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Tina C. Summerfield, Jackie A. Shand, Fiona K. Bentley, and Julian J. Eaton-Rye*
Department of Biochemistry, Urgrsity of Otago, P.O. Box 56, Dunedin, New Zealand
Receied July 28, 2004; Résed Manuscript Receeéd October 29, 2004

ABSTRACT. A PsbQ homologue has been found associated with photosystem || compl&yggeirhocystis

sp. PCC 6803 where it is involved in optimal photoautotrophic growth and water splitting under CaCl
depleted conditions [Thornton, L. E., Ohkawa, H., Roose, J. L., Kashino, Y., Keren, N., and Pakrasi, H.
B. (2004)Plant Cell 16 2164-2175]. By inactivatingosbQin strains carrying photosystem II-specific
mutations, we have identified stringent requirements for PsbQ in vivo. Whereas under nutrient-replete
conditions theAPsbQ mutant was similar to wild type, a strain lacking PsbQ and PsbV was not
photoautotrophic, exhibiting decreased oxygen evolution and decreased photosystem Il assembly compared
to the APsbV mutant. Combining the removal of PsbU and PsbQ introduced an altered requirement for
C&* and CI, and photoautotrophic growth of t@&PsbQ strain was prevented in nutrient-limiting media
depleted in C&", Cl-, and iron. Unlike other photosystem Il extrinsic proteins PsbQ did not participate

in the acquisition of thermotolerance; however, photoautotrophic growth at elevated temperatures was
impaired in this mutant. Growth of th&PsbVAPsbQ mutant was restored at pH 10.0: in contrast, an
additional deletion between Arg-384 and Val-392 in the CP47 protein of photosystem Il prevented recovery
at alkaline pH. When conditions prevented photoautotrophy in strains lacking PsbQ, photoheterotrophic
growth was indistinguishable to wild type, indicating that photosystem Il had been inactivated. These
data substantiate a role for PsbQ in optimizing photosystem Il activi§ymechocystisp. PCC 6803

and establish an absolute requirement for the subunit under specific biochemical and physiological
conditions.

Cyanobacteria perform oxygenic photosynthesis, and spanning regions of the chlorophwibinding core antenna
several species serve as model organisms for the study ofroteins CP47 (PsbB) and CP43 (PsbC). Three polypeptides
water splitting by photosystem Il (PSHI]1, 2). Extensive encoded bysbQ psbU andpsb\, corresponding to proteins
manipulation of genes encoding PSII proteinSynechocys-  of ~27, 10, and 15 kDa isynechocystisp. PCC 6803, are
tis sp. PCC 6803 has been undertaken to examine structureélso presentq, 7, 9). Two additional proteins, PsbQ and
function relationships 3, 4), and structural data for the PsbP, have been found to be associated with PSII particles
photosystem are available frohermosynechococcus elon- from Synechocystisp. PCC 680310, 11). However, these
gatusandThermosynechococcuslcanusat 3.5 and 3.7 A, two proteins are absent from the crystal structures fiom
respectively $—7). Water oxidation occurs at the oxygen- elongatusandT. vulcanus(5—7).

evolving complex (OEC_) found on the lumenal face of t_hg The PsbO protein is in all oxygenic photoautotroph?, (
phOtosyStem InCOI’pOI‘atIng a manganese cluster Conta|n|ngl3)_ However' PsbU and PsbV (Or Cytochromgo) are
Ca* and CI cofactors ¢, 8). Protein domains are contrib-  restricted to cyanobacteria, red algak2, (14, 15), and
uted by the reaction center polypeptides D1 (PsbA) and D2 chiorophyll a/c-containing organisms (e.g., the diatom
(PsbD) and include hydrophilic loops connecting membrane- Thalassiosira pseudonanavww.jgi.doe.gov/genomes/in-
dex.html). In cyanobacteria the removal of either PsbO or
t This work was supported by a grant (UOO309) from the New PSPV resulted in fewer assembled PSII centers, a susceptibil-
Zealand Marsden Fund to J.J.E.-R. ity of oxygen evolution to photoinactivation, and an altered
*To whom correspondence should be addressed. Tel: dependence on €aand CI for photoautotrophic growth
23)% b‘g/\i’;ﬁgg'agi’; 64 3 479-7866. E-mail: julian.eaton-rye@ (15_21) Additionally, the absence of PsbOSynechocystis
1 Abbreviations: bp, base pairs; C&nhloramphenicol-resistance ~ SP- PCC 6803 slowed the kinetics of oxygen release and
cassette; CAPS, 3-(cyclohexylamino)-1-propanesulfonic acid; DCMU, resulted in an increase in the relative quantum yield for
3'(3A“"Chﬂgggesnﬁ)é*ﬁ‘%‘methi’:]“rﬁ? DMBQ, 2'5t'ﬁ'metp3|¢ber." 4 Photoactivation of the OEC2¢—24), while the mutant
Zoquinone; , 4-(2-nyaroxyeinyl)-1-piperazineethanesulionic aclid; . .
kb, kilobases; nt, nucleotides; OD, optical density; OEC, oxygen- lacking both PsbO and PsbV has been found to be an obllgate
evolving complex; ORF, open reading frame; PCC, Pasteur Culture photoheterotroph2g). Furthermore, the absence of PsbU in
Collection; PCR, polymerase chain reaction; PSI, photosystem I; PSII, vivo resulted in slowed growth under conditions wheréiCa

photosystem II; SDS, sodium dodecy! sulfate; Spepectinomycin- - it ;
resistance cassette; SSC, standard saline citrate; TES, 2-[tris(hydr0xy-Or CI” were limiting and oxygen evolution was reduced by

methyl)methylJamino-1-ethanesulfonic acid; Tris, tris(hydroxymethyl)- = UP 0 20% when compareq to wild typéd—28)- However,
aminomethane. the requirement for PshQ is less stringent witRsbQ cells
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exhibiting a slight decrease in growth compared to wild type

in media lacking either Ca or CI~ (11). In addition, oxygen
evolution showed an increased dependence on {Qaibk-
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Cultures, except those used in heat-inactivation experi-
ments, were maintained at 3G under constant illumination
at 25uE m2 s7 (20). For growth at temperatures greater

centration both in vivo and in vitro in the absence of PsbQ than 30°C cultures were maintained in a MLR-350 growth
compared to wild type, and a similar phenotype was observedcabinet (Sanyo Electric Biomedical Co. Ltd.) under constant
in the absence of PsbR1). illumination at 1154E m™2 s %. For oxygen evolution and
The PsbP and PsbQ polypeptides were identified in higher herbicide-binding measurements at either pH 7.5 or pH 10.0,
plants and green algae in association with the OEC wherestrains were grown in BG-11 media containing either 25 mM
they participate in Ca and CI binding (14, 29—31), and HEPES (pH 7.5) or 25 mM CAPS (pH 10.0). Starter cultures
it has been postulated that these subunits have replaced théor pH-dependent growth experiments were grown in unbuf-
cyanobacterial PsbU and PsbV proteins in optimizing oxygen fered BG-11 and then transferred into buffered media at the

evolution @2, 33). The red algeCyanidium caldariumrhas

start of the growth measuremer36y.

four extrinsic proteins associated with the OEC: PsbO, PsbU, Construction of Strains Lacking Psb®he Synechocystis
PsbV, and a 20 kDa subunit that has been shown to havesp. PCC 6803 open-reading frame sll1638, encoding the

sequence similarity with PsbQ and is designated P$B®Q

PsbQ protein, was obtained by PCR using the forward primer

35). In release-reconstitution experiments the binding of 5-TAATGTCCTGCAAACGGGTG-3and the reverse primer

PsbQ did not enhance oxygen evolution but is thought to
facilitate binding of PsbU and Psb24). Furthermore, PsbQ

5-GGGCATTGGGAGATTCGTAA-3 corresponding to 665
bp upstream of the initiation codon and 651 bp downstream

has been shown to bind to cyanobacterial and plant PSII, from the termination codon. The PCR product was cloned
although plant PsbP and PsbQ did not bind to red algal orinto pGEM-T Easy (Promega) and interrupted at a unique

cyanobacterial PSll-enriched membran&3 (The inclusion
of PshQ as an extrinsic PSII protein 8ynechocystisp.

PCC 6803 is therefore consistent with the protein composi-

intragenicBstEll site by either a chloramphenicol-resistance
cassette (Caf) derived from pBR325 or a spectinomycin-
resistance cassette (SBederived from pHP4b (38—40).

tion of the OEC in red algae, and it has been suggested thaiCyanobacterial strains were transformed according to estab-
PsbQ is a regulator required for the biogenesis of optimally lished protocols as previously describél 6).

active PSII centers, particularly in Ca&lepleted medial(l).
To examine the role for PshQ in water splitting and to

RNA Extraction and Northern Hybridization. Synechocystis
sp. PCC 6803 was grown from a starting @dam of 0.05

investigate the potential for functional redundancy between for 60 h either in unbuffered or buffered BG-11 and total

the extrinsic proteins irSynechocystisp. PCC 6803, the

sll1638 gene has been inactivated in cells carrying PSII-

RNA extracted from exponentially growing 300 mL cultures
as described previousi¢). The RNA was fractionated on

specific mutations or gene knockouts for one or more a 1% agarose gel containing 2% formaldehyde and blotted
extrinsic subunits. Using this approach we have identified onto a nylon membrane (Dupont). The membrane was

nutrient-limiting conditions where PsbQ is essential for
photoautotrophic growth. Additionally, PsbQ is required for
optimal oxygen evolution by PSII in specific strains in

hybridized with 25 ng of a®fP]dCTP-labelecsbQintra-
genic probe obtained as a PCR-generated fragment using the
forward primer 5ATGTCTCGTTTACGTTCGTT-3 and

nutrient-replete media, and it is required for photoautotrophic the reverse primer '8SCAAACACTTCTTTAGCCAGG-3
growth in the absence of PsbV but not in the absence of and a f?P]dCTP-labeledpsbB intragenic probe that was

PsbO or PshU.

MATERIALS AND METHODS
Growth of Synechocystis sp. PCC 6803 Stra@hgltures

obtained as a PCR-generated fragment using the forward
primer 3-ACCGGTGCTATGAAACAGTGG-3 and the
reverse primer sSCTTCTTTCCGGGTGGAAAGG-3 The
membrane was hybridized overnight at 42 in 50%

were maintained on BG-11 plates containing 5 mM glucose formamide, 1% sodium dodecyl sulfate (SDS), Standard

and 20uM atrazine and appropriate antibiotics. In both solid

saline citrate (SSC), and x5 Denhardt’s solution. The

and liquid media chloramphenicol was present at a concen-membrane was then washed twice itx ZSC at room

tration of 15 ug/mL and erythromycin, kanamycin, and
spectinomycin were present at 26/mL. The BG-11 solid
media were supplemented with 10 mM TENaOH (pH
8.2) and 0.3% sodium thiosulfat88). Liquid cultures were
grown mixotrophically in unbuffered BG-11 containing 5

temperature for 5 min, followed by two washes ir 8SC
containing 0.2% SDS at 60C for 30 min and finally by
two washes in 0.4 SSC at room temperature for 10 min.
Oxygen kolution AssaysA Clark-type electrode (Hansa-
tech) was used to measure oxygen evolution at°G0

mM glucose and appropriate antibiotics unless otherwise Measurements were made in buffered BG-11 apd0nL

noted and photoheterotrophically grown cultures also con-

tained 20 uM 3-(3,4-dichlorophenyl)-1,1-dimethylurea
(DCMU). To obtain C&"-limiting media, 0.24 mM CaGl
was replaced by 0.48 mM NaCl. For Climiting media
MnSQ, replaced MnGland Ca(NQ), replaced CaGl This
reduced the Cl concentration in the BG-11 medium from
0.48 mM to a level that could not be detected by titration
with sodium borohydrided7). For iron-limiting conditions
ferric ammonium citrate was substituted with ammonium
citrate. TheSynechocystisp. PCC 6803 strain used in this
study is the glucose-tolerant strain from Willian®),(and
this is referred to throughout as wild type.

chlorophylla (hereafter referred to as chlorophyll). Saturating
actinic light was provided by an FLS1 light source (Hansa-
tech) (2.0 mE m? s 1) passed through a Melles Griot OG
590 sharp cutoff red glass filter. The electron acceptors were
1.0 mM KgFe(CN} and 0.2 mM 2,5-dimethyp-benzo-
quinone (DMBQ) for PSlI-specific electron transport and 15
mM NaHCG; for whole-chain measurements. Chlorophyll
determinations were performed according to MacKinney
(42).

Measurement of the Rela# Level of Assembled PSII
Centers.The relative level of assembled PSII centers was
estimated on a chlorophyll basis by herbicide-binding assays
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A Arabidopsis thaliana PSQ1 DAISIKVGPP PAPSGGLPGT DNSDQARDFA LAL.KDRFYL QPLPPTEAIAT
Arabidopsis thaliana PSQ2 EAIPIKVGGP PLPSGGLPGT DNSDQARDFS LAL.KDRFYI QPLSPTEAAA
Spinacia oleracea EARPIVVGPP PPLSGGLPGT ENSDQARDGT LPYTKDRFYL QPLPPTEAAQ
Synechocystis sp. PCC 6803  ........ SC SSPQVEIPTT YSPEKIAQL. ...... QVYV NPIAVARDGM

* *
1 : | 11 i
Arabidopsis thaliana PSQ1 RAKESAKDII NVKPLIDRKA WPYVQNDLRS KASYLRYDLN TIISSK.PKD
Arabidopsis thaliana PSQ2 RAKDSAKEII NVKSFIDKKA WPYVQNDLRL RASYLRYDLN TVISAK.PKE
Spinacia oleracea RAKVSASEIL NVKQFIDRKA WPSLQNDLRL RASYLRYDLK TVISAK.PKD
Synechocystis sp. PCC 6803 EKRLQG.... ....LIADQON WVDTQTYIHG PLGQLRRDML GLASSLLPKD
* * k% % * %
118 ' . v '
Arabidopsis thaliana PSQ1 EKKSLKDLTT KLFDTIDNLD YAA'KKKSP'SQ AEKYYAETVS ALNEVL'AKLG e
Arabidopsis thaliana PSQ2 EKQSLKDLTA KLFQTIDNLD YAARSKSSPD AEKYYSETVS SLNNVLAKLG ...
Spinacia oleracea EKKSLQELTS KLFSSIDNLD HAAKIKSPTE AEKYYGQTVS NINEVLAKLG ...
Synechocystis sp. PCC 6803 .QODKAKTLAK EVFGHLERLD AAAKDRNGSQ AKIQYQEALA DFDSFLNLLP QAS
* % * *

B Anabaena sp. PCC 7120 SCGSPTTVV. VPPTYTSAQL EKIQGYAPDI QAVRDRADE. LKNLIQKKEW
Nostoc punctiforme SCGGPSASV. TPPTYTATQL ERIQAYVPEI QAVRDRSDE. LKTLIQKGDW
Synechocystis sp. PCC 6803 SCSSPQ.VE. IPTTYSPEKI AQLQVYVNPI AVARDGMEKR LQGLIADQNW
Trichodesmium erythraeum IMS101 SCSSPT.... PPLTYSDAQL QKIEVSESGI QALRDRMDE. LESLIQKGEW
Thermosynechococcus elongatus BP-1 GCGGPSATTP PPPTYSELQI TRIQDYLRDI EKNAERFAD. LEVSVAKGDW
Consensus sCgsP----. -PpTY¥s--ql --ig-y---I ga-rdr-de. L—1ligkg:W

50
Anabaena sp. PCC 7120 IKVGNFIHGP ITEARLNMTY ITPN.LLPKD QATARQINKD FLNHLVKIDQ
Nostoc punctiforme INVRNFIHGP ITEARLNLTY VTPN.LLPKD QSAARQITRD LFNDLVKLDK
Synechocystis sp. PCC 6803 VDTQTYIHGP LGQLRRDMLG LASS.LLPKD QDKAKTLAKE VFGHLERLDA
Trichodesmium erythraeum IMS101 VNIRTFIHGP LGDLRSKTNY LTQSLLLPRD KTPVLNAAKK IFDDLEDIDT
Thermosynechococcus elongatus BP-1 QEARNIMRGP LGEMLMDMRA LNRN.LLAKD QPTPTALTRA LTDDFLKIDQ
Consensus -—-rnfihGP lge-r--m-y lt-n.LLpKD g--a--:-k- :f-dl-kiD-

100
Anabaena sp. PCC 7120 AASAGNSPLA LNNYQAAVAD IDKFIQLLPD TSSQSEEG
Nostoc punctiforme ATSASNPLVA LNQSQAAFAD IDKFLNLLPK K....EEG
Synechocystis sp. PCC 6803 AAKDRNGSQA KIQYQEALAD FDSFLNLLPQ AS......
Trichodesmium erythraeum IMS101 AATEGNKKQA LSEYKKAIAD FDAFLDLVPK NS......
Thermosynechococcus elongatus BP-1 GADLDSVTVA QEGFREAEAD FKAYLNSLPE LS......
Consensus aa---n---A l1l—yqg-A-AD fd-flnllP- -s.. .

138

Ficure 1: Comparison of PsbQ-like protein sequences. The alignments were performed using ClustalX default paé&négralignment

of amino acid sequences of PsbQ proteins frAnthalianaPSQ1 (accession number Q9XFTE), PSQ2 (accession number Q4832),
oleracea(accession number P12301), and ®ynechocystisp. PCC 6803 PsbQ protein (Sll1638). The solid black lines indicate the
positions ofo-helices in the three-dimensional structure of PsbQ f@noleraceg47). Amino acids conserved in the aligned sequences

are indicated in bold, and residues also conserved in the higher plant sequences alignd® ereaharked by an asterisk. Of these 13
residues Thr-20, Pro-42 and Pro-97 are not conserved in green algae. (B) Alignment of predicted amino acid sequences of PsbQ proteins
from Anabaenasp. PCC 7120 (All1355)N. punctiforme(accession number ZP00112088)ynechocystisp. PCC 6803 (SI11638)T.

erythraeumiMS101 (accession number ZP00073276), analongatusBP-1 (TlI2057). Amino acids conserved in the aligned sequences

are indicated in bold. In the consensus sequence conserved residues are indicated in upper case, and those residues also conserved in highe
plant sequences are shown in bold. Amino acids marked in lower case are present in at least three of the sequences, conservative substitutions
are indicated by a colon, and positions with variable amino acids are indicated by a dash.

employing [“Clatrazine 20). The specific activity of the  form a four-helix bundle in the X-ray crystal structure of
[“Clatrazine was 17.1 mCi/mmol, and the chlorophyll PsbQ from spinach4{). The greatest variation was observed
concentration was 5@g/mL; however, when the relative  between the N-terminal sequences of Symechocystisp.
amount of assembled PSII centers was below 50% of thePCC 6803 and plant PsbQ proteins; however, 22 residues
wild-type level, the chlorophyll concentration was increased are conserved in the four proteins, and a number of
to 100ug/mL. conservative substitutions are present. Thirteen of these
conserved amino acids were retained in the 10 PsbQ
sequences of green plants aligned in 48f and these are
indicated in Figure 1A. This compares with a total of 63

quencesThe Synechocystisp. PCC 6803 PsbQ protein (i.e., conserved amino acids in the PsbQ sequences from green
SI11638) has 32% identity to PsbQ fromabidopsis thaliana plants, and 24 of these residues were conserved between
(20): this refers to the PSQ1 protein which has the highest plants and green algaéa)_. However, only 10 of the 24
identity to SII1638 of the four predicted proteins encoded COnserved residues found in plants and green algae were also
by psbQlike ORFs in theArabidopsisgenome. There is  found in Synechocystisp. PCC 6803.

evidence that all four ORFs are expressed, and the PSQ1 A BLAST search 49) using SIl1638 led to the identifica-
and PSQ2 proteins have been observed in lumenal extractgion of psbQlike ORFs within the genomes of a number of
(43—46). These two PsbQ protein sequences are comparedcyanobacterial strains. An alignment of predicted PsbQ-like
to the sequences from spinach a®ghechocystisp. PCC proteins from five cyanobacteria in Figure 1B revealed 19
6803 in Figure 1A. Also shown are the helical domains that conserved residues (shown in the consensus sequence)

RESULTS
Comparison of Sl1638 with PsbQ and PsbQ-like Se-
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together with several conservative substitutions. Four residues
were conserved between the cyanobacterial and plant se-
quences, and only 3 of the 10 amino acids found in plants,
green algae, anflynechocystisp. PCC 6803 were found in

all five cyanobacterial sequences. Given the degree of identity
demonstrated in Figure 1, it is difficult to predict if SI11638
would play a similar role to that observed for PsbQ or PsbQ-
like proteins in other oxygenic photoautotrophic organisms.
To examine this, we investigated the removal of Sll1638 in
wild type or in mutants lacking extrinsic proteins associated
with the OEC. In particular, conditions where the extrinsic
proteins have been shown to contribute in optimizing oxygen
evolution were selected. Additionally, to probe the specificity
of removing the PsbQ protein encoded by sll1638, strains
were characterized in which thipsbQ gene had been
inactivated in combination with other PSlI-specific mutations
in CP47.

Expression of psbQl'he expression gbsbQwas inves-
tigated under each of the growth conditions utilized in this
study: normal BG-11; Ca-limiting media; CI-limiting
media; iron-limiting media, and in normal BG-11 at either
pH 7.5 or pH 10.0. The RNA isolated from these cells was
hybridized with an intragenic probe for eithpsbQor the
constitutively expressepisbBthat encodes CP47. AR800
nt transcript corresponding fasbQwas detected in RNA
isolated from wild-type cells grown under all conditions
investigated (Figure 2A), and although the level of expression
of psbQ appeared slightly elevated under ~€imiting

Summerfield et al.
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FiIGUrRe 2: Expression opsbQin wild-type Synechocystisp. PCC
6803 and PCR verification of segregation of interrupted sll1638 in
the different strains. (A) Northern blot showing expressiopsiiQ

in wild type under different growth conditions: lane 1, unbuffered
BG-11; lane 2, C&-limiting medium; lane 3, Cl-limiting medium;
lane 4, iron-limiting medium; lane 5, BG-11 at pH 7.5; lane 6,
BG-11 at pH 10.0; and lane 7, RNA from thePsbQ mutant in
unbuffered BG-11. (B) PCR confirmation of the segregation of
interrupted sll1638 in the different strains. The sll1638 gene was
interrupted in theAPsbO APsbU, andAPsbV mutants, previously

conditions, this corresponded to variation observed betweendescribed in ref8, and the CP47 mutants E364Q, E364@sbV,
experiments rather than a significant increase. Additionally, A(R384-V392), andA(R384-V392):APsbV strains described in

the level of thepsbBtranscript (-2000 nt) was similar in
each lane.

Effect of Remang PsbQ in Wild Type or in Strains
Lacking PsbO, PshU, and PsbVo conduct this study, nine
new mutants were constructed in whjggbQwas inactivated

1, 1 kb ladder

ref 20. In addition, the triple mutanAPsbOAPsbUAPsbQ was
constructed. The wild-type and mutant strains were transformed
with a plasmid in which sll1638 had been interrupted by either a
2.0 kb spectinomycin-resistance cassette (Rpec a 2.0 kb
chloramphenicol-resistance cassette (®aas described in the
Materials and Methods. Lanes:
Invitrogen; 2, wild type; 3,APsbQ (Carf)); 4, APsbOAPsbQ

supplied by

by the insertion of an antibiotic-resistance cassette. Since(Canf): 5, APsbUAPsbQ (Car); 6, APsbVAPsbQ (Carf); 7,
Synechocystisp. PCC 6803 has multiple copies of its APsbOAPsbUAPsbQ (Sped); 8, CP47:E364QsPsbQ (Carfy);

genome, full segregation for the inactivatgsbQgene was
confirmed by PCR and is shown in Figure 2B. It has been
suggested that the extrinsic proteins PsbU and PsbV in

9, CP47:E364QPsbVAPsbQ (Carfi); 10, CP47A(R384-V392):
APsbQ (Carfi); 11, CP47A(R384-V392):APsbVAPsbQ (Sped);
12, 1 kb ladder supplied by Invitrogen.

cyanobacteria have equivalent functions to PsbP and PSbQI'able 1: Photoautotrophic Doubling Time 8fnechocystisp. PCC

in plants and green algagZ, 33). To examine the possibility

6803 Strains Lacking PsbQ and (in Parentheses) in the Presence of

that PsbQ is required when PsbU or PsbV is abgestiQ PsbQ

was inactivated in strains lacking these proteins as well as media

in the wild type andAPsbO mutant. Photoautotrophic growth BG-11 BG-11 BG-11

of the APsbQ,APsSbOAPsbQ APsbUAPsbQ, and\PsbV: calcium  chloride iron

APsbQ mutants was compared to wild type, and the strain BG-11  limiting limiting limiting

photoautotrophic doubling times, following the removal of ~Apgpq 14(13) 15(13) 17 (15) 17 (16)

PsbQ, for the wild-typeAPsbO,APsbU, and\PsbV strains APsbOAPsbQ  26(21) myng) 32(22) 23(17p

are presented in Table 1. The removal of PsbQ resulted in APsbUAPsbQ  17(13)  59(20)  18(18)  18(18)
APsbVAPsbQ ng (17) ng (ng) ng (ng) ng (20)

little change in the photoautotrophic doubling time of wild
type (Figure 3A) but extended the doubling time of the
APsbOAPsbQ and\PsbUAPsbQ mutants (Table 1). Growth
was eliminated in theAPsbVAPsbQ strain (Figure 3A);
however, photoheterotrophic growth in the presence of been inactivated in thAPsbO andAPsbU strains (data not
DCMU and glucose resembled that of wild type, demonstrat- shown). Under these conditions th@sbV mutant evolved
ing that the absence of photoautotrophic growth was a PSII- oxygen at 58% of the wild-type rate; however, the additional
specific phenotype (data not shown). removal of PsbQ lowered the rate further to 32% (Figure
The removal of PsbQ had little effect on PSll-specific 3B). Oxygen evolution for thé\PsbVAPsbQ mutant was
oxygen evolution supported bysRe(CN} and DMBQ in also readily photoinactivated and was zero when the actinic
wild type, and a similar result was obtained whesbQhad light was increased to 6.5 mETths™* (data not shown). A

2 The estimated doubling time used for this calculation was based
on initial growth (see Figure 4¥.ng = no growth.
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Ficure 3: Characterization ddynechocystisp. PCC 6803 strains lacking PsbQ. (A) Photoautotrophic growth in BG-11 medium as measured
by the optical density at 730 nm. The strains shown are wild type (closed ciraleshV (open inverted triangles)\PsbQ (open squares),

and APsbVAPsbQ (closed inverted triangles). The data are the avetaggandard error of three to five independent experiments. Error
bars not visible are smaller than the symbols. (B) Traces of oxygen evolution determined polargraphically in the presgfeCofK

and DMBQ. The reaction chamber held cell suspensions containipg D® chlorophyll/mL. Key: wild type (i),APsbQ (ii), APsbV (iii),
andAPsbVAPsbQ (iv). The corresponding rates of oxygen evolution for the different straimaahof O, (mg of chlorophylly* h=! were

as follows: wild type, 283APsbQ, 249APsbV, 163; and\PsbVAPsbQ, 90. The arrows indicate when the light was turned on and off.
(C) Atrazine-binding assays for the strains shown in (B). Key: wild type (closed cird&gbQ (open squares)PsbV (inverted open
triangles), andAPsbVAPsbQ (inverted closed triangles). The relative number of chlorophylls per PSIl were as follows: wild type, 560;
APsbQ, 640APsbV, 830; and\PsbVAPsbQ, 1730. The measurements shown for the strains presented in (B) and (C) were reproduced
in two additional independent experiments with similar results.
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Ficure 4: Photoautotrophic growth ddynechocystisp. PCC 6803 strains in nutrient-limiting BG-11 media as measured by the optical
density at 730 nm. (A) C4-limiting BG-11 medium: wild type (closed circleshPsbO (open trianglesh\PsbU (open diamondshPsbQ
(open squares), amdPsbUAPsbQ (closed diamonds). (B) Climiting BG-11 medium: wild type (closed circles)hPsbO (open triangles),
APsbU (open diamonds)h\PsbV (open inverted triangleshPsbQ (open squareshPsbOAPsbQ (closed triangles), amxPsbUAPsbQ
(closed diamonds). (C) Iron-limiting BG-11 medium: wild type (closed circla®)sbO (open triangleshPsbU (open diamondshPsbQ
(open squarespPsbOAPsbQ (closed triangles), ard’sbUAPsbQ (closed diamonds). In (AJC) the data are the averagethe standard
error of three to five independent experiments. Error bars not visible are smaller than the symbols.

similar trend was observed when electron transport was HCO;~ did not correlate with the relative levels of PSII.
measured in the presence of HEO Oxygen evolution Additionally the APsbhOAPsbQ andAPsbUAPsbQ strains
ranged between 88% and 91% of the wild-type rate in the exhibited a decrease in assembled PSII centergl&®o and
APsbQ,APsbOAPsbQ, andAPsbUAPsbQ mutants; how-  61% of wild type, compared to levels ef67% and 100%
ever, while the rate for thAPsbV mutant was 95% of the  for the APsbO andAPsbU strains, respectively (data not
wild type, oxygen evolution for the\PsbVAPsbQ strain shown).
was reduced to 47% (data not shown). Effect of Remang PsbQ in Nutrient-Limiting Conditions.
To assess PSIl assembly in the absence of PsbQ, DCMU-In both plant and cyanobacterial PSII it has been reported
replaceablef'Clatrazine binding was performed in whole that absence of the extrinsic proteins alters the requirement
cells. These data, shown in Figure 3C, indicated that PSII for both C&" and CI. Therefore, photoautotrophic growth
assembled in thAPsbQ strain at a similar level as wild type; of strains lacking PsbQ was examined ir?Gémiting and
however, the APsbVAPsbQ strain was found to have CI -limiting media. TheAPsbO and\PsbV mutants are not
assembled centers at32% of wild type whereas the level photoautotrophic in Ca-limiting media, and C&-limiting
was 67% of wild type in thé\PsbV strain. These data were conditions were verified in Figure 4A by the inclusion of
in agreement with the PSIlI-specific oxygen evolution the APsbO strain 17, 20, 21, 51). For wild type and the
observed for each of the strains (Figure 3B). However, as APsbQ strain these conditions resulted in both photoauto-
previously noted%0), oxygen evolution in the presence of trophic growth curves entering a stationary phase at an
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ODy30nm0f ~1.1 at~80 h. Additionally, the removal of PsbQ
in the APsbU strain extended the photoautotrophic doubling
time from 20 to 50 h (Table 1; cf. red6).

Photoautotrophic growth in Cllimiting conditions re-
sulted in similar phenotypes for the wild type and kiesbQ
strain where these exhibited little difference in doubling time
(Table 1). Removal of PsbQ had a large effect in the case
of the APsbOAPsbQ mutant. In Figure 4B photoautotrophic
growth of theAPsbOAPsbQ strain reached a plateau at an
OD730nm0f ~0.14 after~60 h of growth, whereas th&PsbO
strain grew to an ORgnm Of ~0.6. The initial photoauto-
trophic doubling time of thé\PsbO strain was also extended
by 10 h on removal of PsbQ (Table 1). The observation of
photoautotrophic growth in th&PsbO mutant in CHimiting
media is in agreement with the data in def, however, in
other studies CHimiting media did not support photoauto-
trophic growth in this strain20). Moreover, in Ct-limiting
media, Engels et al5Q) observed photoautotrophic growth
in their APsbO mutant fron8ynechococcusp. PCC 7942
but not in theirAPsbO mutant fronsynechocystisp. PCC

Summerfield et al.
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Ficure 5: Growth of Synechocystisp. PCC 6803 strains as
measured by the optical density at 730 nm in BG-11 medium that

6803. These observations suggest that the photoautotrophiavas limiting for C&*, CI~, and iron. Photoautotrophic growth

growth of APsbO cells in Cl-limiting media is dependent
on as yet unspecified growth conditions. The -Giting
media produced a slight slowing of photoautotrophic growth
in the APsbU strain from~13 h in CI-sufficient media to
~18 h in Figure 4B (see also r&6). Under Ct-limiting
conditions a similar doubling time was observed for the
APsbU andAPsbUAPsbQ mutants as shown in Table 1
although theAPsbU strain reached an @Qfghmof ~1.4 while
the APsbUAPsbQ strain reached a plateau at an theQR
of ~0.8 at~70 h. Strains lacking cytochron®s, are not
photoautotrophic in CHimiting media @0, 21), and the
conditions in Figure 4B prevented thePsbV strain from
undergoing photoautotrophic growth.

In cyanobacteria iron deficiency results in a number of
morphological and physiological changé®), Microarray

(closed symbols) and photoheterotrophic growth in the presence
20 uM DCMU and 5 mM glucose (open symbols): wild type
(circles) andAPsbQ (squares). The data are the averageandard
error of three to five independent experiments. Error bars not visible
are smaller than the symbols.

h, respectively, and there was no growth of thesbU
mutant. Where the medium was limiting for €aand iron,
the APsbQ strain and wild type had similar doubling times
of ~36 h, whereas the growth of tiAPsbU strain decreased,
reaching an ORyo,mof ~0.3, andAPsbUAPsbQ cells were
not photoautotrophic. When Climiting and iron-limiting
conditions were combined, th®PsbQ strain had a photo-
autotrophic doubling time that was increased b2 h
compared to wild type and reached an 4y, of ~0.5.
Under these conditions thePsbU andAPsbUAPsbQ strains

data have also indicated that the expression of the genegrew to an OBsonm Of ~0.14. In addition, Figure 5 shows

encoding PsbO, PsbU, and PshV is downregulated in iron-
deficient conditions irBynechocystisp. PCC 680353). We
examined the photoautotrophic growth of thesbQ strain
and theAPsbOAPsbQ andAPsbUAPsbQ double mutants
in iron-limiting media to test the possibility that PsbhQ may
be important under stress conditions where the extrinsic
proteins might be depleted. Under the iron-limiting conditions
used in Figure 4C removal of PsbQ from the wild type and
the APsbU strain had little effect on the initial doubling
times. However, the doubling time of th&PsbOAPsbQ
mutant wa 8 h longer than observed for tiAdPsbO strain
(Table 1). Furthermore, the photoautotrophic growth of the
APsbOAPsbQ mutant reached a plateau at an;4a{a of
<0.2 compared to~0.3 for the APsbO strain, and the
APsbUAPsbQ strain reached an @ghmof ~0.3, whereas
the APsbU strain in Figure 4C reached an &danof >1.0.
Natural populations of cyanobacteria occupy environments
that may be simultaneously limiting for more than one
nutrient. The effect of combining more than one nutrient-
limiting condition on photoautotrophic growth was therefore
investigated. When grown under conditions where two or
more nutrients were limiting, the wild-type cultures were still
able to reach an Ofgynmof ~1.0. In BG-11 medium without
C&* and CI, growth was slower for thAPsbQ strain than
for wild type, where the doubling times were34 and~26

the effect of simultaneously limiting €& CI~, and iron:
under this condition there was no photoautotrophic growth
of the APsbQ strain. However, the addition of DCMU and
glucose taAAPsbQ cells resulted in photoheterotrophic growth
rates similar to that observed for the wild type in this media,
thereby showing that the lack of photoautotrophy resulted
from impaired PSII activity.

Effect of Remadng PsbQ on Growth at Elated Tem-
perature. The PsbO, PsbU, and PsbV proteins have been
shown to be required for thermal stability and the acquisition
of thermotolerance irBynechococcusp. PCC 7002, and
similar results have been obtained3gynechocystisp. PCC
6803 @8, 54—56). Therefore, we examined whether the PsbQ
protein had a role in thermal stability and acclimation. At
40 °C the wild type and theAPsbU,APsbQ, andAPsbU:
APsbQ strains remained photoautotrophic (Figure 6A)
although theAPsbQ strain reached an Qg of ~2.3
compared to the wild type which grew to an @gmof ~2.8.
However, as described in r28, no photoautotrophic growth
was observed for thAPsbO andAPsbV strains. At 4FC
(Figure 6B) cells lacking PsbQ grew to an @R of ~1.2
whereas wild-type cells grew to an ®fgm of ~2.1.
Additionally, theAPsbU strain reached an @g\nof ~0.4
and theAPsbUAPsbQ strain exhibited little growth, reaching
an ODyzonmof ~0.1, and rapidly bleached. Hence the thermal
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Ficure 6: Effect of temperature on photoautotrophic growth of
Synechocystisp. PCC 6803 strains. (A) Photoautotrophic growth
for different strains as measured by the optical density at 730 hm
in BG-11 medium at 40C: wild type (closed circles)APsbO
(open triangles)APsbU (open diamonds)PsbV (open inverted
triangles), APsbQ (open squares), amiPsbUAPsbQ (closed
diamonds). (B) Photoautotrophic growth at 4Q@. Strains as in

(A) but theAPsbO and\PsbV mutants have been omitted as these
were not photoautotrophic at either 40 or4l (C) Heat treatment

of the wild type,APsbO,APsbU,APsbV, andAPsbQ strains: (i)
position of strains on BG-11 plate; (ii) growth of strains at°&D
after 7 days; (iii) growth following transfer to 43C for 2 days,
and (iv) growth following transfer to 38C for 2 days and then 43

°C for 2 days. In (A) and (B) the data are the averagstandard
error of three to five independent experiments. Error bars not visible
are smaller than the symbols. In (C) four independent experiments
were performed with similar results.

stability in the APsbQ strain, and to a lesser extent the
APsbUAPsbQ strain, was reduced by the removal of
PsbQ.

Acquisition of thermotolerance does not occur in the
APsbO and\PsbV mutants and is diminished in th&®sbU
strain of Synechocystisp. PCC 680328). Since at elevated
temperature thaPsbQ cells grew less well than wild type,
we tested the effect of the removal of PsbQ on cellular
thermotolerance. Wild type and td®sbO APsbU,APshV,
and APsbQ strains were grown photoautotrophically at 30
°C on BG-11 plates and then transferred to 43 This
resulted in all strains bleaching within 2 days as shown in
Figure 6Ciii. Incubation at the intermediate temperature of
38 °C for 2 days prior to the 43C treatment resulted in
death of theAPsbO and\PsbV strains and little or no growth
of the APsbU cells as reporte@®). However, the wild type
and the APsbQ mutant were able to survive at 4G
following acclimation at 38C (Figure 6Civ), and therefore,
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Ficure 7: Histograms showing doubling time 8fynechocystisp.
PCC 6803 strains in BG-11 medium. Gray bars indicate growth in
BG-11 medium at pH 7.5; open bars indicate growth in BG-11
medium at pH 10.0. (A) Photoautotrophic growth of strains: 1,
wild type; 2, APsbV; 3, APsbQ; 4,APsbVAPsbQ); 5,APsbO:
APsbU; and 6APsbOAPsbUAPsbQ. (B) Photoautotrophic growth
of strains: 1, control; 2, E364QPsbV; 3, E364Q\PsbhQ; and 4,
E364QAPsbVAPsbQ. (C) Photoautotrophic growth of strains: 1,
A(R384-V392):APshV; 2,A(R384-V392):APshQ; 3 A(R384—
V392):APsbVAPsbQ; and photoheterotrophic growth in unbuffered
BG-11 medium of wild type (hatched bar) andR384-V392):
APsbVAPsbQ (black bar). No doubling times were estimated
for strains with an OBRsonm Of less than 0.1; these strains are
indicated by an asterisk. All strains for which a doubling time was
calculated had reached a minimum @Q§mof 0.9 by 150 h. The
control strain was described in r&86 and has a phenotype that is
indistinguishable from wild type. The data are the average of
three to five independent experiments, and standard error bars are
shown.

these data indicate that PsbQ is not required for acquisition
of cellular thermotolerance.

Effect of PsbQ in BG-11 at pH 7.5 or 10.Bhotoauto-
trophic growth has been found to be pH dependent in certain
PSII mutants which are not photoautotrophic in unbuffered
BG-11 or in BG-11 at pH 7.5; however, photoautotrophic
growth was restored when grown at pH 1080) To
investigate if removal of PsbhQ was associated with this PSII-
specific effect, we examined photoautotrophic growth in the
APsbVAPsbQ strain at these pH values. In Figure 7 the
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Table 2: Relative Rates of Oxygen Evolution and PSIlI Assembly at pH 7.5 and 18¢nechocystisp. PCC 6803 Strains Lacking PsbhQ

pH7.5 pH 10.0
rate of oxygen evolutidh relative rate of oxygen evolutidh relative
HCO;~ ¢ K3Fe(CN)® level of PSIF HCO;~ ¢ K3Fe(CN)*® level of PSIF
wild type 1.00 1.00 1.00 1.00 1.00 1.00
APsbV 0.87 0.33 0.44 0.77 0.66 0.56
APsbQ 0.71 0.60 0.80 0.78 0.94 0.91
APsbVAPsbhQ 0.58 0.26 0.24 0.63 0.45 0.37
APsbOAPshU 0.59 0.34 0.52 0.73 0.38 0.99
APsbOAPshUAPsbQ 0.54 0.36 0.40 0.68 0.39 0.64

aThese data represent the average of at least three independent measurements and were reproducible to within 15% of tHEhaveatage.
of oxygen evolution was stable for at least 2 min of illuminatidithe values for PSIl abundance are normalized to a chlorophyll/PSlI ratio of 460
at pH 7.5 and 480 at pH 10.0 and have been determined*jafrazine binding? Oxygen evolution supported by HGOwas normalized to
wild-type rates of 387umol of O, (mg of chlorophylly* h™* at pH 7.5 and 37mol of O, (mg of chlorophylly* h™* at pH 10.0.6 Oxygen
evolution supported by #e(CN) and DMBQ was normalized to wild-type rates of 3@dol of O, (mg of chlorophylly* h™* at pH 7.5 and 407
umol of O, (mg of chlorophylly* h™* at pH 10.0.

doubling time has been shown for strains grown at pH 7.5 recoverable phenotype of tigR384—-\/392):APsbV strain,
and 10.0. At pH 7.5 photoautotrophic growth was observed which carries a deletion between Arg-384 and Val-392 in
for the wild-type, APsbV, andAPsbQ strains but not the loop E of CP47, has been abolished by removing PsbQ.
APsbVAPsbQ mutant (Figure 7A), whereas at pH 10.0 The effect on oxygen evolution and the relative levels of
photoautotrophic growth of thAPsbVAPsbQ strain was  PSIl following the removal of PsbQ in strains where
restored and exhibited a doubling time-e18 h, while that mutations in CP47 are combined with the removal of PsbV
of the wild type was+14 h at this pH. The effect of removing has been summarized in Table 3. The removal of PsbQ in
PsbQ from the pH-sensitive mutant lacking PsbO and PsbUthe E364QAPsbV mutant resulted in reduced rates of oxygen
was also investigated since APsbOAPsbU strain had  evolution, particularly at pH 7.5, despite only having a
previously been reported to have limited growth at pH 7.5, moderate effect on the number of PSII centers detected. In
reaching an ORonmof <0.1, while stable photoautotrophic  contrast, the strain E364QPsbQ had a similar number of
growth was restored at pH 10.60). The APsbOAPsbU: PSII centers to the corresponding control strain at both pH
APsbQ mutant showed no growth at pH 7.5, and although it 7.5 and 10.0 and similar oxygen evolution rates. In the case
grew at pH 10.0, the observed photoautotrophic doubling of the A(R384-V392):APsbV strain the removal of PsbQ
time was extended by8 h when compared to th&PsbO: resulted in an almost complete loss of oxygen evolution;
APsbU strain (Figure 7A). however, considerable rates of oxygen evolution were
To obtain additional information on the effect of removing detected in thé\PsbVAPsbQ mutant at pH 7.5 which was
PsbQ on PSII activity and assembly at pH 7.5 and 10.0, determined to have a comparable number of assembled PSII
oxygen evolution and PSII abundance were measured (Tablecenters in Table 2. The low rate of oxygen evolution
2). At both pH 7.5 and pH 10.0 the oxygen evolution rates observed in thé\(R384-V392):APsbVAPsbQ mutant again
observed for the\PsbVAPsbQ mutant were lower than for  indicates a direct effect on PSII activity upon inactivation
either of theAPsbV andAPsbQ strains, thus indicating a 0f psbQ Moreover, this conclusion is strengthened by the
specific effect on PSII activity following the removal of PshQ similarity of the photoheterotrophic doubling times for wild
when PsbV is already absent. Also, at both pH values andtype and the\(R384-V392):APsbVAPsbQ mutant (Figure
in both PSlI-specific and whole-chain assays, the observed?C).
rates of oxygen evolution for thAPsbVAPsbQ and the
APsbOAPsbU strains were similar despite2-fold fewer DISCUSSION

centers being detected for tAg?sbVAPsbQ mutant at pH Structural analysis of PsbQ from spinach has shown the
7.5. In addition, the recovery of photoautotrophic growth at core of the protein to be a four-helix bundle while the
pH 10.0 in these strains was accompanied by an increase inN-terminal domain, which is required for binding to the PSII
assembled PSII centers. Furthermore, a PSlI-specific effectcomplex, was disordered?, 48, 57). Variation between the
was apparent when PsbQ was absent fronMRsbOAPsbU  amino acid sequence &ynechocystisp. PCC 6803 and
strain. The effect at pH 7.5 was less than observed whenplant PsbQ sequences was most evident at the N-termini of
PsbQ was removed from the strain lacking PsbV; however, these proteins, and green algal and plant PsbQ sequences
at pH 10.0 there were a decreased number of centers detectegliso exhibited variation in this domaidg). This may reflect
by the herbicide-binding assay in the triple-deletion mutant. different binding properties, since the association of PsbQ
The PSlI-specific effects arising from the inactivation of with PSII differed between higher plants and green algae
psbQwere further investigated in strains whesbV had (57, 58). In spinach both PsbO and PsbP were required for
been deleted and which carry mutations in loop E of CP47. binding PsbQ, although PsbO has been partially extracted,
Each of these strains required alkaline pH for photoauto- leaving PsbP and PsbQ in siteY 60). In contrast, PsbP
trophic growth B0). The photoautotrophic doubling times was not required for the reconstitution of PsbQ in green algae
presented in Figure 7B for the E3646PsbQ and E364Q: (58). In the case of cyanobacteria the binding requirement
APsbVAPsbQ strains demonstrate that the pH-recoverable of the PsbQ protein would be expected to differ to plants or
phenotype of E364QPsbV cells remained after the removal green algae due to the presence of PsbU and PsbV. The red
of PsbQ. In contrast, Figure 7C shows that the pH- algaC. caldariumcontains PsbU and PsbV in addition to a
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Table 3: Relative Rates of Oxygen Evolution and PSIlI Assembly at pH 7.5 and 18¢niechocystisp. PCC 6803 Strains Lacking PsbQ and
Carrying Mutations in Loop E of CP47

pH 7.5 pH 10.0
rate of oxygen evolutidh relative rate of oxygen evolutidh relative
HCO; ¢ K3Fe(CN)® level of PSIF HCO; ¢ K3Fe(CN)® level of PSIF
control 1.00 1.00 1.00 1.00 1.00 1.00
E364QAPshV 0.62 0.33 0.35 0.79 0.45 0.58
E364QAPsbQ 0.97 1.02 1.00 0.94 1.06 0.89
E364QAPsbVAPsbQ 0.32 0.13 0.26 0.70 0.33 0.46
A(R384-V392)APsbV 0.29 0.17 0.37 0.51 0.19 0.37
A(R384-V392):APsbQ 0.50 0.40 0.50 0.81 0.37 0.60
A(R384-V392)APsbVAPsbQ 0.09 0.04 0.22 0.17 0.04 0.26

aThese data represent the average of at least three independent measurements and were reproducible to within 15% of tHEnhaveatage.
of oxygen evolution was stable for at least 2 min of illuminatidithe values for PSIl abundance are normalized to a chlorophyll/PSlI ratio of 460
at pH 7.5 and 450 at pH 10.0 and have been determined“@jafrazine binding? Oxygen evolution supported by HGOwas normalized to
control rates of 39gmol of O, (mg of chlorophylly* h™* at pH 7.5 and 342&mol of O, (mg of chlorophylly* h~ at pH 10.0.¢ Oxygen evolution
supported by KFe(CN) and DMBQ was normalized to control rates of 47ol of O, (mg of chlorophylly* h™* at pH 7.5 and 43@&mol of O,
(mg of chlorophylly® h=* at pH 10.0.f Data from ref50; independent confirmation of these values was obtained in this experiment (data not
shown).

PsbQ-like protein (Psbd Association of PsbQwith PSII type. A PSll-specific role was also evident when we tested
also required the presence of PsbO, and Psidy facilitate the effect of removing PsbQ at elevated growth temperatures.
the binding of PsbU and PshV rather than directly contribut- Although thermal acclimation was unaffected, our data were
ing to oxygen evolution 34). However, the N-terminal  consistent with decreased thermal stability of PSII.
sequences of PsbCnd SlI1638 exhibit little sequence The phenotype of theAPsbVAPsbQ strain was also
similarity, and their overall identity is low36); therefore, consistent with PsbQ being important for photosystem
an identical role for these proteins cannot be assumed despitetability. In unbuffered BG-11 media th&APsbVAPsbQ
the presence of PsbU and PsbV in both taxonomic groups.strain assembled PSII centers~a80% of the level seen in

In Figure 1B PsbQ from the thermophilic cyanobacterium wild type. Oxygen evolution from these cells was sensitive
T. elongatusexhibited the most sequence variation from to photoinactivation and was fully inactivated under saturat-
PsbQ ofSynechocystisp. PCC 6803 and was not detected ing light. This phenotype was similar to that of a previously
in either PSII crystal structure from this organiss) 7). constructed mutant lacking PsbO and Psb().(This mutant
However, the PsbQ protein was present at a level of one perand the APsbOAPsbU strain constructed for the present
PSII complex inSynechocystisp. PCC 6803, and it has been study were unable to support photoautotrophic growth in
reported that oxygen evolution rates decreased in £aCl unbuffered BG-11 or in media at pH 7.5; however, photo-
depleted conditions in aAPsbQ strain 10, 11). One autotrophic growth was restored to both at pH 10.0. In Figure
possibility for the absence of PsbQ in the crystal structure 7A the APsbVAPsbQ strain was also photoautotrophic at
is that it is only associated with PSIlI under specific pH 10.0. The molecular mechanism for this pH dependence
environmental conditions and that it is not required under has yet to be identified; however, in the E364Q and
the optimized conditions for crystallization. To examine this, A(R384-V392) mutants studied here, a pH-dependent
we also considered the role of PsbQ irfGand CI-limiting phenotype was also observed when PsbV was remd®@&d (
media since PsbQ has been implicated in optimizing the 61, 62). As additional verification of a functional role for
requirement for these PSII cofactors in green algae and plantsPsbQ in oxygen evolution, we investigated the impact of
(14). Iron-limiting conditions were also considered. the removal of PsbQ in pH-dependent strains. In particular,

The approach taken for these experiments utilized the oxygen evolution was essentially eliminated AfR384—
construction of double (or triple) gene deletions in a single V392): APsbVAPsbQ cells, and photoautotrophic growth
cyanobacterial strain. Since it has been proposed that PsbUvas not recovered at pH 10.0. However, &({&384-V392):
and PsbV play a role similar to that of PsbP and PsbQ in APshVAPsbQ mutant was found to grow with a photo-
green algae and plants, evaluating the effect of removing heterotrophic doubling time similar to that observed for wild
PsbQ in theAPsbU andAPsbV strains targeted the ability type. The deletion between Arg-384 and Val-392 has been
of this polypeptide to substitute for either of these subunits. shown to alter binding of PsbO and lower the quantum yield
Importantly, photoautotrophic growth was prevented in the of photoactivation of the OEG8, 64). Therefore, these data
APsbVAPsbQ mutant. The dependence of th®sbU: indicate that the removal of PsbQ has further altered the
APsbQ andAPsbOAPsbQ mutants on €4, Cl—, and iron, stability of PSII in this strain.
as documented in Figure 4, prompted investigation of The genome oSynechocystisp. PCC 6803 also contains
photoautotrophic growth of th&PsbQ strain in media where  a gene (sll1418) predicted to encode a PsbP-like protein. We
these nutrients were all limiting. This revealed that the inactivated this gene and constructed double gene-interrup-
APsbQ mutant was unable to grow under these conditionstion mutants similar to thPsbQ strains reported here. In
whereas wild type remained photoautotrophic (Figure 5). contrast to the mutants lacking PsbQ, thesbP strains
This effect was shown to be specific to PSII by the addition retained a phenotype similar to that observed in the presence
of glucose, and the PSII-specific inhibitor DCMU, as these of PsbP under the experimental conditions investigated in
conditions resulted in photoheterotrophic growth of the this study. Furthermore, a lower level of expressiopsiiP
APsbQ mutant that was indistinguishable from that of wild compared tgpsbQwas detected by northern hybridization
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(T.

These data suggest a different role for the PsbP protein to

Summerfield and J. Eaton-Rye, unpublished results).

that of the PSll-specific requirement for the PsbQ protein
in Synechocystisp. PCC 6803 and are consistent with the

estimate that PsbP was associated with only 3% of PSII
centers {1).

In conclusion, the inability of thAPsbVAPsbQ strain

to grow photoautotrophically and its susceptibility to photo-

inactivation indicated that PsbQ was associated with PSII
in Synechocystisp. PCC 6803. Furthermore, photoauto-

trophic growth of this mutant could be recovered when grown

at alkaline pH. These results were obtained in nutrient-replete

media, suggesting that PsbQ is important for PSII stability

and is not solely associated with a Cadquirement. This
conclusion is supported by the impaired growth of AfesbQ
strain at 41°C and the inability of theA(R384-V392):

APsbVAPsbQ mutant to exhibit restored photoautotrophic
growth at pH 10.0 or for PSII assembly to be enhanced in
this strain at this pH. Additionally, the results obtained in

nutrient-limiting media revealed that the PsbQ protein is
absolutely required for photoautotrophic growth in conditions
that will be encountered in natural environments. This
requirement was also found to be specific for PSIl since
photoheterotrophic growth under these conditions was in-
distinguishable from that of wild type.
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