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A PS II preparation highly active in oxygen generation was prepared from the cyanophyte, Synechococcus
lividus. This preparation was enriched in Hill reaction activity, manganese, cytochrome 5-559, and possessed
only trace amounts of cytochrome b-563. This non-phosphorylating, visually clear preparation appears to be a
promising system for the detailed study of Photosystem II.

Introduction

During the past several years, the process of
oxygen generation has been under intense scrutiny.
The structure and function of membrane compo-
nents involved in the oxidation of water is still not
clearly understood. A role for manganese in this
process has been clearly established [1,2], yet ef-
forts to isolate and reconstitute the proposed
manganese-protein into the photosynthetic mem-
brane have met with limited success, probably due
to the lability of the water-splitting complex. In
this report, we characterize an oxygen-evolving PS
Il preparation from the thermophilic cyanophyte,
Synechococcus lividus. This soluble preparation is
highly enriched in oxygen evolution capacity and
appears to be a promising system for the eventual
isolation of the oxygen-evolving complex.

* To whom correspondence should be addressed.
Abbreviations: PS, Photosystem; Chl, chlorophyll; DBMIB,
2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone; DCMU,
3-(3,4-dichloro-phenyl)-1,l-dimethylureg; DMBQ, 2,5-di-
methyl-p-benzoquinone; K ;Fe(CN),, potassium fer-
ricyanide; LDAQ, lauryldimethylamine oxide.
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Materials and Methods

Synechococcus lividus (Type II) was cultured at
52.5°C in Castenholz media at pH 7.5 for 11-13
days at a constant light intensity of 19J-m~2-s~ ",
Cells were harvested by centrifugation, washed in
0.5 M sorbitol, 10 mM Hepes-NaOH buffer at pH
7.50, 10 mM MgCl,, 3.5 mM K,HPO,, and 1.5
mM NaHPO, (sorbitol-Hepes buffer), and resus-
pended in the above buffer containing 12.5 mM
EDTA at a 8A ,,;_s4 Of 0.20. After the cells were
incubated for 1 h at 40°C in the presence of 1
mg,/ml lysozyme with gentle shaking, they were
centrifuged for 10 min at 6000 g and resuspended
in sorbitol-Hepes buffer.

Membranes were then prepared by hypotonic
shock according to the procedure of Stewart and
Bendall [3] except that cells were exposed to hypo-
tonic medium for only 1 h. The PS II preparation
was isolated as previously described [4], except
that the membranes were treated with LDAO (crit-
ical micelle concentration = 2.2 - 10~ 3 M) at chlo-
rophyll a to detergent ratios of 2.5 to 3.1:1
(wt./wt.) at 0°C in the dark for 40 min. The last
step in the isolation consisted of addition of LDAO
to the PS II preparation at a detergent to Chl a



ratio of 8:1, followed by incubation in the dark
for 1 h on ice.

Oxygen generation was monitored polaro-
graphically under saturating light intensity with a
Clark-type electrode at 32.5°C with 2 mM potas-
sium ferricyanide and 1 mM 2,5-dimethyl p-benzo-
quinone at pH 5.00. PS I electron transport was
measured according to Izawa [S]. Photophosphory-
lation was measured in a medium containing 250
mM sucrose, 50 mM NaCl, 20 mM Tricine at pH
7.50 and 5 mM sodium phosphate/potassium
phosphate at 32.5°C by ascending chromatogra-
phy [6].

Manganese content of charred samples was
measured with a Perkin-Elmer Model 303 atomic
absorption spectrophotometer equipped with a
graphite furnace. Membrane-bound cytochromes
were assayed by difference spectroscopy in 5 mM
Nad(l, 2 mM MgCl,, 5 mM K,HPO, and 50 mM
Tricine at pH 7.00. Reductants and oxidants were
the same as those used by Stewart and Bendall [4]
except that a freshly prepared anaerobic solution
of sodium hydrosulfite was used to reduce cyto-
chrome ¢-549. P-700 content was measured by
difference spectroscopy at pH 7.00 [7].

Chlorophyll a content was determined by ab-
sorbance at 663 nm in 80% acetone [8]. For pro-
tein assays, chlorophyll ¢ was removed by the
addition of 0.5 ml aliquots of cold 90% acetone.
The solution was mixed and centrifuged for 15
min at 15500 g at —5°C. The blue-gray pellet was
dissolved in deionized water and protein content
was determined according to Lowry et al. [9] at
750 nm.

Phosphate was also determined by the method
of Lowry et al. [10] in which samples were washed
three times with deionized water, dried at 90°C,
charred, and treated with sulfuric acid to convert
the organic phosphates to orthophosphoric acid.
After drying, the samples were redissolved in de-
1onized water and assayed for phosphate.

SDS-gel electrophoresis was carried out accord-
ing to the procedure of Laemmli [11]. The separat-
ing gel contained 12.5% acrylamide and 6 M urea.
Samples were pretreated for electrophoresis by
freezing for 48 h at —30°C followed by heating
for 1 h at 50°C to fully denature all chlorophyll-
protein complexes. Heme-dependent peroxidase-
like activity was assayed according to Guikema
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and  Shermann [12] in the presence of 2-
mercaptoethanol.

For estimation of molecular weight, the PS 11
preparation was rechromatographed at 4°C on
Sepharose 6B which had been equilibrated with
25% glycerol, 7.5 mM Hepes at pH 7.50, 10 mM
MgCl,, and 5 mM sodium phosphate /potassium
phosphate (Hepes-glycerol buffer).

Results and Discussion

The main objective of this study was to char-
acterize an oxygen-evolving PS II preparation from
S. lividus, a thermophilic cyanophyte that lives at
the apparent upper temperature limit for oxygenic
photosynthesis [13]. Table Ia shows the yield of
total oxygen-generating activity in thylakoid mem-
branes, in the LDAO-released supernatant and
corresponding pellet, and in the PS II preparation.
Table 1a also shows that total activity for oxygen
generation was increased in the PS II preparation
and that LDAO released most of the oxygen-
evolving enzyme into the supernatant after ultra-
centrifugation. Table Ib lists the corresponding
Hill reaction activity rates observed during the
isolation of the PS II preparation on both a Chl a
and total protein basis. These Hill Reaction rates
are similar to the values reported by Stewart and
Bendall for a PS 11 preparation from Phormidium
laminosum [3] (1342 pmol O, evolved /mg Chl a
per h) and several-fold greater than the values
reported for O,-evolving preparations from spinach
[14] (320 pmol O, evolved/mg Chl a per h).

Rates of Hill activity were approx. 4-5-fold
greater in PS II preparations than thylakoid mem-
branes (Table II). PS I electron transport rates
were very low, approx. one-seventh the rate ob-
served in membranes. DCMU inhibited approx.
90% of total electron transport through PS II,
while 2 uM DBMIB inhibited approx. 9% of the
electron transport. Addition of 5 mM ammonium
chloride caused a reproducible inhibition rather
than a stimulation of electron transport through
PS II, suggesting that the preparation was uncou-
pled. This lack of stimulation with NH,Cl was
consistent with the observation that the PS II
preparation yielded insignificant rates of pho-
tophosphorylation (3.3 nmol of ATP formed per
#g Chl a per hour with K;Fe(CN), and 2,5-di-
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TABLE IA
PURIFICATION

OXYGEN GENERATION ASSAYS CARRIED OUT AT pH
5.00 AND AT 32.5 °C WITH FeCy AND DMBQ

Chl a concentration was S ug/ml for the thylakoid membranes
and 1 pg/ml for PS II preparation and active superntant. The
column chromatography step consisted of passage of the active
supernatant through a Sepharose 6B column at 4°C equi-
librated with Hepes-glycerol buffer. Ultracentrifugation of the
eluted green fractions was carried out at 181000 X g for 3 h.

Sample nmol mg mg protein/
O, evolvedtotal total Chla
-h~? protein Chl a ratio
Thylakoid membranes 207 269 2.50 10.7
LDAO treatment and centrif.
Active supernatant 515 8.7 0.29230.0
Less active pellet 98 181 221 82
Column chromatography,
ultracentrifugation 249 433 0.22519.2
TABLE IB
SPECIFIC ACTIVITIES
Sample nmol O, nmol O,
evolved evolved
(ug Chla)™! (pgprotein)™’
h! h!
Thylakoid membranes 82.7 77
LDAO treatment and centrif.
Active supernatant 1763 59
Less active pellet 444 54
Column chromatography
and ultracentrifugation 1107 58
TABLE 11

Ivei-ug ctl a' hr'! (':))
g 8§ 88

nmoles 02 evol
'S
3

% 0 35 & & 70 75 80 & %

pH of Reaction Media

Fig. 1. Hill reaction activity in PS II preparation as a function
of pH. O, 10 mM Hepes; ®, 10 mM Mes.

methyl-p-benzoquinone and 0.8 nmol of ATP
formed per pg Chl a per hour with pyocyanine/
ascorbate as the electron acceptors). As expected,
we have been unable to detect any light-induced
proton pumping in the preparation [15].

Fig. 1 shows that the PS II preparation pos-
sessed a sharp and acidic pH optimum. If the pH
optimum in uncoupled (leaky to protons) prepara-
tions for Hill activity reflects the pH of the water
oxidation site as has been proposed [16,17], then
this low pH optimum may be indicative of the pH
at which oxygen generation occurs in vivo. The
rate of oxygen generation rapidly decreased below
pH 5, possibly due to a disturbance at the water
oxidation site and P-680 [18] or to loss of
manganese [19].

ELECTRON TRANSPORT IN THYLAKOID MEMBRANES AND PS II PREPARATIONS
DBMIB = 2 uM, DCMU =10 uM. Chl a concentrations =1 pg/ml for PS II prep. Thylakoid membranes measured at 45°C at pH

7.50.
System Reaction nm O,
evolved or consumed:
(pg Chla) '-(h)~!
Thylakoids H,0 to K;Fe(CN), /DMBQ+NH,Cl 312
PS II Prep H,0 to K;Fe(CN), /DMBQ 1830
H,0 to K;Fe(CN), /DMBQ+NH,C1?* 1722
H,O0 to K;Fe(CN) /DMBQ + DBMIB 1668
H,0 to K;Fe(CN),/DMBQ + DCMU 136
DCMU + asc/DPIP to MeV 41

® Control value normalized to 1830 nmol O, /pg Chl a /h.



Table I1I shows the results of manganese analy-
sis in the PS II preparation. Based on the average
results of four samples, two manganese atoms
were found per 33 Chl a molecules. For compari-
son, thylakoid membranes yielded 0.750 atoms of
manganese per 50 Chl g molecules. Analysis of
membrane-bound cytochromes (Table III) in-
dicated a high concentration of both high and low
potential cytochrome b-559 while cytochrome 5-563
in the PS II preparation was present in only trace
amounts. Cytochrome ¢-549 was found in only two
of four PS II preparations and this uncertainty
may be due to either the specific conditions neces-
sary to induce the difference spectrum or to the
absence of cytochrome ¢-549 in some PS II pre-
parations. A decrease in P-700 content was also
observed in the PS II preparation, since thylakoid
membranes yielded 5.06 molecules of P-700 per
1000 Chl a molecules. These results indicate that
one is not just removing Chl a from the membrane
but is actually enriching for PS II through deter-
gent fractionation.

Fig. 2 shows an absorption spectrum of the PS
Il preparation. A side peak at 659 nm was ob-
served which probably represented chlorophyll- or
protein-bound core phycobilisome subunits of al-
lophycocyanin, since this side peak is near the
wavelength maximum of free allophycocyanin B
from Synechococcus sp. [20]. The presence of al-
lophycocyanin is consistent with an assumed role
for a form of this pigment in oxygen generation in
red algae [21].

TABLE III

MANGANESE, CYTOCHROME AND P-700 ANALYSIS
IN PS II PREPARATIONS

Manganese values are atoms of Mn per 1000 molecules of Chl
a. Cytochrome and P-700 values are molecules per 1000 mole-
cules of Chl a.

Component Concentration Number of samples
Manganese 60.40 4
b-559 HP 13.19 4
b-559 LP 5.25 4
b-559 Total 18.44 4
b-563 0.06 3
c-549 4.94 2
f 3.22 4
P-700 1.90 1
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Fig. 2. Absorption spectrum of PS II preparation.

Total phosphate relative to Chl a and protein
was also measured. The results indicated the pres-
ence of 0.044-0.048 pg of phosphate per ug Chl a
in the PS II preparation. If the mono-phosphate
phosphatidylglycerol is the only phospholipid in S.
lividus thylakoid membranes [22], then there are
approx. 0.41 mol of phosphate per mol Chl a in
our PS II preparation. We also found 19-23 ug of
protein per pg Chl a in our preparation. Thus the
PS II preparation does not seem to contain enough
organic phosphate to be composed of phospholi-
pid vesicles.

Gel-electrophoresis in the presence of SDS in-
dicated the presence of 27 separate bands when
stained with Coomassie brilliant blue (Fig. 3). The
two. major bands at 13.5 and 15.5 kDa (lanes a
and b) may be due to the alpha and beta subunits
of allophycocyanin and reflect the high protein-
chlorophyll a ratios found in our preparation.
These two major bands were blue in color in
unstained gels. In our gel system, the oxygen-
evolving PS II preparation also contained major
bands at 30, 43.9, 53.1, 59.9, 64.3, and 81.9 kDa.
Heme-dependent peroxidase-like activity was de-
tected in one band at 27 kDa (lane c). Since under
denaturing conditions only covalently-bound heme
groups will stain positively for cytochromes (see
lane d), this band probably corresponds to cy-
tochrome f.

When the PS II preparation was rechromato-
graphed on Sepharose 6B which had been preequi-
librated with Hepes-glycerol buffer, the active pre-
paration eluted as a single peak at a void volume
identical to that for blue dextran of molecular
weight 2 - 106,

These results indicate that a PS II preparation
which is highly active in oxygen generation can be
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Fig. 3. SDS-gel electrophoresis in PS II preparation. (a) Stained
with Coomassie brilliant blue. (b) Unstained gel. (c) Stained
with tetramethylbenzidine. Arrow 2 indicates positively stained
band. (d) Tetramethylbenzidine-stained gel of catalase, hemo-
globin, and cytochrome ¢ (arrow 3). Numbers to left of lane a
(% 1000) correspond to molecular weight.

isolated from S. lividus. This preparation is en-
riched in PS Il components and is partially de-
pleted in PS I components and activities. This
visually clear, long wavelength bile-containing pre-
paration appears to be a promising system for the
detailed study of PS II and for the eventual isola-
tion of the oxygen evolving complex.
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