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Photosynthetic oxygen evolution is mediated by a Mn cluster at a site on the lumenal side of Photosystem II (PS II). 
The psbO gene product, the so-called extrinsic 33 kDa protein appears closely associated with this site, although its 
precise role remains unclear. We have used targeted mutagenesis to investigate whether the psbO protein is 
essential for PS II activity in the cyanobacterium Synechocystis sp. PCC 6803. The psbO gene was isolated and the 
locus was shown to be present as a single copy in the genome by low-stringency Southern hybridisations. Northern 
analysis detected a major psbO monocistronic transcript of 0.95-1.0 kb. Insertion and deletion p s b O -  mutant 
strains (named ICI and 1C2, respectively) were engineered and verified biochemically. The lesions in psbO have 
been confirmed by readdition of t he  psbO gene into both mutants using in situ complementation. This technique 
further indicated that the mutants may not be phenotypically identical. However, both mutants can grow 
photoautotrophically and exhibit appreciable rates of oxygen evolution. We therefore confirm independently the 
recently published results of Burnap and Sherman (Burnap, R.L. and Sherman, L.A. (1991) Biochemistry 30, 
440-446). We also show that the mutated organism is highly susceptible to photoinhibition. This observation 
indicates that although the psbO protein is not absolutely required for water-splitting in Synechocystis sp. PCC 6803 
it does play an important  role in protecting against donor side photoinhibition. 

Introduction 

In all organisms performing oxygenic photosynthe- 
sis, Photosystem II (PS II) functions as a light-catalysed 
water-plastoquinone oxidoreductase, with molecular 
oxygen being produced as a side product. PS 11 is a 
multi-subunit pigment-protein enzyme which spans the 
thylakoid membrane [1]. 

The site of photochemistry, the PS II reaction cen- 
tre, is now well characterised. The D1 and D2 poly- 
peptides (psbA and psbD gene products respectively) 
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bind the photooxidising chlorophyll species P680 and 
the primary electron acceptor pheophytin, form the 
plastoquinone-binding sites QA, QB and contain the 
tyrosine residues that produce the electron paramag- 
netic resonance (EPR) signals Z and D when oxidised 
[1,2]. This understanding of the PS II reaction centre 
has been greatly aided by comparison with the reaction 
centre crystal structure of purple photosynthetic bacte- 
ria determined by X-ray crystallography [3]. 

In contrast, the site of water-oxidation, situated on 
the lumenal side of the thylakoid membrane, is rela- 
tively poorly understood. A tetrameric manganese clus- 
ter plays a central catalytic role coupling the single- 
electron photochemistry of primary charge separation 
to the four electron process of water oxidation by 
cycling through a series of oxidation states S o to S 4 
[4,51. 

In plant and algal chloroplasts three extrinsic poly- 
peptides situated on the lumenal side of PS II, with 
apparent  molecular masses on SDS-PAGE of 33 kDa 
(the psbO gene product often called MSP, the 



'manganese-stabilising protein'), 23 kDa (psbP gene 
product) and 17 kDa (psbQ gene product) have also 
been closely implicated in oxygen evolution [6]. The 
psbO gene was formerly called woxA or psbl. A large 
volume of experimental evidence, including the fact 
that they are not present in cyanobacteria [7-9], has 
assigned non-catalytic roles to the 23 kDa and 17 kDa 
polypeptides. It seems that these polypeptides function 
to sequest or regulate Ca 2+ and CI- levels in the 
vicinity of the water-oxidation site [6,10]. 

On the other hand, the 33 kDa protein is found in 
all oxygenic organisms including cyanobacteria and is 
firmly attached to the intrinsic PS II core in close 
proximity to the Mn cluster, visible through electron 
microscopy as a protrusion into the lumen [11,12]. 
Much experimental data concerning psbO protein 
function has come from in vitro systems. Most suggest 
the 33 kDa protein is not a major site of Mn coordina- 
tion and that it can be functionally replaced, at least 
partially, by high, non-physiological C1- and Ca 2+ lev- 
els [13]. The psbO protein can be washed from the 
intrinsic PS II core without concomitant Mn release 
[14]. Moreover Virgin et al. [15] have correlated Mn 
release to the degradation of the D1 polypeptide. 

Despite the above, the simplest PS II preparations 
that evolve oxygen under near physiological Ca 2+ and 
C1- concentrations retain the 33 kDa protein along 
with the chlorophyll-binding proteins CP-47 (psb B gene 
product) and CP-43 (psbC gene product), D1, D2, the 
a- and /3-subunits of cytochrome b-559 (psbE and 
psbF gene products) [16,17] and probably one or more 
additional low molecular weight polypeptides, e.g., the 
psbI gene product [18,19]. A smaller particle, formed 
by chemical cross-linking consists predominantly of D1, 
D2 and the 33 kDa protein. This apparently retains Mn 
and is capable of catalysing H z O  2 oxidation, but not 
water-splitting [20]. 

To date there have been far fewer in vivo studies of 
the psbO protein function. Groups studying Syne- 
chocystis sp. PCC 6803 and Chlamydomonas reinhardtii 
mutants lacking functional psbO genes have both con- 
cluded that the presence of the psbO polypeptide is 
essential for oxygen evolution in vivo [9,21]. However, 
recently Burnap and Sherman [22] and also Philbrick 
and Zilinskas (personal communication) have con- 
structed mutants of Synechocystis sp. PCC 6803 in 
which the entire psbO gene had been deleted. Surpris- 
ingly these workers found that a psbO-less mutant still 
retains the ability to evolve oxygen and grow photoau- 
totrophically. We have also chosen the cyanobacterium 
Synechocystis sp. PCC 6803 as a convenient organism 
in which to target mutagenesis of PS II genes [23,24] 
including psbO [25] so that the function of specific PS 
II components can be addressed in vivo. In this paper 
we define the molecular genetics of the psbO locus 
and confirm the conclusion that the 33 kDa protein is 

not essential for in vivo PS II water-splitting activity in 
Synechocystis 6803. We also report that the deletion 
mutant is highly sensitive to photoinhibition as com- 
pared with the wild-type. 

Materials and Methods 

All chemicals used were of reagent grade. Restric- 
tion enzymes and T4 DNA ligase were purchased from 
Northumbria Biologicals. For probe labelling, sequenc- 
ing grade Klenow and deoxynucleoside triphosphates 
used were from Boehringer-Mannheim. DNAase-free 
RNAase and lysozyme were supplied by Sigma. All 
were used according to the manufacturers instructions. 
[a-32p]dCTP (3000 Ci mmol -a) was obtained from 
New England Nuclear, DuPont (U.K.). The PS II her- 
bicides, atrazine and DCMU (3-[3,4,-dichlorophenyl]- 
1,1-dimethylurea), were obtained from British Grey- 
hound, Birkenhead, U.K. 

Strains and culture conditions 
The Synechocystis sp. PCC 6803 strain used 

throughout these experiments was the glucose-tolerant 
strain Synechocystis 6803-G [26], a kind gift from Dr. 
J.G.K. Williams (DuPont, Delaware, U.S.A.). This 
strain is referred to throughout as Synechocystis 6803 
or the wild-type. It was routinely grown in BG-11 
medium supplemented with 5 mM glucose at 30-33°C. 
Plate medium was supplemented as described by 
Pakrasi et al. [27]. Liquid cultures were grown with 
continuous orbital shaking; large cultures in sterile 
conical flasks, small 4 ml cultures in 30 ml disposable 
universal bottles (Sterilin). psbO- strains were rou- 
tinely grown in medium supplemented with 5 mM 
glucose, 100/zg m1-1 kanamycin and 20/xM atrazine 
to maintain the PS II lesion. Continuous illumination 
was provided by a mixture of white and Gro-light 
fluorescent light. Liquid cultures were illuminated at 
approx. 30/xE m -2 s -1, BG-11 plates at approx. 50-60 
/xE m -2 s -i.  The pUC19 recombinant plasmid pTK1 
was a kind gift from Dr. T. Kuwabara and contains the 
entire Anacystis nidulans R2 psbO gene within a 1.2 
kb XbaI-HindIII fragment (see Ref. 28). 

DNA manipulation, library screening and Southern hy- 
bridisation 

General DNA manipulations and library screening 
were all performed essentially as described by Sam- 
brook et al. [29]. The Synechocystis 6803 library 
screened was also a kind gift from Dr. J.G.K. Williams. 
It was made commercially by Stratagene (U.S.A.) who 
ligated partial Sau3A chromosomal fragments into the 
BamHI site of AEMBL3. A clones containing psbO 
were isolated by screening with the 1.2 kb XbaI-HindIII 
pTK1 insert using overnight hybridisation at 55°C in 
5 × SSC, 5 × Denhardt's, 0.5% SDS, 100 /zg m1-1 



denatured sonicated calf thymus DNA, with subse- 
quent filter washing to 1 x SSC, 0.1% SDS at 55°C 
(20 x SSC is 3.0 M NaC1, 0.26 M trisodium citrate; 
50 x Denhardt's is as described in Sambrook et al. 
[29]). Maxiprep cyanobacteriaI chromosomal DNA was 
isolated according to Williams [26]. For Southern anal- 
ysis, restricted DNA was fractionated on 0.8% agarose 
(BRL) gels and transferred to Schleicher and Schuel 
BA 85 nitrocellulose. Following ethidium bromide visu- 
alisation and before denaturation and neutralisation, 
gels were soaked for 10 min in 0.25 M HC1 to facilitate 
the transfer of high molecular weight DNA fragments. 
[a- 32 P]-radiolabelling of double-stranded DNA probes 
to  high activity was achieved essentially as described by 
Feinburg and Vogelstein [30]. In the Synechocystis 6803 
psbO copy-number determination the lowest stringency 
conditions used were hybridisation for 24 h at 55°C in 
10 ml 5 x SSPE, 5 x Denhardt's, 0.2% SDS 1 mM 
ATP, 100/zg ml-1 calf thymus DNA with subsequent 
filter washing in 4 x SSPE, 0.2% SDS at 50°C followed 
by prolonged washing at 25°C in 2 x SSPE, 0.2% SDS. 
(20 X SSPE is 3.6 M NaC1, 0.2 M sodium dihydrogen 
orthophosphate, 2 mM EDTA). Fig. 3 Southern condi- 
tions consisted of hybridisation overnight at 65°C in 10 
ml 5 x SSC, 5 x Denhardt's, 0.5% SDS, 100 /zg m1-1 
denatured sonicated calf thymus DNA, with filter 
washing to 0.1 x SSC, 0.1% SDS at 65°C. Chromoso- 
mal minipreps of Synechocystis 6803 mutant DNAs 
were performed from 4 ml cultures using the amalga- 
mation of two published methods. A scaled-down ver- 
sion of the protocol of Williams [26] was followed 
through the NaI and lysozyme treatment steps. Then 
the procedure of Bustos et al. [31] was adopted from 
the proteinase K step onwards. Single-stranded tem- 
plate for sequencing using the Sequenase sequencing 
kit (USB, supplied by Cambridge BioScience) was pre- 
pared via directional subcloning of DNA into M13 
vectors mp18 and mp19 [32]. 

Northern analysis 
Total Synechocystis 6803 RNA was prepared from 

exponential growth phase (Ay30n m = 0.5)  and late expo- 
nential/stationary growth phase (A730n m = 2)  cells ac- 
cording to Mohamed and Jansson [33]. It was sepa- 
rated on 1.2% formaldehyde denaturing agarose gels 
and transferred to Hybond-N membranes (Amersham) 
according to the manufacturer's instructions. Prehy- 
bridisation, hybridisation and filter washing were per- 
formed as in Ref. 33. Boehringer-Mannheim RNA 
molecular-weight marker III was used for transcript 
sizing. High activity single-stranded DNA probes were 
prepared using the method of Burke [34] modified by 
Dr. J. Paterson (personal communication). The com- 
plementary radiolabelled strand was synthesised from 

• single-stranded M13 clone mSMO1 (see Fig. 1A) using 
Klenow fragment and the universal primer, in the 

presence of dTTP, dGTP, dATP and [a-32p]dCTP. 
The reaction products were then digested with HincII 
and electrophoresed on a 1.5% low-gelling-tempera- 
ture agarose gel (FMC BioProducts) using 30 mM 
NaOH and 10 mM EDTA buffer. The psbO-specific 
single-stranded probe was located by autoradiography, 
excised, melted and added directly to the hybridisation. 

Transformation of Synechocystis 6803 and isolation of 
psbO- mutants 

Transformation of Synechocystis 6803 was carried 
out essentially as described by Williams [26]. Exponen- 
tial-phase cells were spun down and resuspended to 
1 • 109 cells m1-1 concentration in BG-11. 0.3-1.0 ~g 
of unrestricted plasmid was added to 200/zl of cells in 
a sterile disposable 7 ml Bijoux bottle (Sterilin) and 
incubated in the growth room for 4-6 h with occasional 
shaking. The transformation mixture was then spread 
onto 50 rum diameter Sartorius SM 113 (0.45 ~m pore 
size) nitrocellulose filters overlaid on 60 mm diameter 
BG-11 plates supplemented with 5 mM glucose to 
permit the growth of potentially non-photoautotrophic 
mutants. After approx. 20 h incubation the filters were 
transferred to fresh BG-11 plates containing 5 mM 
glucose, 5/~g ml-1 kanamycin and 10-20/zM atrazine. 
Incubation for about a week produced visible colonies. 
Several rounds of re-streaking from single colonies 
onto BG-11 plates containing 5 mM glucose, 100 /.~g 
m1-1 kanamycin and 20 /zM atrazine then ensued to 
segregate mutants for the psbO mutation. For both 
strains IC1 and IC2 a number of independent transfor- 
mants were segregated, though Southern analysis ulti- 
mately showed them to be indistinguishable. 

Immunoblotting 
Membranes were isolated from 800 ml cultures o f  

cells in late exponential growth phase. The cells were 
broken by passage through a pre-chilled French pres- 
sure cell at 20 000 p.s.i., according to Gounaris et al. 
[35]. The protein content of each cyanobacterial prepa- 
ration was determined using the Pierce BCA assay 
system (Rockford, IL). Immunoblotting was performed 
as described previously by Nixon et al. [36] using anti- 
bodies to the extrinsic 33 kDa protein from pea [37]. 

Oxygen evolution measurements 
Wild-type and mutant strains were grown at 31°C in 

liquid culture supplemented with 5 mM glucose and 
also 25 ~g m1-1 kanamycin for mutants. Exponential- 
phase cells (A730n m o f  0.65-0.8) were harvested by 
centrifugation for 10 min at 4500 x g at 15°C. The 
chlorophyll a content was determined [38] following 
methanol extraction of the chlorophyll from cells. 0 2 
evolution was measured at 31°C using a Hansatech 
DW2 0 2 electrode unit (Hansatech, King's Lynn, Nor- 
folk, U.K.). Illumination was provided by a Flexilux 



HL150 lamp to an intensity of 3000/xE m -2 s -1. The 
light intensity was measured inside the 0 2 electrode 
reaction chamber using a fibre optic probe with the 
Skye quantum measuring system SKP200 (Skye Instru- 
ments, Llandrindod Wells, Powys, U.K~). 

In situ genetic complementation 
The procedure described in Ref. 39 was modified to 

establish a rapid screening system where many plates 
could be screened simultaneously if required. A 4 ml 
culture of mutant strain cells was spun down, washed 
twice in 5 ml BG-11 and after the third spin, resus- 
pended in 1-2 ml BG-11. The A730n m w as  measured 
and the cells then diluted to a concentration of 1.33" 
108 cells ml -x. An Z730n m of 0.25 corresponds to a 
concentration of 1 • l0 s cells m1-1 [26]. 150 ~zl (2- 107) 
cells were mixed briefly with 1.5 ml 0.8% BG-11 agar 
maintained at 42°C and overlaid onto a 60 mm diame- 
ter BG-11 plate. After the top agar had solidified 
transforming plasmids were spotted onto the agar sur- 
face adjacent to positions marked on the base of the 
plate. The spots were allowed to evaporate by leaving 
the plate lids off for 15 min. The lids were then sealed 
on with Parafilm (American National Can) and re- 
moved from the sterile hood. 

Results 

Isolation and characterisation of the Synechocystis 6803 
psbO gene 

The Synechocystis 6803 psbO gene was isolated from 
a AEMBL3 genomic library as detailed in Materials 
and Methods (a preliminary report has already been 
published in Ref. 25). Three positive phage clones 
were further characterised by restriction-mapping and 
Southern blotting (data not shown). Two of these pos- 
sessed a 5.5 kb HindlII-HindlII fragment and the 
third, a 4.1 kb HindlII-BamHI fragment adjacent to 
the AEMBL3 boundary, which hybridised to the Ana- 
cystis nidulans R2 psbO probe. Both these fragments, 
which are shown in Fig. 1A, were subcloned into the 
plasmid pUC18 [40]. The 5.5 kb fragment generated 
pSMO1 and the 4.1 kb fragment pSMO2. 

Restriction-mapping of pSMO1 and pSMO2 to- 
gether with partial sequencing of the region established 
that the psbO gene already described by Philbrick and 
Zilinskas [9] had been independently isolated and thus 
is not a second psbO locus in Synechocystis 6803. Fig. 
1A extends the restriction data already reported and 
also shows the extent of the DNA sequencing per- 
formed. Only the HinclI-BamHI fragment was se- 
quenced in both orientations and this sequence is 
identical to that already published. The 5.5 kb HindlII 
insert of pSMO1 corresponds to the signal detected in 
the low stringency Southerns. 

Copy-number determination of the Synechocystis 6803 
psbO gene 

A series of low stringency Southern blots were per- 
formed using both the A. nidulans R2 and Synechocys- 
tis 6803 psbO genes as probes. The stringencies were 
lowered progressively to accomodate a range of possi- 
ble mismatches between probe and target sequence 
and also a reduction in the kinetics of hybridisation 
(see Ref. 41 for discussion of the relevant parameters). 
These experiments were performed to discount the 
possibility that the mutant phenotype observed later 
upon inactivation of the psbO gene was not due to a 
second functional copy of the psbO gene in the Syne- 
chocystis 6803 chromosome. Results, even at the very 
low stringency conditions described in the methods, 
confirmed previous reports [9,22,28] that Synechocystis 
6803 and A. nidulans have only one psbO gene copy 
per chromosome. Furthermore, the Anabaena sp. PCC 
7120 psbO gene is also single-copy [42] so that it 
appears to be a trend in cyanobacteria that psbO exists 
as a single copy unlike the genes psbA, psbD and 
psbG [26,43]. 

Investigation of psbO transcription in Synechocystis 6803 
Prior to mutagenesis it is important to establish the 

pattern of gene expression from the target locus. We 
therefore sought to establish at two stages of growth 
the nature of transcripts derived from psbO and the 
flanking DNA. It can be seen from Fig. 2 that a short 
autoradiogram exposure after hybridising with either 
probe (panels II, V) clearly identifies the same major 
transcript. This was sized as 0.95-1.0 kb long by com- 
paring the mobility to the RNA size markers run on 
the same gels. Burnap and Sherman [22] also detected 
this transcript, although they sized it at 1.2 kb. 

The Synechocystis 6803 psbO coding region is 822 
bp long so this transcript is just large enough to cover 
the complete psbO gene. A much fainter 0.7 kb signal 
is also detected in exponential-phase RNA but not late 
exponential-phase RNA, using both probes. As the 
Southern analysis indicates there is only one psbO 
locus, it is likely that this 0.7 kb signal is a specific 
degradation product of the 1.0 kb psbO message and 
does not arise from a separate locus. 

Over-exposure of the autoradiograms (panels III 
and VI) shows two things. Most importantly, no obvi- 
ous transcript larger than 1.0 kb is observed. The 
signals above the major 1.0 kb transcript which are 
particularly visible in the exponential-phase RNA 
preparation result from probe hybridisation to trace 
DNA contamination and to ribosomal RNA. There- 
fore, the psbO transcript size implies that psbO is very 
likely not co-transcribed with any other gene in Syne- 
chocystis 6803 in either of the growth phases investi- 
gated. Secondly, upon over-exposure two additional 
signals of approximately 0.5 kb and 0.35 kb are de- 



t ec t ed  in la te  exponen t i a l -phase  R N A  using the longer  
p r o b e  (pane l  VI)  but  not  the  in te rna l  psbO p r o b e  
(pane l  III) .  The  s ignif icance of  these  signals is not  
known at p resen t ,  but  it is poss ib le  tha t  they or ig ina te  
f rom sequences  f lanking the  psbO gene.  I t  should  be  
no ted  tha t  the  sequence  of  approx.  0.4 kb d o w n s t r e a m  
of  psbO that  was inc luded  in the  d o u b l e - s t r a n d e d  
p r o b e  and which was r emoved  with  psbO in the  de le-  
t ion m u t a n t  (see below) has not  been  sequenced .  This  
reg ion  could  possibly  be  funct ional .  

The  intensi ty  of  the  0 .95-1 .0  kb signal is g r ea t e r  
f rom the  la te  exponen t i a l -phase  R N A  than  the expo-  

A wild-type 

nen t i a l -phase  R N A  using e i the r  p robe .  As  approxi -  
ma te ly  equa l  amoun t s  of  R N A  were  l o a d e d  this may  be  
s ignif icant  or  it may  ref lect  tha t  the  exponen t i a l -phase  
R N A  p r e p a r a t i o n  is sl ightly deg raded .  

Cartridge mutagenesis of the Synechocystis 6803 psbO 
gene 

Two m u t a n t  Synechocystis 6803 s t r a i n s  with dis- 
r u p t e d  psbO loci were  eng inee red .  A n  inser t ion  mu-  
tan t  s t rain,  n a m e d  IC1 was cons t ruc ted .  In  this s t ra in  
t he  gene  e n c o d i n g  a m i n o g l y c o s i d e  3 ' - p h o s p h o -  
t r ans fe rase  that  confers  res i s tance  to the  ant ib io t ic  

5.5 KD H~nd tlI-H/t~U III DSMOI inser t  

4 I kb HlnUIl I-Bam HI pSM02 inser t  
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Fig. 1. Restriction maps of the Synechocystis 6803 psbO locus from wild-type and mutant strains IC1, IC2. (A) Wild-type locus. This shows the 
location of the psbO pre-sequence (hatched box) and mature sequence (solid box). Also illustrated are the inserts of the clones pSMO1 and 
pSMO2 and the DNA used as probe in Fig. 3 (dotted lines denoted P). The region of sequencing performed by Philbrick and Zilinskas [9] is 
indicated (Z). The fine arrows show the extent of DNA sequencing we have performed and the orientation of the sequencing clone mSMO1 
(labelled M) used in the Northern analysis for the generation of a single-stranded psbO probe. (B) Mutant strains IC1 and IC2. The direction of 

transcription of the Km r gene is arrowed in each strain. 



kanamycin (hereafter referred to a s  Kin r) was inserted 
into the psbO BamHI site. Plasmid pSMO1 was par- 
tially digested with BamHI, electrophoresed and the 
linearised form purified from the excised gel slab. This 
was ligated with the 1.3 kb BamHI Km r fragment from 
plasmid pUC4K (variant described in Ref. 44) and 
transformed into Escherichia coll. Recombinant clones 
were screened by restriction-mapping and plasmid 
pSMO4, where the Km ~ cartridge interrupts the psbO 
gene, was selected. The orientation of the Km r car- 
tridge was also elucidated in this analysis. Plasmid 
pSMO4 was transformed into Synechocystis 6803 to 
ultimately generate mutant strain IC1. 

At the same time, a deletion strain named IC2 was 
made where the 1.5 kb StuI-XbaI fragment containing 
all of psbO was replaced by the Kill r cartridge in the 
Synechocystis 6803 chromosome. Briefly, the 5.5 kb 
insert from pSMO1 was subcloned into the plasmid 
vector pUC9 to generate pSSO1. The desired orienta- 
tion was selected by restriction-mapping recombinant 
clones. Concurrently the Pst I Knl r fragment of pUC4K 
was subcloned into Bluescript S K +  (Stratagene, 
U.S.A.) to form plasmid pSSKml and the cassette 
orientation was also verified by restriction-mapping. 

Next, pSSO1 was partially digested by StuI, then to- 
tally digested by XbaI and the longest restriction frag- 
ment purified. This fragment was ligated to the 
EcoRV-XbaI Km r fragment of pSSKml to generate 
pSSO3. Construct pSSO3 was transformed into Syne- 
chocystis 6803 to generate strain IC2 after segregation 
of the homozygous mutant. 

The rationale for generating these particular mu- 
tants was two-fold. Firstly, ]C1 was made to corre- 
spond as closely as possible to the original insertion 
mutant constructed by Philbrick and Zilinskas [9]. The 
only possible differences between the insertion strains 
are the source of the Km r cartridge and its orientation 
in the chromosome. Secondly, since IC1 still contains 
all the wild-type psbO gene, albeit in an interrupted 
manner, IC2 was also made. As the wild-type psbO 
gene has been completely removed IC2 not only lacks 
an inherent ability to revert to a psbO + strain but also 
this strain may be more useful for future site-directed 
mutagenesis experiments. 

Synechocystis 6803 possesses approx. 12 chromoso- 
mal DNA copies per individual cell [45] so that after 
several rounds of re-streaking from single colonies it 
was necessary to check whether the segregation of 
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Fig. 2. Northern analysis of transcripts from the Synechocystis 6803 psbO locus present in exponential-phase and late-exponential phase RNA. 
Two different psbO probes were hybridised to Northern blots of total Synechocystis 6803 wild-type RNA isolated from exponential-phase 
(abbreviated to log phase) and late exponential-phase (late log) cultures. Probe A was a 198 bp single-stranded internal psbO probe generated 
from clone mSMO1 (see Fig. 1A). Probe B was formed by radiolabelling both strands of the purified 1.5 kb StuI-XbaI restriction fragment 
containing all of psbO, plus flanking DNA. Approx. 10/xg total RNA per lane was loaded. Panels I, IV show the stained agarose gels prior to 
transfer. Panels II, V show the resulting autoradiograms following exposure at -80 °C for 60 h and 11 h respectively. Panels III, VI show 

over-exposure of the same filters. 



homozygous mutants had been achieved. Genomic 
DNA was isolated from each mutant strain and used 
for Southern analysis to confirm all the wild-type psbO 
copies had been substituted. Fig. 3 shows quite clearly 
that the wild-type psbO restriction fragments, for ex- 
ample, the 5.5 kb HindlII fragment, are no longer 
present in either mutant strain. Instead the mutant 
restriction profiles verify the mutant psbO loci restric- 
tion maps shown in Fig. lB. A hybridising 0.2 kb 
fragment must have run off the end of the gel in each 
Sinai digest in Fig. 3. 

These results are clear confirmation that each mu- 
tant contains no functional psbO gene copies. There is 
no question that copies of the wild-type psbO gene 
remain in the mutants but at too low a level to be 
detected by Southern analysis. Experience we have 
gained constructing meridiploids during the course of 
other Synechocystis 6803 mutagenesis work confirms 
that if disruption of an essential gene is attempted 
then, in order to retain the gene function, at least one 
wild-type gene copy per cell is maintained and its 
resulting Southern signal intensity is at least one twelfth 
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Fig. 3. Verification of psbO strain genotypes by Southern analysis. 
Wild-type, strains ]C1 (I) and IC2 (zx) chromosomal DNAs were 
digested with HindIII, Sinai or SspI, electrophoresed and trans- 
ferred to nitrocellulose. The filter was hybridised at high stringency 
with a DNA probe consisting of a 1 : 1 : 1 molar mixture of the psbO 
HincII-HinclI and XbaI-HindIII fragments shown in Fig. 1A to- 
gether with the pUC4K Kin r insert. An autoradiogram exposed for 2 

days at - 80°C with intensifying screens is shown. 
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Fig. 4. Immuoblotting of wild-type and mutant thylakoid membranes 
with an antibody raised against the pea extrinsic 33 kDa polypeptide. 
Thylakoid membranes from pea (panel I, < 1/zg protein loaded) and 
Synechocystis 6803 wild-type and psbO mutant strains (panel II) 
were challenged with antibodies against the extrinsic 33 kDa protein 
from pea, following SDS-PAGE and transfer to a nitrocellulose 
membrane. Two antibody serum dilutions were employed: 1:3000, 
panel I; 1 : 500, panel II. The cyanobacterial preparations were made 
from wild-type (+) ,  IC1 (I) and IC2 (A) cells grown with a supple- 
ment of glucose and IC2 (A - )  without glucose. 40 /zg protein were 

loaded for each Synechocystis 6803 lane. 

that of the mutant signal. This level of wild-type signal 
would be readily visible in Fig. 3. 

Analysis of mutant phenotypes 
It was found that both IC1 and IC2 could grow 

photoautotrophically on BG-11 plates or in culture, 
albeit with doubling times significantly longer than the 
wild-type. Therefore,  PS II seems to be at least partly 
functional in both these mutants. To check that photo- 
autotrophic growth was really being monitored, identi- 
cal BG-11 plates, supplemented with either 20 /zM 
atrazine or 10 /xM DCMU were prepared. Neither 
wild-type Synechocystis 6803 nor either of the mutants 
grew on these plates, indicating that the media con- 
tained no ingredients capable of sustaining photo- 
heterotrophic growth where PS II activity is not re- 
quired. 

Immunoblotting 
Immunoblotting of wild-type and mutant mem- 

branes was performed at high antibody concentration. 
Nonetheless, Fig. 4 shows that although the pea anti- 
body cross-reacted well with the wild-type membrane 
preparation, no psbO protein is visible in any of the 
mutant samples. The result from IC2 grown in BG-11 
without glucose supplement is particularly important as 
it demonstrates that even under photoautotrophic con- 
ditions where PS II is absolutely required, no psbO 
protein can be detected. Under  the electrophoresis 
conditions employed here the Synechocystis 6803 psbO 



T A B L E  I 

Oxygen evolution rates dependent on CO 2 fixation for Synechocystis 
6803 wild-type and psbO - mutant cells 

Cells were harvested and resuspended in fresh BG-11 containing 10 
mM N a H C O  3. Oxygen evolution rates, expressed in /zmol 0 2 mg 
(Chlorophyll a) -1 h -1, reflect electron transport from H 2 0  to 
fixation of CO 2. The mutant  rates as a percentage of the rates from 
wild-type cells are given in parentheses.  

Strains Rate  of  O 2 
evolution 

Wild-type 272.2 
IC1 204.1 (75) 
IC2 180.5 (66.3) 

gene product migrated slightly further than its pea 
counterpart. 

Oxygen euolution measurements 
Table I shows that both psbO- mutant strains evolve 

oxygen at similar appreciable rates, although both are 
reduced relative to the control rate. It is not possible to 
draw any quantitative conclusions from this data since 
values for 0 2 evolution vary by up to 30% in different 
experiments. Similar variations in oxygen evolution data 
have been reported in Ref. 46. However, we have 
discovered that the rate of oxygen evolution from the 
deletion mutant decreases more rapidly than from 
wild-type following preillumination in high light condi- 
tions well above saturating light intensities (Fig. 5). The 

reduction in the rate of photosynthetic electron trans- 
port after illumination is termed photoinhibition. A 
similar sensitivity was found with the insertion mutant 
(data not shown). 

In situ genetic complementation of the psbO- mutant 
strains 

To genetically verify the mutant strains created the 
wild-type psbO gene was reintroduced to both IC1 and 
IC2. The clear difference in photoautotrophic growth 
rates between wild-type Synechocystis 6803 and the 
psbO- mutants was used as a convenient visual assay 
in the 'in situ dot transformation' procedure developed 
by Dzelzkalns and Bogorad [39]. Suitable controls were 
also performed to demonstrate that the results below 
are due to introduction of specific DNA sequences 
(data not shown). 

The results of complementing both IC1 and IC2 are 
shown in Fig. 6A-C. Plasmid pSMO1, housing the 5.5 
kb HindIII insert containing all of psbO plus flanking 
DNA regions (see Fig. 1A), was consistently able to 
complement either psbO- strain growing photoau- 
totrophically. This complementation was manifested by 
an obvious increase in colony size in the region of each 
plate where pSMO1 had been spotted. Figs. 6A and B 
show that this increase was just apparent after 7 days 
for strain IC1. Fig. 6B illustrates that one of the most 
interesting features of the in situ complementation 
technique is the production of a sharp interface, which 
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Fig. 5. Initial rates of oxygen evolution of wild-type (WT) and IC2 mutan t  of Synechocystis 6803 harvested in (A) exponential or  (B) late 
exponential phase of growth and the effect of preillumination with strong light. Cells were harvested by centrifugation, diluted to 10 /xg 
chlorophyll m l - i  and subjected to various periods of preillumination with white light having an intensity of approximately 8500/xE m - 2  s-1.  The  
temperature  for the preillumination and the subsequent  oxygen evolution measurements  was 31 ° C. 10 m M  NaHCO 3 was added as an electron 
acceptor. In (A) the absolute rates for oxygen evolution for the non-treated wild-type and for the deletion mutan t  were 246 and 140 p, mol 0 2 (mg 

Chl a) -1 h i respectively, and in (B) the respective rates were 273 and 129/zmol 0 2 (mg Chl a) -1 h -1. 



we term the transformation interface (TI), between 
colonies with the mutant  phenotype and those that 
have been complemented.  This interface provides a 
direct comparison of the differing genetic backgrounds. 
Many of the colonies to the right of the TI  arrow in 
Fig. 6B have received the psbO gene and are increased 
in size. Fig. 6B also shows that there is not a great 
difference in colony density on each side of the trans- 
formation interface. This means that there is probably 
little difference between the psbO- and psbO + strains 
in the initial viability of single cells at the onset of 
colony establishment. 

As pUC plasmids are non-replicating in Synechocys- 
tis 6803 (J.G.K. Williams, personal communication), 
the wild-type psbO gene must be propagated by incor- 
poration into the mutant  chromosome. Recombinat ion 
between the pSMO1 plasmid insert and the homolo- 
gous sequences in the Synechocystis 6803 chromosome 
must occur. I t  is probable that the wild-type psbO 
sequence is added back at the site of the engineered 
psbO lesion through a double-crossover event between 
sequences common to pSMO1 and the mutant  chromo- 
some. In this case the Km r marker  should be simulta- 

neously excised and it is for this reason that kanamycin 
was not added as a supplement  to the BG-11 plates 
during these experiments. 

IC1 and IC2 did not behave in an identical manner  
when complemented  with pSMO1. Routinely, comple- 
mentat ion was visible after a week when IC1 was 
spotted, whereas 2-3  weeks were needed when spot- 
ting a IC2 lawn. However, as Fig. 6C shows, after 3 
weeks the appearance of both complemented mutant  
lawns was very similar. 

On the other hand, Fig. 6A and C shows that the 
control plasmid pSMO2 (see Fig. 1A) failed to c o m p l e -  
ment  visibly in situ either IC1 or IC2. This was not due 
to the integrity of the pSMO2 D N A  as judged by 
agarose gel electrophoresis and ethidium bromide 
staining. It  was concluded that this plasmid was proba- 
bly taken up by the mutant  strains, but that the pSMO2 
insert could not rescue the mutant  phenotype. This 
demonstrates the mutant  phenotypes are not caused by 
lesions upstream of the psbO gene. 

The results presented above confirm that both mu- 
tants can grow photoautotrophically but with an in- 
creased rate when the psbO gene is replaced. They 

B 

Imm 

TI 

Fig. 6. m SltU complementation of strains IC1 and IC2 with clones pSMO1 and pSMO2. 0.4-0.6/zg of unrestricted pSMO1 (spot 1) and pSMO2 
(spot 2) plasmid DNAs were spotted in a 4-5/zl volume of TE buffer onto separate regions of a BG-11 plate overlaid by soft agar containing 
psbO- mutant cells (see Materials and Methods). (A) shows the appearance of the IC1 plate after 7 days growth. The transformation interface 
arrowed (arrow TI) is shown magnified in B. (C) shows the similar appearance of both the IC1 (plate 164) and IC2 (plate 183) transformations 

after three weeks growth. 
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also indicate that the primary phenotypes observed are 
not likely due to independent secondary mutations 
outside the psbO gene. 

Discussion 

Low stringency Southern hybridisation, immuno- 
blotting and Northern transcript analyses confirm, to 
the limit of the sensitivity of each technique, that the 
psbO gene exists as a single copy in Synechocystis sp. 
PCC 6803 and is transcribed as a monocistronic mes- 
sage. psbO- insertion and deletion mutant strains, 
which have been verified both in vitro and in vivo, can 
still grow photoautotrophically and evolve oxygen at 
appreciable rates. Therefore, a main conclusion from 
these studies is that the psbO gene product is not 
absolutely required for the water-splitting reaction of 
Photosystem II in Synechocystis 6803. Perhaps of equal 
importance is the finding that when the psbO gene is 
deleted the photosynthetic activity of the mutant is 
readily inhibited by exposure to strong illumination as 
compared with the wild-type. We also show that an in 
situ complementation technique provides a convenient 
method for both rapidly confirming a mutant genotype 
and highlighting phenotypic changes following targeted 
mutagenesis in Synechocystis 6803. 

Implications for psbO protein function 
Our results are consistent with biochemical studies 

using isolated oxygen-evolving preparations which have 
also indicated that oxygen evolution can occur in the 
absence of the psbO protein. These studies showed 
that the psbO protein could be washed from the sur- 
face of the PS II complex without releasing the Mn [14] 
and that S-state turnover [47] and oxygen evolution 
occurred, albeit at a slower rate, as long as high con- 
centrations of calcium and chloride ions were present 
[48]. However, it has been debated whether in vitro 
washing procedures can actually remove all the 33 kDa 
protein [49]. With regard to this point, the use of 
defined psbO- mutants reported here avoids the pos- 
sibility of accumulating even trace amounts of the 

psbO protein in the membranes. Therefore, observa- 
tions with psbO- mutants of Synechocystis 6803 sup- 
port the view that it is not residual extrinsic 33 kDa 
protein bound to PS II particles which is responsible 
for the oxygen evolution activity in vitro. 

The minimal biochemically-isolated PS II unit capa- 
ble of photosynthetic oxygen evolution under near- 
physiological ionic conditions contains D1, D2, CP-47, 
CP-43, cytochrome b-559 subunits and the extrinsic 33 
kDa protein [16,17]. The observation that the 33 kDa 
polypeptide is not essential for oxygen evolution is 
consistent with the proposal that it is the intrinsic PS II 
core which binds the Mn and contains the catalytic site 
for water-oxidation [50]. 

Existing in vivo data concerning the function of the 
psbO gene product, though much less plentiful, is 
seemingly more at odds with the Synechocystis 6803 
result. In Chlamydomonas reinhardtii a mutation of the 
psbO gene abolishes PS II activity completely [21] 
whilst in Euglena gracilis the onset of PS II activity has 
been correlated specifically with the accumulation of 
the psbO gene product [51]. In Synechocystis 6803 the 
initial studies of Philbrick and Zilinskas [9] also indi- 
cated that the psbO gene product was essential for 
photoautotropic growth. Recently, however, this labo- 
ratory (J.B. Philbrick and B.A. Zilinskas, personal com- 
munication) has reappraised their initial finding and 
found, as we have, that the psbO gene product is not 
absolutely essential for water-splitting activity. Burnap 
and Sherman [22] have also arrived at the same conclu- 
sion for Synechocystis 6803. Therefore, the data avail- 
able at present seems to indicate that the psbO protein 
is required for oxygen evolution in eukaryotic algae but 
not in' Synechocystis 6803. This is a surprising conclu- 
sion since the primary sequences of this protein are 
relatively well conserved across species and in reconsti- 
tution experiments the spinach and Synechococcus vul- 
canus psbO proteins are, to some degree, interchange- 
able for restoring oxygen evolution [8]. However, other 
factors, be they protein, ionic or lipid may vary. For 
example the psbO protein cannot be removed from 
Synechocystis 6803 thylakoids using washing proce- 
dures that readily release the protein from plant thy- 
lakoids [52] and eukaryotic organisms have additional 
proteins associated with the psbO protein, namely the 
products of the psbP and psbQ genes. It is worth 
noting here that the 9 kDa polypeptide reported to be 
a constituent of the water-oxidation machinery of 
Phormidium laminosum [7,53] does not seem to be 
present in all cyanobacteria. It was not identified in 
Synechococcus vulcanus [54] and low stringency South- 
ern blotting experiments similar to those described 
here, using the P. laminosum 9 kDa protein gene as 
probe, failed to detect a corresponding gene in Syne- 
chocystis 6803 (S.R. Mayes, J. Barber, T.P. Wallace 
and C.J. Howe, unpublished results). 

In reconciling all the existing in vitro and in vivo 
data, together with that presented here, it is evident 
that the psbO gene product is not the major site of Mn 
binding and performs a regulatory rather than catalytic 
role in PS II. However, our results are not inconsistent 
with the widely-held view that the 33 kDa protein 
serves to stabilise the Mn cluster, particularly in the 
higher S-states [55]. 

Implications for the oxidising side of PS H and photo- 
inhibition 

Our findings that the psbO-less mutants have de- 
creased oxygen evolving capacity and are more suscep- 
tible to photoinhibition than the wild-type suggests that 
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the removal of the psbO protein perturbs in some way 
the efficiency of water-splitting. There is increasing 
evidence that photoinhibition can occur when the rate 
of electron donation to the PS II reaction centre be- 
comes limiting [56]. So that under strong illumination 
highly oxidising species, such as P680 +, can accumulate 
and bring about damage to the protein and pigment 
components of the reaction centre [57,58]. Therefore 
although the psbO protein is not an absolute require- 
ment for the water-splitting reaction, it seems likely 
that its presence is required for efficient donation of 
electrons to P680 ÷ especially under conditions when 
the photochemical activity of the reaction centre is 
high. Burnap and Sherman [22] also suggested from 
their chlorophyll fluorescence studies that the absence 
of the psbO protein decreased the efficiency of elec- 
tron donation to the reaction centre. Our results there- 
fore indicate that the psbO protein has a protective 
role and is important for normal physiological growth 
where organisms are exposed to varying conditions. 

A principal role for the psbO protein in PS II 
assembly seems unlikely in Synechocystis 6803 as PS II 
obviously still assembles in the psbO- strains. In gen- 
eral gross mutations in genes encoding the intrinsic PS 
II core components in Synechocystis 6803 have a far 
greater destabilising effect on PS II assembly (dis- 
cussed in Ref. 59). For example in a Synechocystis 6803 
psbA- mutant, the D2 and CP-47 polypeptides fail to 
accumulate appreciably even though the psbO protein 
binds to the membrane [52]. 

Finally, it is appropriate to point out that we ob- 
served a difference in the time taken for visible in situ 
complementation with the psbO gene between the two 
psbO- mutant strains. This could mean that the mu- 
tants, IC1 and IC2 are not phenotypically identical. 
Differences could conceivably arise either because IC1 
still expresses the 5' portion of the psbO gene or 
because additional functional DNA has been deleted 
along with the psbO gene in IC2. This latter possibility 
could not be ruled out from the transcription studies. 
A more detailed phenotypic study of both mutants is 
currently in progress. 
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