,000 polypeptide as the only 
component were pooled (Figure 1). Those frac- 
tions which contained mixtures of the two poly- 
peptides were pooled, adjusted to pH 6.2 with 1 
M-Hepes pH 7.5, and rechromatofocused at 
identical conditions. The homogenous prepara- 
tions of the M r 23,000 and of the M r 32,000 
polypeptides were stored at -80 *C without re- 
moval of the Polybuffer. 

The M r 13,500 polypeptide did not bind to the 
chromatofocusing column. To obtain this poly- 
peptide, the run-off was concentrated to a small 
volume, diluted 10-fold with 10 mM-Hepes pH 

7.5 and fractionated on CM Sepharose C1 6B 
(2.5x5 cm) using a 500 ml linear NaCl-gradient 
of 0-600 mM in 10 mM-Hepes pH 7.5. The flow 
rate was 0.3 ml �9 min-l and 5 ml fractions were 
collected. This method provided a homogenous 
preparation of the M r 13,500 polypeptide (Figure 
2). 

2.3. Preparation of inside-out photosystem II 
vesicles 

Mechanical disruption of the photosynthetic 
lamellar systems and subsequent fractionation 
was carried out using a French Pressure Cell and 
phase-partitioning in an aqueous two phase dex- 
tran/polyethylene glycol system (18). The French 
Press was operated at 3,600 lb.  in-2 and the 
polymer concentration used was 5.80% (20). The 
inside-out photosystem II vesicles partitioned to 
the bottom phase, and were repartitioned with 
fresh upper phase until essentially all chlorophyll 

164 Carlsberg Res. Commun. Vol. 48, p. 161-185, 1983 



B.L. MOLLER & P.B. HoJ: Photosynthetic oxygen evolution 

Figure 3: Polypeptide composition of inside-out photosystem II vesicles and of photosystem II membranes 
prepared with Triton X-100 and of the polypeptides released by Tris/NaCl washing or from thylakoids by sonica- 
tion in the presence of NaC1. 

The electrophoretic separation was carried out at 10 ~ on a denaturing dodecyl sulfate containing 11-15% linear 
gradient polyacrylamide gel (system II in (31)). A: thylakoids. B:inside-out photosystem II vesicles. C and D: 
polypeptides released upon washing the inside-out vesicles with 200 mM-NaCl/50 mM-Tris pH 8.3 and illustrating 
the variability in the electrophoretic properties of the M r polypeptide in different experiments. E: polypeptides 
released upon sonication ofthylakoids in the presence of 200 mM-NaCl/10 mM-Hepes pH 8.3. F: polypeptides in E 
which did not bind to the chromatofocusing column. G: M r 32,000 polypeptide after chromatofocusing. H: M r 
23.000 polypeptide after chromatofocusing. I: M r 23,000 polypeptide after re-chromatofocusing. J: plastocyanin 
eluted from the chromatofocusing column at pH 4.0 after application of a salt gradient. K: photosystem II 
membranes prepared with Triton X-100. 
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Table I. 
Reconstitution of oxygen evolution by rebinding of isolated polypeptides to sodium chloride washed inside-out 
vesicles. 

Oxygen evolution Inhibition Stimulation Reconstitution 
lamoles O2/mg chl/hr % % % 

Untreated 260 
NaCI washed 32 88 

+Mr23,000 169 
+M r 13,500+23,000+32,000 180 
+Mrl 3,500+32,000 35 

428 65 
462 69 

9 3 

containing material remained in the dextran- 
rich bottom phase. The vesicles were collected 
from the dextran phase by ultracentrifugation, 
resuspended in a medium composed of 500 mM- 
sucrose, 3 mM-NaCI and 10 mM-Hepes pH 7.5. 
All experiments were carried out with freshly iso- 
lated vesicles. 

2.4. Preparation of photosystem II membranes 
using Triton X-100 

The procedure ofBERTHOLD et al. (6) was used: 
Barley chloroplasts were prepared in a medium 
composed of 400 mM-NaC1, 2 mM-MgCl2, and 
20 mM-Tricine pH 8.0. The chloroplasts were os- 
motically lysed by two washings in 5 mM-MgCl2/ 
15 mM-NaCl/20 mM-Hepes pH 7.5. The tightly 
stacked lamellar systems obtained were resus- 
pended in the same medium at 2 mg chl �9 ml-l 
and incubated with Triton X-100 (25 mg 
chl �9 ml-0 at 4 ~ for 30 min with stirring. Cen- 
trifugation for 30 rain at 48,000 g provided a 
grana enriched pellet which again was resus- 
pended in the same medium at 2 mg chl �9 ml-l. 
Triton X-100 was added (5 mg �9 mg-l chl) after 
which centrifugation (30 min at 48,000 g) of the 
suspension was immediately started. The pellet 
thus obtained is composed of oxygen evolving 
photosystem II membranes and was resus- 
pended in 400 mM-sucrose/5 mM-MgC12/15 mM- 
NaC1/20 mM-Hepes pH 7.5. Freshly isolated ma- 
terial or aliquots which had been stored at -80 ~ 
were used in the experiments. 

2.5. Sodium chloride washing of the photosystem 
II preparations. 

Inside-out photosystem II vesicles or pho- 
tosystem lI preparations obtained with Triton X- 
100 were resuspended in 200 mM-NaC1/10 mM- 

Hepes pH 8.3 at 0.062 mg chl �9 ml -l. After stir- 
ring for 20 min in the dark, the vesicles were 
pelleted by centrifugation for 15 rain at I16,000 
g. The polypeptide composition of the superna- 
tant and of the pellet was monitored by SDS- 
PAGE. The pellet was resuspended (1 mg 
chl. ml-l) in 500 mM-sucrose/3 mM-NaCI/10 
mM-Hepes pH 7.5 (subsequently referred to as 
"low salt buffer") and immediately used for re- 
constitution experiments. 

2.6. Preparation of reconstituted vesicles 

Purified polypeptides or the mixture of poly- 
peptides released upon NaC1 washing were com- 
bined with the photosystem II preparations inac- 
tivated by NaC1 washing. After standing for 5 
rain, the reactants were diluted 50 fold with "low 
salt buffer". The photosystem II membranes 
were then pelleted by centrifugation (15 min at 
116,000 g), resuspended in the same buffer at a 
chlorophyll concentration of I mg �9 ml-l and as- 
sayed for their capacity to evolve oxygen and for 
rebound polypeptides. 

2.7. Photochemical assays 

Oxygen evolution was assayed polar- 
ographically at 18 ~ in a Rank Brothers oxygen 
electrode (Rank Bros., Bottisham, Cambridge, 
U.K.). The assay medium was 70 mM-sucrose/3 
mM-NaC1/30 mM-Hepes pH 6.5, supplemented 
with 0.5 mM-phenyl-p-benzoquinone as electron 
acceptor. The total volume of the reaction mix- 
ture was 3.0 ml and an amount ofphotosystem II 
vesicles corresponding to 60 lag chlorophyll was 
used in each experiment. Rate saturating irradia- 
tion of the reaction mixture was provided by a 
Schott KL 150 B light source fitted with a light 
pipe (~ 8 mm). Simultaneous measurements of 
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oxygen evolution and proton gradient formation 
were carried out as in (18). 

Measurement of room temperature fluores- 
cence induction was carried out in a four-sided 
cuvette placed in a light-tight holder fitted with a 
quartz cylinder mounted on a bifurcated light- 
pipe to allow excitation of the sample with a 
broad band of blue light (Coming 4-96 filter) and 
collection of the emitted fluorescence (Coming 
2-64 filter). The assay mixture was composed of 
70 mM-sucrose/3 mM-NaCI/30 mM-Hepes pH 
6.5. The total volume was 300 ~tl and an amount 
of photosystem II membranes containing 9 lag 
chlorophyll was used for each experiment. Each 
sample was dark equilibrated for 10 min. The 
onset of irradiation was controlled by a pho- 
tographic Compur Electronic 1 shutter having an 
opening time of 0.6 msec. The fluorescence sig- 
nal was measured using a Hamamatsu R928 
photomultiplier and a signal amplifier (Applied 
Photophysics, London) and recorded on a digital 
oscilloscope (Nicolet Explorer II Digital Os- 
scilloscope, Madison, Wisconsin). Low tempera- 
ture fluorescence emission spectra were obtained 
as in (44). 

stained for 3 hours at 60 ~ with 2% uranyl ace- 
tate. Dehydration was carried out by resuspend- 
ing the specimen in solutions of increasing eth- 
anol content (30, 50, 75, 90, 96, 99, 99, and 
99%), propylene oxide and mixtures of pro- 
pylene oxide/Spurr resin. The specimen was fi- 
nally embedded in pure Spurt resin which was 
polymerized for 8 hours at 70 *C. The cut sec- 
tions were placed on copper grids and re-stained 
with uranyl acetate/lead citrate for 30 min using 
the LKB Ultrostainer System Carlsberg and ex- 
amined in the electron microscope (Siemens 
Elmiscope 102) at 80 kV. 

2.10. Additional analytical procedures 
Chlorophylls were determined in 80% acetone 

and quantified according to ARSON (4). Amino 
acid analysis was carried out after hydrolysis of 
the protein in 5.7 N-HCI at 110 ~ for 24 hours in 
evacuated sealed tubes. Manganese determina- 
tions were carried out by atomic absorption 
spectrometry at 279,5 nm using a Perkin-Elmer 
2380 Atomic Absorption Spectrometer fitted 
with a HGA 74 graphite tube and Autosampler 
ASE. 

2.8. Gel-electrophoresis 
Sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) was carried out at 
10 *C using a 6% stacking gel and a 11-15% linear 
polyacrylamide gradient separation gel (System 
II in (31)). Non-denaturing polyacrylamide gel 
electrophoresis was carried out using a 4.5% 
stacking gel and a 6.6% separation gel (11). Flat- 
bed isoelectric focusing in polyacrylamide gels 
was performed as described in (23). After the 
electrophoretic fractionation, the gels were 
stained with Coomassie Brilliant Blue R250. 

2.9. Electron microscopy 
Samples for electron microscopy were incu- 

bated for 2 hours at room temperature with 4% 
redistilled glutaraldehyde. Post-fixation was car- 
fled out in 2% osmium tetroxide dissolved in 60 
mM-potassium phosphate pH 7.4 for 3 hours. 
Each fixative was removed by repeated cycles of 
centrifugation and resuspension in 60 raM-po- 
tassium phosphate. The specimen was subse- 
quently washed with distilled water and then 

3. RESULTS AND DISCUSSION 
3.1. Sonication of thylakoids and the isolation of 

released polypeptides 
Sodium chloride washing of inside-out vesi- 

cles results in the inhibition of oxygen evolution 
and in the release of polypeptides at M r 34,000, 
23,000 and 16,000 (55). In thylakoids of normal 
side orientation, these polypeptides are elec- 
trostatically bound to the inner thylakoid surface 
and therefore not released into the medium 
upon washing with sodium chloride. The yield 
of inside-out vesicles is low, especially when vesi- 
cles of simple polypeptide composition are desir- 
ed (18, 19). The use of these vesicles as starting 
material for isolation of polypeptides located on 
the inner thylakoid surface will therefore only 
provide low amounts. Consequently, we de- 
veloped an alternative approach towards the iso- 
lation of such polypeptides avoiding any use of 
detergents or extractions with organic solvents. 

The isolated lamellar systems were washed 
twice with 10 mM-Hepes pH 8.3 to destack the 
membranes. Thereafter, the membranes were 
washed once with a buffer of high ionic strength 
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(200 mM-NaCI, 10 mM-Hepes pH 8.3). This is 
expected to restack portions of the membranes 
and to remove extrinsic proteins like chloroplast 
coupling factor. The same polypeptides as those 
obtained from inside-out vesicles were now pref- 
erentially released from the washed thylakoids 
by sonication in the same buffer of high ionic 
strength. SDS-PAGE of the polypeptides released 
by sonication revealed major bands at M r 
32,000, 23,000 and 13,500 plus four additional 
components (Figure 3, lane E). In comparison, 
the procedure used by AKERLUND et al. (55) ex- 
tracted about 23 components. When the poly- 
peptides released by sonication were added to 
NaCl-washed inside-out vesicles in a low salt me- 
dium, reconstitution of oxygen evolving capaci- 
ty was observed (Table I). To determine the poly- 
peptide components active in the reconstitution 
process, the polypeptides were fractionated by 
chromatofocusing. A clean separation of the M r 
32,000 and 23,000 polypeptides was achieved 
(Figure 1) although their pH of elution differed 
less than 0.2 pH units. Due to the buffering ca- 
pacity of the proteins, the pH gradient (Figure 1) 
becomes more shallow near their elution points 
ofpH 4.70 and 4.55. The isoelectric point of the 
M r 23,000 polypeptide was measured as 5.1 by 
isoelectric focusing (23). Upon loading of the 
chromatofocusing column, the top of the gel 
gradually became blue. This blue band was re- 
tained during elution of the M r 32,000 and 
23,000 polypeptides. Maintaining the pH at 4.0, 
the blue component was eluted using a linear salt 
gradient (0-1000 mM). It was identified by its ab- 
sorption spectrum as plastocyanin (27) and 
showed only one band at M r 10.000 when ana- 
lyzed by SDS-PAGE (Figure 3, lane J). Plasto- 
cyanin is known to be localized at the inside of 
the thylakoid membrane and to be released by 
sonication (17). 

The run-off from the chromatofocusing col- 
umn contained the M r 13,500 polypeptide and 
was desalted by pressure filtration and fractio- 
nated by cation exchange chromatography (Fig- 
ure 2). This provided a clean preparation of the 
M r 13,500 polypeptide. Some of the minor com- 
ponents released by sonication were also ob- 
tained as pure polypeptides (Figure 2). It was 
found that concentration of the extracts prior to 
fractionation by chromatofocusing either by 

pressure filtration or by dialysis and lyophiliza- 
tion greatly reduced the yields. Gel filtration of 
the extracts also gave rise to the appearance of an 
M r 20,000 species with a simultaneous loss of the 
M r 23,000 polypeptide. Variability in the elec- 
trophoretic mobility of the M r 23,000 polypep- 
tide can also be observed immediately after 
washing of inside-out vesicles with 200 mM- 
NaC1/50 mM-Tris pH 8.5 (Figure 3, lanes C,D). 
The separation method here designed using 
chromatofocusing avoids these problems. 

3.2. Characterization of the photosystem II 
preparations used 

The polypeptide composition of purified pho- 
tosystem I1 inside-out vesicles obtained from 
spinach was reported earlier (18, 19). Inside-out 
photosystem II vesicles from barley (Figure 3) 
had a similar composition although they were 
always contaminated to some extent with pho- 
tosystem I components (20). Electron micro- 
scopy revealed that the preparation consisted of 
pairs of tightly appressed membrane sheets with 
only a limited volume at the edges (49). The pho- 
tosystem I1 membranes prepared with Triton X- 
100 as reported by BERVHOLD et al. (6) have not 
previously been characterized with respect to 
their polypeptide composition and ultrastruc- 
ture. SDS-PAGE revealed the presence of four 
chlorophyll-proteins, chlorophyll a-proteins 2 
and 3, and chlorophyll a/b-proteins 1 and 2. A 
faint green band with an electrophoretic mobi- 
lity slightly different from that of chlorophyll a- 
protein 1 was also observed in addition to four 
polypeptides at M r 23,000, 21,500, 19,000 and 
13,500. Although some of the bands may con- 
tain more than one polypeptide species, the 
composition of these vesicles is remarkable sim- 
ple and compares well with that of inside-out 
vesicles of spinach (18, 19). The EPR characteris- 
tics of the preparation (6) thus agree with an es- 
sentially complete absence of photosystem I 
polypeptide components. The low temperature 
fluorescence emission spectrum of the Triton X- 

Figure 4: Electron micrographs of the photosystem II 
membranes prepared with Triton X-100. 

The arrows indicate the presence of pairs of ap- 
pressed membrane sheets not sealed at their edges. 
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100 preparation (Figure 5) was also similar to 
that of the inside-out vesicles (18) revealing a 
strong depletion of the long wavelengths compo- 
nents which are generally associated with pho- 
tosystem I antennae pigments (16). Electron mi- 
crographs of the Triton X-100 photosystem II 
preparation reveal a homogenous preparation of 
tightly appressed pairs of membrane sheets of 
similar size to those observed in the preparation 
of inside-out photosystem II vesicles. Whereas 
the inside-out photosystem II vesicles appeared 
to be sealed along their edges, as evidenced by the 
presence of a non-appressed region of mem- 
brane connecting the two membrane sheets, sev- 
eral of the photosystem II membrane sheets pre- 
pared with Triton X-100 are not. Instead two 
non-appressed bluntly ending short membrane 
regions diverge at the edges (Figure 4). Probably 
the bound Triton X-100 stabilizes this con- 
formation. The almost identical composition 
and appearance of the two photosystem II prepa- 
rations makes it most likely that the Triton X- 
100 photosystem II membranes are also inside- 
out vesicles. Direct measurements of the proton 
pumping capacity of the preparation indeed 
demonstrated an acidification of the surround- 
ing medium upon illumination. During the 
preparation of the vesicles and their fixation for 
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Figure 5. Low temperature (77K) fluorescence emis- 
sion spectrum ofphotosystem II membranes prepared 
with Triton X-100. 

electron microscopy, the concentrations of di- 
valent cations (Mg2§ was maintained at 5 mM. 
As judged by SDS-PAGE, removal of the stroma 
thylakoids takes place primarily with the first 
Triton X-100 treatment. Solubilization of the 
grana stacks by Triton X-100 occurs by breakage 
of the exposed non-appressed regions at their 
sides which facilitates the formation of inside- 
out vesicles (25). The extent to which these ap- 
pressed membrane sheets are sealed cannot be 
evaluated. Digitonin treatment of stacked lamel- 
lar systems in the presence of 5 mM-MgC12 can 
produce tightly appressed membrane pairs of 
similar appearance recognized as inside-out vesi- 
cles by GEROLA et al. (14). On a chlorophyll basis, 
the yield of inside-out vesicles and the Triton X- 
100 vesicles are about 8 and 45%, respectively. 
Considering the additional much more elaborate 
preparation procedure involved in obtaining in- 
side-out vesicles, the Triton X-100 preparation of 
BERTHOLD et al. (6) is clearly preferable for ex- 
perimental work where the presence of Triton X- 
100 causes no interference. It is likely that also 
digitonin fractionation (14) can be optimized to 
yield pure inside-out photosystem II membrane 
preparations. 

3.3. Reconstitution of oxygen evolution by re- 
binding of purified polypeptides to depleted 
membranes 

The polypeptide pattern of lamellar systems 
subjected to sonication in the presence of NaC1 
reveals a complete depletion of the M r 23,000 
polypeptide (Figure 6). The depletion in the M r 
32,000 and 13,500 region is less obvious and 
variable. Following the sonication procedure, the 
membranes are inactive in oxygen evolution. 
Readdition of purified polypeptides to the de- 
pleted thylakoid membranes was carried out in a 
low salt buffer (section 2.6.). After standing for 5 
min, the reaction mixture was diluted 50 fold 
with the low salt buffer and centrifuged. The pre- 
sence of the added polypeptide in the pellet 
would then demonstrate its rebinding to the de- 
pleted membrane. Rebinding was again most 
clearly visible with respect to the M r 23,000 poly- 
peptide, and rebinding experiments including 
this protein partially reconstituted oxygen evolu- 
tion. Due to the complex polypeptidc composi- 
tion of the sonicated thylakoids, quantitative 
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Figure 6. Rebinding of purified polypeptides to depleted thylakoid membranes. 
The depleted thylakoids were obtained as a pellet after sonication ofthylakoids in the presence of 200 mM-NaCl/ 

10 mM-Hepes pH 8.3. A: thylakoids. B: depleted thylakoids. C: as in "B" plus NaCI. D: as in "B" after rebinding of 
NaCl-released polypeptides. E: as in "B" after rebinding of M r 23,000 polypeptide. F: as in "B" after rebinding of 
M r 13,500 polypeptide. G: as in "B" after rebinding ofM r 23,000 and 32,000 polypeptides. H: as "F". I: as "B" after 
rebinding of M r 13,500, 23,000, and 32,000 polypeptides. J: purified M r 32,000 polypeptide. The preparation of the 
M r 13,500 polypeptide used for the binding studies was the run-off fraction from the chromatofocusing column. 
The electrophoretic conditions are as described in legend to Figure 3. 

measurements on the reconstitution of oxygen 
evolution was carried out using purified pho- 
tosystem II membranes (section 3.2). In all the 
reconstitution experiments here reported, read- 

dition of  polypeptides to the NaC1 washed pho- 
tosystem lI vesicles was always followed by ex- 
tensive dilution with the low salt buffer and cen- 

trifugation. Measurements of oxygen evolution 
were then carried out on the pelleted mem- 
branes. This method ensured that the assay con- 
ditions were identical in each experiment. This is 
important  because earlier studies have shown 

that the extent of reconstitution is strongly af- 
fected by the amount  of  e.g. NaC1 (22), glycerol 
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Table II. 
Reconstitution of oxygen evolution by rebinding of isolated polypeptides to sodium chloride washed photosystem II 
membranes prepared with Triton X-100. 

Oxygen evolution Inhibition Stimulation Reconstitution 
lamoles O2/mg chl/hr % % % 

Untreated 239 
NaCI washed 15 94 

+Mr23,000 128 753 54 
+M r 13,500+23,000+32,000 134 793 56 
+Mrl 3,500 20 33 8 
+Mr32,000 25 66 10 
+Mrl 3,500+32,000 20 33 8 

(32, 47) and ethylene glycol (42, 43) present. 
Inside-out photosystem II vesicles and pho- 

tosystem II membranes prepared with Triton X- 
100 are about equally active with respect to oxy- 
gen evolution (Tables I and II, respectively). The 
rates here reported for the inside-out pho- 
tosystem II vesicles are about three times higher 
than earlier reported (18). The main reason for 
this is the use of sucrose/NaCl/Hepes at pH 6.5 
instead of sodium phosphate at pH 7.0 as assay 
buffer. Similar rates to those obtained here with 
the Triton X-100 preparation were reported by 
BERTHOLO et al. (6). The pH optimum for both 
photosystem II preparations used is about 6.5 
and thus considerably lower than for thylakoids. 
In a recent study, lowering the pH of the isolation 
buffers to pH 6.0 was reported to double the 
rates of oxygen evolution obtained with the Tri- 
ton X- 100 preparation (15). 

Both types of photosystem II preparations are 
sensitive towards washing with 200 mM-NaCI/10 
mM-Hepes pH 8.3. To obtain maximal inhibi- 
tion of oxygen evolution, the salt washing step 
had to be carried out in the dark and at an ele- 
vated pH. The same two parameters determine 
the degree of inhibition after Tris and hydroxyl- 
amine treatment (10, 13, 15). Typically a 90% 
inhibition of oxygen evolution was observed, 
whereas AKERLUND et al. (55) maximally ob- 
tained 74%. As judged by SDS-PAGE (Figure 7), 
the salt wash of the Triton X-100 preparation 
completely removes the M r 23,000 polypeptide 
and to a somewhat lower extent the M r 32,000 
and 13,500 polypeptides. The same result was 
obtained using inside-out vesicles. Whereas the 

M r 23,000 polypeptide seems to be completely 
removed in our study (Figure 7), the extent of 
depletion observed by ~,KERLUNO et al. (53, Fig- 
ure 3) does not appear pronounced in that their 
inside-out vesicles contained a large number of 
polypeptides not necessarily resolved by the gel 
system used. However, using our gel system, even 
the polypeptide pattern of the thylakoid pellet 
obtained after sonication in the presence of 200 
mM-sodium chloride revealed no polypeptide 
band at the position of the M r 23,000 polypep- 
tide (Figure 6). 

Reconstitution of oxygen evolution could be 
accomplished by readdition of the sodium chlo- 
ride released polypeptides to the depleted prepa- 
rations using a low salt buffer (section 2.6.). The 
reactivation was completely dependent on the 
addition of the M r 23,000 polypeptide and the 
stimulation of oxygen evolution observed was 
approximately 400 and 800% using depleted in- 
side-out vesicles and the Triton X-100 prepara- 
tion, respectively (Tables I and II). Based on the 
initial rates, the reconstituted rates were 65 and 
54%, respectively. Addition of Mn2+ or the M r 
32,000 and 13,500 polypeptides in combination 
or individually resulted in no reactivation. Si- 
multaneous addition of all three polypeptides 
caused a slightly higher extent of reconstitution. 
The reconstituted rate of oxygen evolution was 
completely sensitive to 3-(3,4-dichlorophenyl)- 
1,1-dimethylurea (DCMU). 

All three polypeptides could be rebound to 
both types of photosystem II preparations (Fig- 
ure 7). Based on amino acid analysis of the pu- 
rified polypeptides, the molecular weights ob- 
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Figure 7. Rebinding ofpolypeptides to photosystem II membranes inactivated by sodium chloride washing. 
A: photosystem II membranes prepared with Triton X-100. B: "A" after washing with 200 mM-NaCl/10 mM- 

Hepes pH 8.3. C: "B" after rebinding of the polypeptides released by sonication. D: "B" after rebinding of the M r 
32,000 polypeptide. E: "B" after rebinding of the M r 13,500 and 32,000 polypeptides. F:"B" after rebinding of the 
M r 23,000 polypeptide. G: "B" after rebinding of the M r 13,500, 23,000, and 32,000 polypeptides. H: purified M r 
32,000 polypeptide. I: purified M r 23,000 polypeptide. J: M r 13,500 polypeptide as obtained from the run-off 
fraction from the chromatofocusing column. 

served on SDS-PAGE, and a chlorophyll/P680 

ratio of 320, the polypeptides used for the recon- 
stitution experiments were added in approx- 
imately a three molar excess over P680. Addition 

of bovine serum albumin at a molar excess of 10 

gave no binding of this protein to the depleted 

membranes. In contrast, the M r 20.000 transfor- 
mation product of the M r 23,000 polypeptide 
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Figure 8. Reactivation of DCMU sensitive oxygen 
evolution in dependence of the amount of added M r 

23,000 polypeptide. 
Photosystem II membranes prepared with Triton 

X-100 (6) and inside-out photosystem II vesicles were 
washed with 200 mM-NaCI/10 mM-Hepes pH 8.3. 
After pelleting, different amounts of M r 23,000 poly- 
peptide were added to produce the indicated molar 
ratios of M r 23,000 polypeptide to P680. After incuba- 
tion, the reaction mixture was diluted with low salt 
buffer and the membranes pelleted before assaying in 
the oxygen electrode. 

did bind (Figure 9), but this did not reactivate 
oxygen evolution even when added in a molar 
excess of 28. 

High affinity of the M r 23,000 polypeptide for 
the depleted photosystem II preparations was 
shown by measuring the extent of reactivation of 
oxygen evolution as a function of the relative 
amount of added M r 23,000 polypeptide. The 
inside-out photosystem II vesicles and the Triton 
X-100 photosystem II preparation again behaved 
almost identical (Figure 8). At a ratio between 
added M r 23,000 polypeptide and P680 of one, 
about 80% of the total reactivatable oxygen evo- 
lution was achieved. Considering the strong dilu- 
tion of the membranes with low salt buffer, this 
experiment indicates an extremely high affinity 
between the M r 23,000 polypeptide and the de- 
pleted membranes. At a ratio of four, the 

amount of M r 23,000 polypeptide rebound to 
the depleted membranes appeared similar to the 
amount originally present (Figure 9). At dras- 
tically increased ratios, a slow increase in the 
amount of bound polypeptide was observed. 
This indicates that two types of binding sites dif- 
fering in their affinity for the M r 23,000 polypep- 
tide are present in the depleted vesicles. Only 
binding to the high affinity site reconstitutes 
oxygen evolution. 

The fluorescence induction curves of the Tri- 
ton X-100 photosystem II preparation were 
markedly influenced by the presence or absence 
of the M r 23,000 polypeptide (Figure 10). Upon 
salt washing, the variable fluorescence was re- 
duced and the rise time increased. After rebind- 
ing of the M r 23,000 polypeptide, the variable 
fluorescence was recovered and the rise time de- 
creased. These alterations in the fluorescence in- 
duction curves are indicative of a block of the 
oxidizing side of photosystem II as shown using 
inhibitors (51) and mutants (5,7) and thus points 
towards the localization of the M r 23,000 poly- 
peptide on the oxidizing side of photosystem II. 

Salt washing of normal thylakoids or of fight- 
side out vesicles prepared by phase partitioning 
(55) does not inhibit oxygen evolution to any 
significant extent. The sensitivity of the Triton 
X-100 preparation towards NaCt washing and 
the ability to rebind the M r 23,000 polypeptide 
thereby reactivating oxygen evolution agrees 
with the notion (section 3.2.) that this prepara- 
tion is composed of pairs of appressed mem- 
brane sheets with their original luminal sides ex- 
posed towards the medium. If not sealed these 
membrane sheets would be expected to separate 
under the low salt conditions used for rebinding 
of polypeptides. In order to check this, a Triton 
X-100 photosystem II preparation was resus- 
pended in 25 mM-Hepes pH 7.5, embedded and 
sectioned. The electron micrographs (Figure 11) 
revealed that under these low salt conditions, the 
appressed inside-out membranes now were sepa- 
rated from one another over larger areas than at 
the high salt conditions. However, a considerable 
portion of the membrane sheets were still closely 
appressed. Such a separation of inside-out ap- 
pressed sheets by removal of magnesium ions 
has also been observed with digitonin prepara- 
tions (14). 
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Figure 9. Rebinding of the purified M r 23,000 polypeptide to depleted photosystem II membranes. 
Depleted photosystem II membranes prepared with Triton X-100 were incubated with different amounts ofM r 

23,000 polypeptide to produce the M r 23,000/P680 ratios indicated. After incubation, the reaction mixture was 
diluted with low salt buffer and the membranes pelleted before SDS-PAGE. In the second and third experiments 
with a n  M r 23,000/P680 ratio of 6, increasing amounts of the M r 32,000 polypeptide were added. Binding 
experiments with the M r 20,000 polypeptide were carded out using molar ratios of 10 and 28, respectively. 
Electrophoretic conditions as in legend to Figure 3. 

3.4. Characteristics of the polypeptides released 
from the luminal side of the thylakoids by 
sodium chloride 

The method used for the release and isolation 
of polypeptides localized on the luminal side of  
the thylakoid membrane is fast and gentle avoid- 
ing any use of  detergents and organic solvent ex- 
tractions. Tris, which is known to inhibit oxygen 

evolution at alkaline pH (13, 19) was also ex- 

cluded. Retention of any manganese originally 

bound to one of the isolated polypeptides would 
thus be favored. The destacked thylakoids con- 
tained 5.6 manganese atoms per P680 reaction 
center assuming a chlorophyll/P680 ratio of 500 
in the thylakoids. After the initial wash with the 
high salt buffer the number decreased to 5.1. Fol- 
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Figure 10. Fluorescence induction curves for pho- 
tosystem II membranes prepared with Triton X-100 
(A), after salt-washing (B) and after rebinding of the 
M r 23,000 polypeptide (C). 

lowing sonication in the high salt buffer, the 
manganese content of the pelleted membranes 
had dropped to 3.3 per P680 reaction center. The 
manganese released into the supernatant was 
lost by pressure filtration on a PM 10 filter and 
no manganese was associated with any of  the 
polypeptides isolated. Preliminary data by 
AKERLUND et al. (55) indicated that no man- 
ganese was associated with the M r 23,000 poly- 
peptide obtained as a water soluble protein from 
acetone powders of thylakoids. The manganese 
still retained in the sonicated thylakoid mem- 
branes could be essential for reconstitution. The 
manganese removed may have a function in 
binding one or more of the released polypeptides 
to the membrane or in binding these polypep- 
tides together. With the conditions used in the 
present study, the three polypeptides behaved as 
separate polypeptides not forming an aggregate. 
Thus gel filtration on Sephacryl S-200 equilibra- 
ted in 200 mM-NaCI/10 mM-Hepes at pH 7.0 
produced three peaks representing the M r 
32,000, 20,000 and 13,500 polypeptides in the 
expected order of elution. Gelfiltration was not 
attempted at low salt concentrations which was 
noted (section 3.1) to favor precipitation of the 
three polypeptides. Electrophoresis of the M r 
32,000 and 23,000 polypeptides individually or 
in combination using non-denaturing condi- 
tions failed to demonstrate aggregation. 

The amino acid compositions of  the purified 
polypeptides is presented in Table IlI. The M r 
13,500, 23,000 and 32,000 polypeptides all have 
polarity indexes between 46 and 48% and can 
therefore be classified as extrinsic or periferal 
membrane proteins not penetrating into the 
lipid bilayer (8). Several treatments are known to 
cause the release of polypeptides in the M r 

Figure 11. Electron micrographs of the photosystem II 
membranes prepared with Triton X-100 after re- 
suspension in a low salt buffer, 

The arrows indicate pairs of unsealed appressed 
membrane sheets which in the low salt buffer (25 mM- 
Hepes pH 7.5) have now separated over larger areas. 
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32,000 and 23,000 region. The use of 200 mM- 
NaC1/50 mM-Tris at pH 8.3 (Figure 3C) released 
polypeptides with mobilities identical to those 
obtained by washing with 200 mM-NaCI/10 mM- 
Hepes at pH 8.3. Similarly, washing of an en- 
riched photosystem II preparation obtained with 
Triton X-100 at alkaline pH using Tris or Tricine 
buffer caused the release of polypeptides at M r 
32.000, 24,000 and 15,000 (30). The characteris- 
tics available and the possible identity of the 
polypeptides released by the various treatments 
are discussed in the following sections. The 
effect of salt on the extraction efficiency indi- 
cates that electrostatic forces are important in 
binding the polypeptides to the membrane. The 
facilitated release of the polypeptides at higher 
pH values are supposedly due to titration of 
charged amino groups involved in the electrosta- 
tic binding. A binding by electrostatic forces 
would be in agreement with the high polarity 
indices. Attempts to sequence the M r 32,000 and 
23,000 polypeptides from their amino terminal 
end by automatic EDMAN degradation were un- 
successful, indicating that both polypeptides 
have blocked N-terminal amino acids. This may 
be important in the anchoring of these polypep- 
tides to the thylakoid membrane. 

3.5. Characteristics and function of the isolated 
M r 32,000 polypeptide 

Electrophoresis of the M r 32,000 polypeptide 
under denaturing and non-denaturing condi- 
tions showed that this protein had been purified 
to homogeneity (Figures 3, 6 and 7). The amino 
acid composition of the isolated protein is very 
similar to that of a M r 32,000 polypeptide re- 
moved from inside-out vesicles of spinach by 
washing with "Iris (19, 50, MOLLER and HENRY, 
unpublished) and to that of a M r 32,000 poly- 
peptide obtained from spinach by acetone ex- 
traction (29) (Table Ill). The pl of the isolated M r 
23,000 polypeptide was 5.1 (section 3.6.). The 
M r 32,000 polypeptide elutes 0.2 pH units above 
the M r 23,000 polypeptide during chro- 
matofocusing. The isoelectric point of the M r 
32,000 polypeptide is therefore close to 5.3. This 
value compares well with the p! values of 5.2 and 
5.1 found for the M r 32,000 polypeptides iso- 
lated from spinach (29,50) altogether indicating 

that the same M r 32,000 polypeptide is obtained 
by the three different isolation procedures. 

Several properties have been assigned to poly- 
peptides migrating in the M r 32,000 region of the 
thylakoid pattern, but it remains unknown how 
many different polypeptides are responsible for 
these functions. Two lines of evidence suggest 
that the M r 32,000 polypeptide isolated in this 
study is involved in the binding of manganese. 
Thus the specific release of the M r 32,000 poly- 
peptide upon washing of inside-out photosystem 
II vesicles with 50 or 200 mM-Tris at pH 8.3 was 
followed by a simultaneous loss of 70% of the 
membrane bound manganese (19). These wash- 
ed inside-out vesicles were inactive with respect 
to oxygen evolution but could be reactivated 
with reduced 2,6-dichlorophenol indophenol 
(DCPIP) (19). In the present study, reactivation 
ofphotosystem II membranes depleted in the M r 
13,500, 23,000 and 32,000 polypeptides by 
washing with 200 mM-NaC1/10 mM-Hepes at pH 
8.3, could be accomplished solely by rebinding 
of the M r 23,000 polypeptide with no supple- 
ment of externally added manganese or DCPIP 
These observations indicate that "Iris washing 
has an additional effect on the thylakoid mem- 
brane besides that of removing the M r 32,000 
polypeptide. Analysis by polyacrylamide gel 
electrophoresis indicate that none of the two 
washing procedures completely removed the 
Coomassie Blue stained band at M r 32,000 (Fig- 
ure 6,7 and 9). Thus a quantitative determina- 
tion of the amounts of M r 32,000 polypeptide 
released by the two different procedures becomes 
difficult. If both washing procedures result in a 
complete removal of the M r 32,000 polypeptide 
isolated in the present study, it can be concluded 
that this polypeptide is not essential for photo- 
synthetical electron transfer from water. 
However, the maximal reconstitution observed 
in the two types of reactivation studies were re- 
markably similar and in the range of 60 to 70%. 
This reactivation may be dependent on residual 
amounts of the M r 32,000 polypeptide left on 
the membranes and indicate that although the 
isolated M r 32,000 polypeptide can be rebound 
to the depleted membranes, the rebound poly- 
peptide is not photochemically active, prevent- 
ing a 100% reactivation of the membranes. 

The second line of evidence for the involve- 
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Table III. 
Comparison of amino acid compositions of purified barley and spinach thylakoid polypeptides. 

Species: 
Mr32,000 Mr23,000 M r 13,500 M r I 1,500 

Barley Barley Barley Barley 
moles 2) moles 3) 

mole%l) mole Mr32,000 mole% mole Mr23,000 mole% mole% 

Asx 8,5 25 10.3 21 10.8 10.2 
Thr 8.2 24 7.1 15 6.2 6.0 
Ser 6.4 19 6.7 14 3.9 4.7 
Glx 11.9 32 10.3 21 7.6 8.6 
Pro 6.1 18 3.4 7 8.3 6.1 
Gly 10.9 32 10.7 22 6.8 5.7 
Ala 6.8 20 10.4 21 9.2 8.4 
Val 6.1 18 6.8 14 4.4 4.3 
Met 1.8 5 0.9 2 0.2 0.2 
lle 3.6 10 3.3 7 4.2 5.4 
Leu 8.2 24 6.3 13 14.4 14.5 
Tyr 3.4 10 4.1 9 3.9 4.5 
Phe 6.2 18 6.1 13 2.3 2.7 
His 1.0 3 1.5 3 1.6 1.0 
Lys 8.3 24 9.0 18 11.0 13.2 
Arg 2.9 9 2.4 5 4.7 3.9 
Cys n.d. - n.d. - n.d. n.d. 
Trp n.d. - n.d. - n.d. n.d. 

Total amino acids 294 205 

Polarity index (8) 48% 47% 46% 48% 

Mr32,0004} Mr32,0005) Mr24,0005) M r 18,0005} 
Species: Spinach Spinach Spinach Spinach 

moles 

mole of Mr33,000 mole% mole% mole% 

Asx 26 9.25 9.41 9.75 
Thr 24 6.60 4.84 4.90 
Ser 24 7.35 7.19 8.73 
GIx 36 11.64 8.70 10.78 
Pro 18 7.12 8.3 8.99 
Gly 36 10.65 9.3 6.53 
Ala 20 6.14 7.08 8.69 
Val 23 6.92 6.62 4.28 
Met 1 0.69 trace trace 
Ile 10 3.28 3.43 4.21 
Leu 21 7.09 5.89 10.18 
Tyr 10 3.32 2.35 2.85 
Phe 16 4.89 4.89 2.18 
His 0 trace trace trace 
Lys 29 9.14 9.00 9.01 
Arg 9 2.75 8.39 4.85 
Cys 2 trace trace trace 

1) 24 hours hydrolysis. Uncorrected for loss ofthreonine and serine. 
2) Based on 24 residues of leucine per molecule. 
3) Based on 13 residues ofleucine per molecule. 

a) From (29). 
5) From (50). 
n.d. = not determined. 
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ment of an M r 32,000 polypeptide in the binding 
of manganese was obtained using Scenedesmus 
mutants specifically blocked on the oxidizing 
side of photosystem II (35,36). It was demon- 
strated that these mutants, which lack oxygen 
evolving capacity, but retain an otherwise func- 
tional photosystem II reaction center, are af- 
fected in their capacity for binding manganese. 
The only difference observed upon denaturing 
PAGE was a change in electrophoretic mobility 
of a M r 34,000 polypeptide present in the wild 
type to an M r 36,000 in the mutants. It was sug- 
gested that the M r 36,000 band represents an in- 
active precursor form of the manganese binding 
M r 34,000 polypeptide (35, 36), and that the M r 
34,000 polypeptide is associated with the man- 
ganese requiring portion of the water splitting 
enzymes. These properties indicate that the M r 
34,000 polypeptide lacking in the mutants could 
be identical to that isolated in the present study 
and that the manganese originally bound to the 
protein was irreversibly lost during extraction 
which explains why no additional reactivation 
was observed upon rebinding the protein to the 
depleted membranes. 

Analysis of the chlorophyll-protein composi- 
tion of the photosystem II preparation used in 
this study reveals the presence of both chlo- 
rophyll a/b proteins 1 and 2. Chlorophyll a/b pro- 
tein 1 comigrates with the isolated M r 32,000 
polypeptide (t9,2I). However, the absence of 
chlorophyll a/b protein 1 in the photo- 
synthetically competent barley mutant chlorina 
f2 (31) suggests that this is a different protein. An 
M r 32,000 polypeptide has also been implicated 
on the reducing side ofphotosystem II and iden- 
tified as the protein which binds DCMU and 
atrazin (34, 39). The nucleotide sequence of the 
gene coding for this M r 32,000 polypeptide is 
known for spinach and tobacco and an absolute 
conservation of the amino sequence was found 
(52). The protein contains no lysine and is thus 
clearly different from the M r 32,000 polypeptide 
isolated in this study (Table III). Further the 
DCMU-binding protein does not appear to stain 
with Coomassie Blue (33, 52). 

Cytochrome b-559 is also present in the pho- 
tosystem lI preparations. Electrophoretic analy- 
sis of isolated cytochrome b-559 revealed the pre- 
sence of a Coomassie Blue staining band at M r 

9,300. Bands staining with 3,3',5,5'-tetramethyl 
benzidine (TMBZ) but not staining with 
Coomassie Blue were observed at M r 32,000 and 
31,000 (28). The here isolated M r 32,000 poly- 
peptide did not stain with TMBZ. Solubilization 
of cytochrome b-559 under mild conditions re- 
suited in its isolation together with components 
ofM r 32,000 and 21,000 which were suggested to 
be identical to those released by salt washing of 
inside-out vesicles. A comparison of the gel pro- 
files in (28, Figure 7) with those here obtained 
(Figure 6) reveals that the polypeptides indeed 
have identical mobilities and points towards an 
in vivo association ofcytochrome b-559 with the 
isolated M r 23,000 and 32,000 polypeptides. 

3.6. Characteristics and function of the isolated 
M r 23,000 polypeptide 

The purity of the isolated M r 23,000 polypep- 
tide was analyzed by denaturing and non-de- 
naturing polyacrylamide gel electrophoresis and 
by isoelectric focusing. In all three systems a sin- 
gle Coomassie Blue band was obtained. A possi- 
ble micro-heterogeneity of the isolated M r 
23,000 polypeptide with respect to the amount 
of bound lipids and sugars would most likely 
have resulted in the presence of multiple bands 
upon isoelectric focusing. The protein did not 
stain with TMBZ. Boiling of the M r 23,000 pro- 
tein in the presence of oxidizing or reducing 
agents did not change it to the M r 20,000 form, 
indicating that the transition observed after Tris- 
treatment and gel filtration (Figure 3, lanes C, D, 
H) does not result from the presence of labile 
intra-chain sulthydryl groups. The amino acid 
analysis indicate that the M r 23,000 polypeptide 
is hydrophilic as is also apparent from its sol- 
ubility in water in the absence of detergents. 
When highly concentrated the M r 23,000 poly- 
peptide remains colorless. The absorption spec- 
trum of the M r 23,000 polypeptide revealed no 
special characteristics and no cofactors could be 
detected from its reduced (dithionite) minus ox- 
idized (persulphate) difference spectrum: 

YAMAMOTO et al. (50) reported on the purifica- 
tion of a Tris-releaseable polypeptide of M r 
24,000. This protein was not tested for its ability 
to reconstitute oxygen evolution in depleted 
membranes. The pI of this protein was 6.5 
whereas the pI of the here isolated M r 23,000 
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polypeptide is 5.1. The amino acid composition 
of the two proteins also differ significantly (Table 
III). Based on the isoelectric focusing profiles 
published in (50) we conclude that the discrepan- 
cies arise from the analysis of an only partly pu- 
rified M r 24,000 polypeptide. 

Apart from the conditions under which the M r 
23,000 polypeptide is converted into the M r 
20,000 species (section 3.1.) it is remarkable sta- 
ble. Heating for five minutes at 55 *C or 98 *C 
followed by immediate transfer to ice resulted in 
a 20 and 35% decrease, respectively, in its ability 
to reconstitute oxygen evolution under standard 
assay conditions. Storage of the purified M r 
23,000 polypeptide for several weeks at -80 *C in 
Polybuffer 74 at pH 4.8 and without addition of 
reducing agents causes no detectable loss of its 
reconstituting activity. 

The remarkable heat stability observed could 
indicate that a non-proteinaceous component 
present in the M r 23,000 preparation mediated 
the observed reactivation. We exclude this pos- 
sibility for the following three reasons: There is a 
distinct dependence between the amount of add- 
ed M r 23,000 polypeptide and the reactivation 
observed (Figure 8). The M r 20,000 conversion 
product does not mediate this reactivation. The 
M r 23,000 polypeptide elutes as a rather sharp 
peak from the chromatofocusing column (Fig- 
ure l) and no reconstitution was observed with 
adjacent fractions. A contaminating polypeptide 
not staining with Coomassie Blue can only be 
present in the preparation if it co-elutes excactly 
with the M r 23,000 polypeptide during chro- 
matofocusing because the staining intensity of 
the individual fractions parallel the symmetrical 
280 nm absorption peak in which the M r 23,000 
polypeptide elute. A contaminant present in sig- 
nificant amounts would have been detected 
upon the attempted EDMAN degradation of the 
M r 23,000 polypeptide, unless this contaminant 
also had a blocked N-terminal. 

In contrast to the situation with the M r 32,000 
polypeptide band in thylakoid SDS-PAGE pat- 
terns, the Coomassie Blue staining band at M r 
23,000 seems to reflect the presence of only one 
polypeptide. Under the conditions used here, 
washing of both thylakoids and the photosystem 
II preparations with 200 mM-NaCl/10 mM- 
Hepes at pH 8.3 completely removes the 

Coomassie Blue stained band at the M r 23,000 
position (Figures 6 and 7). 

The mechanism by which the M r 23,000 poly- 
peptide mediates the reconstitution of photo- 
synthetic oxygen evolution in depleted mem- 
branes is still not elucidated. The oxygen evolv- 
ing enzyme system is considered to be highly 
sensitive towards heat treatment (26). Whereas 
the M r 23,000 polypeptide was found to be heat 
stable, the depleted membranes are heat labile. A 
five minute heat treatment of the membranes at 
55 ~ prevented any reconstitution with unhe- 
ated M r 23,000 polypeptide. Similarly the oxy- 
gen evolving system is easily destroyed by 
hydroxylamine treatment, particularly in the S o- 
state (9). The high affinity of the oxygen evolving 
site towards hydroxylamine was recently demon- 
strated directly by mass spectrometric analysis of 
the yields ofN 2 and 02 obtained upon subjecting 
thylakoids to saturating flashes in the presence of 
very low hydroxylamine concentrations (10 ~M- 
hydroxylamine in 55 M-H20) (40). Washing of 
depleted photosystem II membranes with 1 mM- 
hydroxylamine prevents any subsequent reac- 
tivation with untreated M r 23,000 polypeptide. 
The sensitivity of the depleted membranes to- 
wards both heat and hydroxylamine treatment 
suggest that a component of the oxygen evolving 
enzyme system is retained on the membranes 
after removal of the M r 23,000 polypeptide. 

EPR studies have provided evidence for the 
existence of an electron carrier Z between the 
oxygen evolving site and /'680, and hydroxyl- 
amine also inhibits electron transfer between Z 
and P680 (15). No electron carrier properties 
could be found with the isolated M r 23,000 poly- 
peptide. It is therefore most likely not a polypep- 
tide binding the postulated electron carrier Z. 
Since oxygen evolution is inhibited by the re- 
moval of the M r 23,000 polypeptide and reacti- 
vated by its rebinding we conclude that the M r 
23,000 polypeptide is an essential part of the 
oxygen evolving complex to which no specific 
function can as yet be ascribed. 

SPECTOR and WINGET reported on the isolation 
of a manganese-containing protein ofM r 65,000 
involved in the reconstitution of oxygen evolu- 
tion of depleted thylakoids (45). Although the 
results of this study could not be repeated (42, 
43), it is interesting to note that an M r 23,000 
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polypeptide constitutes a major component dur- 
ing the initial purification steps of the M r 65,000 
polypeptide. Its presence as a minor impurity in 
the preparation used for the rebinding experi- 
ments may have resulted in the reported recon- 
stitution. In a subsequent report (43) the selec- 
tive inactivation of oxygen evolution by cholate- 
azolectin extraction of thylakoids was found to 
be inhibited by the inclusion of ethylene glycol. 
A comparison of the electrophoretic patterns of 
extracted thylakoids reveal that in the presence 
of ethylene glycol, the extraction of an M r 
23,000 polypeptide is prevented. This is proba- 
bly the reason for the observed protective effect 
of ethylene glycol. No polypeptide was found at 
M r 65,000 in the photosystem II preparations 
used in this study. The sonication procedure 
used on whole lamellar systems released a poly- 
peptide of approximately M r 58,000 which 
could be identical to that released from inside- 
out vesicles upon EDTA washing (32). We ob- 
tained no evidence to suggest that this polypep- 
tide was involved in the reconstitution process. 

3.7. Characteristics and identification of the low 
molecular weight polypeptides separated by 
cation exchange chromatography 

As previously mentioned, the polypeptide of 
M r 13,500 is one of the major components re- 
leased upon sonication of thylakoids in the pre- 
sence of 200 mM-NaC1/l0 mM-Hepes at pH 8.3 
(Figure 3). This major polypeptide and some 
minor components did not bind to the chro- 
matofocusing column. Even after equilibration 
of the anionic Polybuffer exchanger at pH 9.0 in 
20 mM-ethanolamine, these polypeptides did not 
bind. This indicate that their isoelectric points 
are above pH 9.0. Consequently, these polypep- 
tides were fractionated by cation exchange chro- 
matography on CM-Sepharose C16B (Figure 2). 
Besides of their high isoelectric points the poly- 
peptides showed several similarities to histones: 
The total polypeptide pattern of the run-off from 
the chromatofocusing column and that of a total 
histone extract from barley (37) was similar. The 
separation in the M r 11,000-14,000 region resem- 
bles that reported for the F 3 and F 2 histones of 
calf thymus (M r 11,000-14,000) (48). In vivo, 
these histones are modified by acetylation of 
lysine residues creating a population of proteins 

with identical amino acid composition but with 
different net charges. The degree of acetylation 
alters their binding strength on the cation ex- 
changer and their electrophoretic mobilities. At 
higher degrees of acetylation of the protein both 
the salt concentration required for its elution 
and its mobility upon SDS-PAGE is lowered. 
With respect to the fractionated proteins on Fig- 
ure 2, the amino acid composition of pooled 
fractions 33-35 and of pooled fractions 52-56 
were found to be very similar if not identical 
(Table III). Although the amino acid composi- 
tion of the M r 13,500 polypeptide is not typical 
for a histone, it may be that the observed dif- 
ferences in the electrophoretic mobilities of the 
polypeptides in the region M r l 1,000-14,000 re- 
flects various degrees of acetylation of a single 
polypeptide chain. 

An M r 18,000 polypeptide released from an 
active photosystem II preparation by Tris wash- 
ing has been isolated and characterized by 
YAMAMOTO et al. (50). This polypeptide had a pI 
of 9.2. However, when the amino acid composi- 
tion of this polypeptide was compared with that 
of the isolated M r 13,500 and l 1,500 polypep- 
tides, significant differences in the threonine, se- 
fine, and leucine content was apparent (Table 
III). The ratio of basic (his+arg+lys) to acidic (glx- 
+asx) residues is 0.95 and 0.96 in the M r 13,500 
and 11,500 polypeptides, respectively, whereas 
the ratio is 0.61 in the M r 18,000 polypeptide 
(50). It is therefore unlikely that the M r 18,000 
polypeptide bears any relationship to the M r 
13,500 and 11,500 polypeptides here isolated. 
,h, KERLUND et al. (53) purified an M r 16,000 poly- 
peptide as a water soluble protein from an 
acetone extract of spinach thylakoids. A poly- 
peptide with the same mobility was released by 
salt washing of inside-out vesicles. This polypep- 
tide did not bind to an anion exchange resin and 
is therefore also basic and possibly identical to 
the M r 18,000 polypeptide of YAMAMO~O et al. 
(50). TOYOSHIMA a n d  FUKUTAKA obtained an  M r 

17,000 polypeptide by cholate extraction ofsoni- 
cared thylakoids (47). This polypeptide was able 
to stimulate oxygen evolution when added to ex- 
tracted membranes but the overall rates were 
low. Again this protein does not bind to an anion 
exchange resin. For unknown reasons, we did 
not observe the release of a polypeptide in this 
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region under any of  the washing conditions test- 
ed although the photosystem II membranes used 
did contain a polypeptide of M r 19,000. This 
p01ypeptide is probably the one which can be 
labelled with 14C-DCCD (24) and is intimately 
involved on the reducing side ofphotosystem II. 
A different candidate is the component spo- 
radically appearing at M r 20,000 upon salt wash- 
ing of inside-out vesicles (Figure 3, D). However, 
the release of this component by washing results 
in a reduced staining intensity in the M r 23,000 
region of the washed membranes and an un- 
altered staining intensity at M r 20,000 and there- 
fore probably does not represent a genuine com- 
ponent of the photosystem II membrane, but 
rather the modified or partially degraded M r 
23,000 polypeptide (cf. section 3.1.). 
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