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ABSTRACT: The chlorophyll a-binding protein CP47 serves as core antenna to photosystem I1 (PS 11). The 
predicted topology of CP47 exhibits six membrane-spanning regions and a large hydrophilic loop (loop E) 
which rougly includes 200 residues (255-455) and is presumably exposed to the lumenal side of the thylakoid 
membrane. Several lines of experimental evidence suggest that loop E might be involved in binding or 
stabilizing functional manganese in the catalytic site of water oxidation or in interacting with the extrinsic 
PS 11-0 protein (the 33-kDa manganese-stabilizing protein). To scan loop E for functionally important 
domains, oligonucleotide-directed mutagenesis has been used to introduce deletions of 3-8 residues in 
conserved and charged regions of loop E. In addition, one single-site mutation of the only histidine present 
in loop E was created (H343L). Domains deleted in A1 (1265-F268), A2 (T271-K277), A4 (T304-L309), 
A5 (F311-N317), and A12 (D44GP447) are required for stable assembly of functional PS I1 complexes. 
Deletion of domains A3 (K277-E283) and A1 1 (R422-E428) significantly reduces the level of assembled 
PS I1 and impairs photoautotrophic growth and oxygen evolution. Deletion of domain A8 (A373-D380) 
enhances the susceptibility to photoinhibition. In contrast, deletion of domains A6 (G333-1336), A7 (K347- 
R352), A9 (V392-Q394), and A10 (D416-F420) and mutation of H343 to leucine do not seem to severly 
interrupt PS I1 structure and function, although all mutants exhibit a slightly decreased stability of PS I1 
as compared to the wild type. Thus, selected domains of the large hydrophilic loop of CP47 are important 
for PS I1 structure and function. With respect to possible sites of interaction between loop E of CP47 and 
the extrinsic PS 11-0 protein, our results indicate that none of the deletions in the region from residue 330 
to 420 (A6, A7, A8, A9, AlO) completely interrupts a functional association of the manganese-stabilizing 
protein 'to PS 11, although the binding characteristics 

In all oxygen-evolving photoautotrophic organisms, from 
cyanobacteria to higher plants, the oxidation of water to 
dioxygen is tightly coupled to the light-driven electron transport 
within photosystem I1 (PS II),' a multimericpigment-protein 
complex in the thylakoid membrane [for reviews, see Babcock 
(1987), Renger (1987), and Rutherford et al. (1992)l. In 
total, PS I1 is composed of more than a dozen different 
polypeptides [for a review, see Ikeuchi (1992)], only some of 
which can be related to specific functional subdivisions, e.g., 
reaction center, proximal core antenna, and regulatory extrinsic 
cap (for reviews, see Hansson and Wydrzynski (1990), and 
Vermaas and Ikeuchi (1991)l. In the current model of PS 
11, the chlorophyll a-binding proteins CP47 (the psbB gene 
product) and CP43 (the psbC gene product) are viewed to 

' This work has been supported by the U S .  Department of Energy 
(Grant DE-FG02-89ER14031). This is publication 134from thecenter 
for the Study of Early Events in Photosynthesis at Arizona State 
University. The Center is funded by the U S .  Department of Energy 
(Grant DE-FG02-88ER13969) as part of the Plant Science Centers 
Programof the U S .  Department of Agriculture/Department of Energy/ 
National Science Foundation. E.H. acknowledges the support of the 
Deutsche Akademische Austauschdienst (DAAD). Financial support 
by the Deutsche Forschungsgemeinschaft (Re 354/ 11-2) is gratefully 
acknowledged. 

* Correspondence address: Technical University Berlin. * Technical University Berlin. 
8 Arizona State University. 
11 Present address: Brookhaven National Laboratory,Upton, NY 1 1973. 

Abbreviations: Chl, chlorophyll; DMBQ, 2,5-dimethylbenzoquinone; 
HEPES, 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid; PMSF, 
phenylmethylsulfonyl fluoride; PS I, photosystem I; PS 11, photosystem 
11; SDS, sodium dodecyl sulfate; PQ, plastoquinone. 

might be changed in some cases. 

constitute the core antenna engaged in transfer of excitation 
energy to the reaction center, which comprises two polypep- 
tides, designated D1 and D2 (Trebst, 1986; Michel & 
Deisenhofer, 1988). However, strong evidence has accumu- 
lated over the past years that CP47 and CP43 contribute 
additional structural and functional roles to the operation of 
PS I1 (e.g., Bricker, 1990; Bricker et al., 1987,1988; Vermaas 
et al., 1988; Rogner et al., 1991). 

In terms of the overall organization and assembly of PS 11, 
CP47 and CP43 are closely associated with the D1/D2 
heterodimer. Any isolated PS I1 subcomplex that is capable 
of oxygen evolution contains both CP47 and CP43. A 
similarity in selected functions for CP47 and CP43 is further 
implied by a number of corresponding structural features. 
Both proteins are predicted to contain six transmembrane 
a-helices and to exhibit a large hydrophilic loop (loop E) 
between the fifth and sixth putative helices which is thought 
to belumenally exposed (Vermaas et al., 1987; Bricker, 1990). 
However, in spite of the structural similarity, evidence for 
significant functional differences has accumulated. Bio- 
chemical studies reveal that CP47 is bound more tightly to 
the PS I1 core than is CP43 (Akabori et al., 1988; Ghanotakis 
et al., 1989), and deletion mutagenesis implies a more 
significant role for CP47 than CP43 for a stable assembly of 
PS I1 (Vermaas et al., 1986, 1988). 

Several lines of evidence indicate an interaction between 
CP47 and the extrinsic PS 11-0 polypeptide [for reviews, see 
Bricker (1 990) and Enami et al. (1 992)]. This is generally 
interpreted to indicate a possible interaction between CP47 
and the water-oxidizing system. Despite some recent findings 
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implying a possible role for the reaction center polypeptides 
D1 and D2 for binding of manganese involved in water 
oxidation (Nixon & Diner, 1992; Vermaas et al., 1990b), the 
correct coordination sphere and the nature of the protein matrix 
of the manganese cluster remain largely obscure (Renger & 
Wydrzynski, 1991; Debus, 1992). Likewise, the precise role 
of the PS 11-0 protein for water oxidation is still a matter of 
debate, but it is known to be closely associated with the 
manganese-containing catalytic site of water oxidation. In 
PS I1 subcomplexes isolated from higher plants and under 
physiological C1- concentrations, the PS 11-0 protein has 
proved to be neccessary for stabilization of at least two of the 
four manganese atoms involved in water oxidation (Miyao & 
Murata, 1984a,b; Mavankal et al., 1986). In contrast, recent 
genetic engineering in cyanobacteria has produced mutants 
which lack PS 11-0 but still are able to maintain photoau- 
totrophic growth; however, these mutants exhibit a reduced 
oxygen evolution rate and an increased susceptibility toward 
photoinhibition (Burnap & Sherman, 1991; Philbrick et al., 
1991; Mayes et al., 1991). On the other hand, genetic studies 
performed with the eukaryotic green alga Chlamydomonas 
reinhardtii favor the notion that the PS 11-0 protein is required 
for stability of the PS I1 complex in eukaryotes (Mayfield et 
al., 1987), and biochemical studies in PS I1 membrane 
fragments from higher plants reveal that depletion of PS 11-0 
raises the C1- requirement to nonphysiologically high con- 
centrationsabove lOOmM (Miyao & Murata, 1984a; Bricker, 
1992). Part of the apparent discrepancy between eukaryotic 
and prokaryotic systems might be explained by considering 
the slightly different organization of the donor side of PS 11. 
In most eukaryotes two additional regulatory extrinsic proteins 
with apparent molecular weights of 24 kDa (PS 11-P) and 18 
kDa (PS 11-Q) are present in addition to the PS 11-0 protein, 
whereas in cyanobacteria two other proteins might be 
additionally associated with the donor side of PS I1 (Shen et 
al., 1992). 

Regardless of the detailed function of PS 11-0, its close 
association with CP47 would imply a possible role of CP47 
in the water-oxidizing system, Le., binding or stabilization of 
a functional manganese cluster. In the past, evidence favoring 
a close interaction between CP47 and PS 11-0 has been 
provided by biochemical studies with PS I1 membrane 
fragments of higher plants. Extraction of PS 11-0 increases 
the accessibility of proteases, labeling reagents, and/or 
antibodies to CP47 (Bricker & Frankel, 1987; Bricker et al., 
1988; Frankel & Bricker, 1990). Furthermore, a number of 
cross-linking experiments indicate close proximity between 
the PS 11-0 protein and CP47 (Enami et al., 1987, 1989, 
1991; Bricker et al., 1988; Odom & Bricker, 1992). In 
summary, the available data support the view that the 
N-terminus of the extrinsic PS 11-0 protein interacts with a 
domain located on the C-terminal half of the large hydrophilic 
loop of CP47, Le., residues 364-440 (Eaton-Rye & Murata, 
1989; Frankel & Bricker, 1990; Odom & Bricker, 1992). 

In the present study, the large lumen-exposed loop of CP47 
has been scanned for functionally important domains by 
employing deletion mutagenesis in the cyanobacterium Syn- 
echocystis sp. PCC (Pasteur Culture Collection) 6803. The 
system used to manipulate thepsbB gene of Synechocystis sp. 
PCC 6803 has been previously described, and results of its 
first application have demonstrated that the region between 
G351 and T365 is essential for the stable assembly of PS 11, 
while the region from R384 to V392 is not (Eaton-Rye & 
Vermaas, 1991). In the current study, twelve short deletions 
(3-8 amino acids) containing conserved and charged residues 
and, in addition, one single-site mutation of the only histidine 
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residue of loop E are presented. Together with the previous 
work (Eaton-Rye & Vermaas, 1991), the present paper 
provides a useful genetic approach to elucidate the functional 
role of domains in the extrinsic loop of CP47 under in vivo 
conditions. 

MATERIALS AND METHODS 
Mutant Construction and Verification. Oligonucleotide- 

directed deletion mutagenesis from the wild-typepsbB cloned 
in M13mp19 was performed as described by Eaton-Rye & 
Vermaas (1991). Oligonucleotides 30 bases long were 
synthesized with each oligonucleotide hybridizing to bases 
up- and downstream of a particular region that was to be 
deleted. The oligonucleotide sequences are shown in Table 
I. Each oligonucleotide was designed such that a restriction 
site was created at the site of the deletion. In some cases 
silent base-pair changes had to be introduced into the codons 
flanking the deletion in order to obtain the desired restriction 
site. 

After hybridization of the mutagenic oligonucleotide to a 
psbB template cloned into bacteriophage M13mp19, synthesis 
of the mutant psbB gene was completed in vitro (Eaton-Rye 
& Vermaas, 1991). Selective degradation of wild-type DNA 
and propagation of bacteriophage M 13mpl9 carrying the 
mutated psbB in Escherichia coli was performed according 
to Vermaas et al. (1990a). Subsequently, M13mp19 single- 
stranded DNA from single clones were sequenced, mutants 
were identified, and the appropriate mutated psbB fragment 
was excised and cloned into a plasmid providing complemen- 
tary parts of psbB. Proper ligation into this plasmid also led 
to restoration of a complete kanamycin-resistance cartridge, 
thus providing convenient selection (Eaton-Rye & Vermaas, 
1991). The resulting construct isolated from single E. coli 
clones was tested for the proper psbB sequence by restriction 
enzyme digestion prior to transformation of the photohet- 
erotrophicpsbBstrainof Synechocystis sp. PCC 6803 (Eaton- 
Rye & Vermaas, 1991). As a final check of the introduced 
mutation, genomic DNA of the transformants was isolated 
(Williams, 1988) and then amplified and sequenced, employing 
a double-stranded cycle sequencing system (BRL Life Tech- 
nologies Inc.). 

Cell Culture and Growth. Unless indicated otherwise, liquid 
cultures of wild-type and mutant strains were grown in regular 
BG-11 medium (Rippka et al., 1979) supplemented with 5 
mM glucose. When cultures were kept on solid agar plates 
(1.5% w/v), 20 pM atrazine was added in order to suppress 
PS I1 activity and thus to suppress selection for secondary, 
spontaneous mutations leading to better photoautotrophic 
growth. In addition, all growth media for mutant strains 
contained 20 pg/mL kanamycin. Phototrophic growth was 
maintained at continuous illumination with 60 pE/(m*.s) at 
30 OC. During the entire growth period the liquid cultures 
were ventilated with a low but constant stream of air. 

Preparation of Thylakoids. Thylakoid membranes were 
prepared from cultures with an optical density of 0.7-0.9 at 
730 nm according to Yu & Vermaas (1990). Cells of a 200- 
mL culture were collected, washed, and subsequently disrupted 
at 4 OC using fine glass beads (100-150 pm). After removal 
of glass beads and cell debris by centrifugation, the thylakoid 
membranes were pelleted and washed once. Thylakoid 
membranes were either used directly or stored in the presence 
of an additional 10% glycerol a t  -80 "C. Protease inhibitors 
were only added for thylakoids subjected to gel electrophoresis. 

Chlorophyll Analysis. The chlorophyll (Chl) of cells was 
extracted in 100% methanol; the Chl of isolated thylakoids, 
in 80% acetone. The Chl a concentration was determined 
according to MacKinney (194 1). 
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Table I: Oligonucleotide Sequences Used to Generate Site-Directed Deletions and Mutation 

restriction 
mutant oligonucleotide sepuence' endonuclease 

A 1  5 '  AAT GCC ACC ACC CCC GGG CCC ACC CGT TAT 3 '  Sma I 

A 2  5' GAA CTC TTT GGC CCC GGG TAT TTT CAA GAA 3 '  SmaI 

A 3  5' CGT TAT CAG TGG GAT ATC CAA CGC CGG GTT 3' EcoRV 

A 4  5' TCT GAA GCC TGG AGC GCT TTC TAC GAT TAC 3 '  Eco4 711 I 

A 5  

A 6  

A I  
A 8  

A 9  

A 10 
A 11 
A 12 

H343L 

5' CCT GAA AAG TTG GCT AGC CCC GCT AAA GGT 3' 

5 '  GGT GCT ATG AAC AGC GCT CAG GAA TGG ATT 3 '  

5 '  GGT CAC CCC ATA TTC GAA CTG GAG GTA CGG 3 '  

5 '  GTC ATC ATG ACC GAT ATC CCC TTC CGT CGT 3 '  

5 '  GAG TCT AAA TTC AGT ACT GGT GTT ACC GTC 3 '  

5 '  TTC AGC AAT CCC AGC GCT CGG AAA GCT CAG 3' 

5 '  GTG AAG AAG TTT GCC GGC TTC GAC TTC GAT 3 '  

5 '  GAA ACC TTC AAC TCG CGA GGT TGG TTT ACC 3' 

5 '  GAA TGG ATT GGT CTC CCC ATA TTC AAA GAC 3 '  

NheI 

Eco4 7 I11 

BstBI 

EcoRV 

ScaI 

Eco47I I1 

NaeI 

NruI 

(I The site of deletion is indicated by (V); the resulting restriction site is underlined; single-base changes are indicated by italic letters. 

Gel Electrophoresis and Immunoblot Analysis. SDS- 
polyacrylamide gel electrophoresis was performed according 
to Chua (1980) in the presence of 5 M urea. Samples were 
incubated in Laemmli buffer (Laemmli, 1970) containing 5% 
(v/v) j3-mercaptoethanol for 30 min at room temperature prior 
to application. In each case 7 pg of Chl was applied to the 
gel. Immunoblot analysis with antibodies raised against PS 
I1 polypeptides D1, D2, CP43, and CP47 was carried out as 
described previously (Vermaas et al., 1988). 

Herbicide-Binding Assay. The relative concentration of 
stable assembled PS I1 centers in wild-type and mutant cells 
was determined by measuring the binding of 14C-labeled diuron 
on a Chl basis. Cells were collected at an optical density of 
0.7-0.9 at 730 nm, washed in 25 mM HEPES/NaOH, pH 
7.0, and resuspended to 50 pM Chl. Aliquots were then 
incubated with different [14C]diuron concentrations in dim 
light for 20-30 min at room temperature. To eliminate 
contributions of nonspecific diuron binding, the difference 
between samples assayed in the absence and presence of 20 
pM atrazine was evaluated. For details, see Vermaas et al. 
(1990b). 

Oxygen Evolution. Comparative measurements of the 
oxygen evolution rate of wild-type and mutant strains were 
performed with cell cultures grown to an optical density of 
0.7-0.9 at 730 nm. Oxygen evolution was detected on a Clark- 
type electrode. Measurements were performed in 25 mM 
HEPES/NaOH, pH 7.0, in the presence of 0.5 mM K3[Fe- 
(CN)6] andO.l mM DMBQ. Samples (10pg/mL Chl) were 
illuminated with orange light (570-nm cutoff filter) at a 
saturating intensity of 5000 pE/(m2-s) at 30 OC. 

77 K Fluorescence Emission Spectra. 77 K fluorescence 
emission spectra were recorded on a SPEX Fluorolog 2 
spectrometer equipped with a glass dewar for liquid nitrogen. 
The samples (whole cells or thylakoid membranes) were frozen 
in 60% glycerol and 25 mM HEPES/NaOH, pH 7.0, and 
excited at 440 or 590 nm. In each case the Chl concentration 
of the sample was 5 pg/mL. Spectra were corrected for the 
wavelength dependence of the sensitivity of the photodetector. 

Prediction of Secondary Structure. The secondary struc- 
ture of the large extrinsic loop of CP47 was predicted for 

wild-type and mutant sequences using the Genetics Computer 
Group (GCG) software programs, version 7.0 (Devereux et 
al., 1984; Jameson & Wolf, 1988). The prediction evaluated 
in this study is based on the Garnier-Osguthorpe-Robson 
method (Garnier et al., 1978). 

RESULTS 
To determine regions of possible structural or functional 

importance in loop E of CP47, we evaluated sequence 
conservation within this loop. Figure 1 compiles available 
sequence data for the predicted large loop between trans- 
membrane helices V and VI on the lumenal side of CP47 from 
different organisms, including cyanobacteria, algae, and higher 
plants, and shows the position of the deletions in the twelve 
deletion mutants which were created and characterized in 
this study. None of these deletions comprises more than eight 
amino acids. The locations are specifically chosen in order 
to cover predominantly conserved and negatively charged 
amino acid residues. The goal of this study is to determine 
if specific regions of this loop are of special relevance for the 
structural and functional integrity of PS 11. To test this, the 
mutants were characterized by measuring the following 
properties: (a) photoautotrophic growth, (b) abundance of 
the main polypeptides and stability of the PS I1 complex, (c) 
oxygen evolution capacity, and (d) fluorescence emission 
spectra. As a control, all characterization procedures were 
performed with a wild-type and a kanamycin-resistant psbB- 
reconstituted strain which does not carry a mutation in the 
psbB gene. As described previously, the phenotype of the 
psbB-reconstituted strain is indistinguishable from wild type 
except for the kanamycin resistance (Eaton-Rye Br Vermaas, 
1991). In the present study the data obtained for the wild- 
type and thepsbB-reconstituted strain are referred to as wild- 
type control. In addition to the functional characterization, 
the predicted secondary structure of loop E was analyzed in 
all mutants in order to compare mutationally induced 
functional changes with possible effects on the protein 
structure. 

Photoautotrophic Growth. The capability for photoau- 
totrophic growth was tested for all mutant strains in BG-11 
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consonrue 

251 

WAGTMWYGS 

WAGTMWYGS 

WAGTMWYGS 

WAGTMWYGS 

WAGTMWYGS 

WAGTMWYGS 

WAGTMWYGS 

WAGTMWYGS 

WAGTMWYGS 

WSGTMWYGS 

WAGTMWYGH 

WAGTMWYGN 

WAGTMWYGN 

W-CTMWYC- 

261 271 281 

ATTPIELFGP TRYQWDQGYF QQEIYRRVSA 

ATTPIELFGP TRYQWDQGYF QQEIYRRVSA 

ATTPIELFGP TRYQWDQGYF QQEIYRRVGA 

ATTPIELFGP TRYQWDQGYF QQEIYRRVSD 

ATTPIELFGP TRYQWDQGYF QQEIYRRVSD 

ATTPIELFGP TRYQWDQGYF QQEIYRRVSN 

ATTPIELFGP TRYQWDQGYF QQEIYRRVSN 

AATPIELFGP TRYQWDQGFF QQEIDRRIRS 

AATPIELFGP TRYQWDQGFF QQEIQKRVQA 

ASTPIELFGP TRYQWDKGYF QEEIERRVQA 

VTTPIELFGP TRYQWDQGYF TQEIQRRVDS 

ATTPIELFGP TRYQWDQGYF HQEIERRVQS 

ATT EL P TRYQW YF PEE QRRVDS 
--T a EL P =I--.--- TRYQ 

321 331 

KGGLFRAGSM DNGDGIAVGW 

KGGLFRAGSM DNGDGIAVGW 

KGGLFRAGSM DSGDGIAVGW 

KGGLFRAGSM DNGDGIAVGW 

KGGLFRAGSM DNGDGIAVGW 

KGGLFRAGSM DNGDGIAVGW 

KGGLFRAGSM 

KGGLFRAGAM 

KGGLFRTGAM 

KGGLFRSGPM 

KGGLFRVGAM 

KGGLFRTGPM 

KGGLFRTGAM 

KCCLFR-C-M 

391 

SVEQVGVTVE 

SVEQVGVTVE 

SVEQVGVTVE 

SVEQVGVTVE 

SVEQVGVTVE 

SVEQVGVTVE 

SVEQVGVTVE 

SVEQVGVTVE 

SIEQVGVSVT 

SIEQVGVTVR 

SFEQTGVTVS 

SFEQSGVTVS 

GVTVS 

DNGDGIAVGW 

DNGDGIAVGW 

NSGDGIAVGW 

NNGDGIATAW 

DSGDGIAEEW 

VKGDGIAQSW 

401 

FYGGELNGVS 

FYGGELNGVS 

FYGGELNGVS 

FYGGELNGVS 

FYGGELNGVS 

FYGGELNGVS 

FYGGELNGVN 

FYGGELDGVS 

FYGGELDGLT 

FFGGSFDTLS 

FYGGALDGQT 

FYGGDLDGKT 

FYGGALDGQT 
F-G+----- 

341 351 

LGHPIFRDKE GRELFVRRMP 

LGHPIFRDKE GRELFVRRMP 

LGHPIFRDKE GRELFVRRMP 

LGHPVFRDKE GRELFVRRMP 

LGHPIFRDKE GRELFVRRMP 

LGHPVFRDKE GRELFVRRMP 

LGHPVFRDKE GRELFVRRMP 

LGHAVFKDKE GNELFVRRMP 

LGHASFKDQE GRELFVRRMP 

LGHAVFIDKE GNSLFVRRMP 

LGHPVFQDGA GRALSVRRLP 

QGHGVFKDAE GRELTVRRLP - - - - - - - - 
IGHP I $,,E?VRRMP 
-OH-- D-- 10- -L:?--! - 

411 

YSDPATVKKY 

YSDPATVKKY 

YSDPATVKKY 

YSDPATVKKY 

YSDPATVKKY 

YSDPATVKKY 

YSDPATVKKY 

FSDPATVKKY 

FTDPATVKKY 

FNDPATVKRY 

FTNPSDVKKF 

FTDPADVKKY 

421 

ARRAQLGE I F 

ARRAQLG E I F 

ARRAQLGEIF 

ARRAQLGEIF 

ARRSQLGEIF 

ARRSQLGEIF 

ARRSQLGEIF 

ARRAQLGEIF 

ARKAQLGEIF 

ARHAQLGEIF 

ARRAQLGEAF 

A R K A W E I F  

291 

GLAENQSLSE 

GLAENQSFSE 

GLAKNQSLSE 

GLAENLSLSE 

GLAENLSLSE 

GLAENLSLSE 

GLAENLSLSE 

SKAENLSLSE 

SLAEGASLSD 

SLSDGCSLSE 

QLAEGASLSE 

SVAQGASLSE 

QLAEGASLSE 

S-S- ------ 
361 

TFFETFPVVL 

TFFETFPVVL 

TFFETFPWL 

TFFETFPVVL 

TFFETFPVVL 

TFFETFPVVL 

TFFETFPWL 

TFFETFPWL 

TFFETFPVLL 

TFFETFPVIL 

NFFENFPVIL 

NFFETFPVIL - - - - -  
NFFE~FPVIM 

I 
-FFE-JPV-- 

431 

ELDRATLKSD 

ELDRATLKSD 

ELDRATLKSD 

ELDRATLKSD 

ELDRATLKSD 

ELDRATLKSD 

ELDRATLKSD 

EFDRATLKSD 

EFDRSTLQSD 

DFNRSTLQSD 

DFDTETLGSD 

EFDRETLNSD 

DFDTETFN 

T-- ----- 

301 311 

AWSKIPEKLA FYDYIGNNPA 

AWSKIPEKLA FYDYIGNNPA 

AWSKIPEKLA FYDYIGNNPA 

AWSKIPEKLA FYDY IGNNPA 

AWSKIPEKLA FYDYIGNNPA 

AWSKIPEKLA FYDYIGNNPA 

AWSKIPEKLA FYDYIGNNPA 

AWSKIPEKLA FYDYIGNNPA 

AWSRIPEKLA FYDYIGNNPA 

AWGAISPKLA FYDYIGNNPA 

AWSSIPEKLA FYDYVGNSPA 

AWSQIPEKLA FYDYVGNSPA 

AW IPEK FYDYVG PA 

AW ?-$ I-- L T P A  

371 

VDGDGIVRAD 

IDGDGIVRAD 

VDGDGIVRAD 

VDEEGIVRAD 

VDEEGIVRAD 

VDEEGIVRAD 

VDEEGIVRAD 

VDEQGIVRAD 

LDKDGIVRAD 

LDQNGVVRAD 

TDGDGWRAD 

TDADGVVRAD 

441 

GVFRSSPRGW 

GVFRSSPRGW 

GVFRSSPRGW 

GVFRSSPRGW 

GVFRSSPRGW 

GVFRSSPRGW 

GVFRSSPRGW 

GVFRSSPRGW 

GVFRSSPRGW 

GVFRSSPRGW 

GVFRTSTRGW 

GVFRTSPRGW 

381 

VPFRRAESKY 

VPFRRAESKY 

VPFRRAESKY 

VPFRRAESKY 

VPFRRAESKY 

VPFRRAESKY 

VPFRRAESKY 

VPFRRAESKY 

VPFRKAESKY 

IPFRRAESKY 

IPFRRSESQY 

IPFRRAESKY 

IP*i~SiG 
I 

-PT--ES-- - - -- 

4 51 

FTFGHASFAL 

FTFGHASFAL 

FTFGHASFAL 

FTFGHATFAL 

FTFGHATFAL 

FTFGHATFAL 

FTFGHATFAL 

FTFGHATFAL 

FTFGHVCFAL 

FTFGHLSFAL 

FTFGHACFAL 

FTFGHAVFAL 

FTFGHAVFAL 

FTFGB--FAL 

FIGURE 1: Alignment of the amino acid sequence from residue 251 to residue 460 of CP47 from twelve different organisms, including 
cyanobacteria, algae, bryophytes, and monocotyledonous and dicotyledonous spermatophytes. The bottom line shows the consensus of all 
sequences listed. Nonconserved residues are replaced by dashes. The locations of the twelve deletions presented in this study are indicated 
by solid-line frames; the locations of two deletions presented in a previous study (Eaton-Rye & Vermaas, 1991) are indicated by dashed-line 
frames. References for the sequences: tobacco, Shinozaki et al. (1986); spinach, Morris and Herrmann (1984); Oenothera, Offermann- 
Steinhard and Herrmann (1990); maize, Rock et al. (1987); rice, Hiratsuka et al. (1989); rye, Bukharov et al. (1988); wheat, Hird et al. (1991); 
barley, Andreeva et al. (1989); liverwort, Ohyama et al. (1986); Chlamydomonas reinhardtii, Berry-Lowe et al. (1992); Euglena gracilis, 
Keller et al. (1989); Prochforothrix holfandica, Greer and Golden (1991); Anabaena 7120, Lang and Haselkorn, (1989); and Synechocystis 
6803, Vermaas et al. (1987). 
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Table 11: Compilation of the Characterization of the Wild Type, the Deletion Mutants Al-A12, and the Single-Site Mutant H343L' 
mutation phototrophic growthb (doubling time/h) abundance of PSII proteinsC (immunoblot) PSII activityd herbicide bindingc 

deletion length -glucose +glucose D1 D2 CP47 CP43 (02 rate, 7%) (Chl/PSII) 
11-12 11-12 ++ ++ ++ ++ 1 oaf 750-850 

A1 1265-F268 4 * 16-18 a * * a * + WT 

* * + A2 T271-K277 7 21-23 (+) (+I + 25-358 30004500 + A3 K277-E283 7 41-45 11-12 + + (+I 
A4 T304-L309 6 17-20 a * 
A5 F311-N317 7 * 17-19 * * + a * 

1200-1500 A6 G333-I336 4 12-13 11-12 ++ ++ ++ ++ 80-90 
1000-1400 A7 K347-R352 6 13-14 11-12 ++ ++ + ++ 85-95 

A8 A373-D380 8 12-13 10-13 ++ ++ ++ ++ 50408 1000-1 200 
A9 V392-Q394 3 10-1 1 12-1 3 ++ ++ ++ ++ 85-95 900-1000 
A10 D416-F420 5 13-14 11-12 ++ ++ + ++ 380 2000-2500 
A l l  R422-E428 7 >60 12-14 + + (+I + 20-308 5600-7500 
A12 D440-P447 8 * 19-22 * a ++ * * 

1400-1500 H343L 16-19 11-12 ++ ++ + ++ 75-85 

* * 
* * a 

All results listed represent an average of a t  least three experiments. The doubling times were calculated from growth curves taken in the absence 
and presence of 5 mM glucose. The abundance of PS I1 core proteins D1, D2, CP43, and CP47 was estimated from immunoreactions on western 
blots; (++) wild type level or close to it, (+) noticeably reduced level, ((+)) strikingly reduced level, (*) barely detectable. The oxygen evolution rate 
was measured with whole cells. Chl/PS I1 was determined by [I4C]diuron binding in cell suspensions with 50 pg of Chl/mL. f The wild-type rate 
was in the range of 475 & 25 pmol of Oz/[(mg of Chl).h]. Unstable oxygen evolution rate, with half-times of 120 s for mutants A3 and A8, 75 s for 
mutant A1 1. and >300 s for WT cells at 5000 rrEl(m2s) illumination. 

medium without addition of glucose. The observed doubling 
times are listed in Table 11. Two interesting aspects stand 
out: (i) the effect on photoautotrophic growth depends on the 
position of the deletion, but is independent of its length 
(compare A1 with 66, A4 with A7, and A12 with A8, the pairs 
carrying deletions of four, six, and eight amino acid residues, 
respectively); and (ii) except A3, A1 1, and H343L, all mutant 
strains can be roughly divided into two catagories, those 
exhibiting growth rates close to wild type and those unable 
to grow in the absence of glucose. The latter group of obligate 
photoheterotrophs is composed of mutant strains A1, A2, A4, 
A5, and 1112. In contrast, both mutants A3 and A1 1 exhibit 
a very slow photoautotrophic growth with initial doubling 
times of 43 and >60 h, respectively. However, under our 
growth conditions A3 and A 1 1 perform only about one doubling 
cycle before further cell propagation is stopped. It is 
conceivable that this is due to residual glucose since the cultures 
assayed for photoautotrophic growth were inoculated from 
glucosegrown precultures. However, precultures of all mutant 
strains tested were thoroughly washed before subjecting them 
to photoautotrophic growth conditions, and the behavior of 
the obligate photoheterotrophic mutant strains A1, A2, A4, 
65, and A12 does not indicate residual internal or external 
glucose. Therefore, the above explanation seems less likely 
and would imply a different internal glucose storage capacity. 
At present, the nature of the factor limiting photoautotrophic 
growth in mutant strains A3 and A1 1 remains obscure. Figure 
2 shows representative growth curves for the wild type, the 
impaired A3 and A1 1 mutants, and the obligate photohet- 
erotrophic A12 mutant. 

The findings show that differential effects, from nonsig- 
nificant to severe, can be observed upon deletion of several 
aminoacid residues from loop E, which is presumably exposed 
to the lumenal side according to hydropathy analysis of the 
CP47 sequence (Vermaas et al., 1987; Bricker, 1990). On 
the basis of cross-linking experiments CP47 is inferred to bind 
the extrinsic PS 11-0 polypeptide (Odom & Bricker, 1992; 
Enami et al., 1992), which plays an important regulatory role 
for the water oxidase. Therefore, it was interesting to 
determine whether mutations in loop E affected the interaction 
of CP47 with PS 11-0. According to a study of Philbrick et 
al. (1991), psbO- mutants of Synechocystis sp. PCC 6803 
exhibit only slightly reduced growth rates in normal BG-11 
medium but are unable to grow in Ca2+-depleted media. Thus, 
investigation of the growth characteristics in Ca2+-depleted 
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FIGURE 2: Photoautotrophic growth curve of wild-type (e), mutant 
A3 (A), mutant A l l  (O) ,  and mutant A12 (0) cells as shown by 
semilogarithmic plots of the optical density measured at  730 nm of 
cultures grown in the absence of glucose. 

BG-11 could indicate whether a functional binding of the PS 
11-0 protein has been disturbed due to any of the short deletions 
introduced into the large extrinsic loop of CP47. The growth 
rates of A3, A6, A7, A8, A9, and A10 were assayed under 
omission of Ca2+ from the medium. A psbO- mutant strain, 
kindly provided by Dr. B. Zilinskas, was run as a control and 
behaved as described previously (Philbrick et al., 1991). 
However, it was found that none of the CP47 mutants tested 
showed any change in their ability to grow photoautotroph- 
ically. Doubling times in the absence or presence of CaZ+ 
were virtually identical (not shown). This suggests that the 
PS 11-0 polypeptide is still functionally bound in all photo- 
autotrophic mutants. In addition, it was tested whether any 
of the photoautotrophic deletion mutants exhibited an in- 
creased demand for manganese, for example, due to unstable 
binding of the manganese cluster. For these experiments, the 
mutants A3, A6, A7, A8, A9, and A10 were grown in BG-11 
medium with a 20-fold reduction in manganeseconcentration. 
Again, no significant response to a reduction of the exogenous 
manganese concentration was observed. 

Abundance of the Main Polypeptides and Stability of the 
PS ZZ Complex. The relative abundance of the four major 
membrane-integral PS I1 core proteins was tested by immu- 
noblot analysis employing antibodies raised against D 1, D2, 
CP47, and CP43. To avoid protein degradation, thylakoids 
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subjected to SDS-polyacrylamide gel electrophoresis were 
prepared in the presence of protease inhibitors (1 mM PMSF, 
2 mM benzamidine, 2 mM eaminocaproic acid). The results 
of the immunoblot analysis (see Table 11) reveal a good 
correlation between the abundance of CP47 and the reaction 
center proteins D 1 and D2 in agreement with previous findings 
(Vermaas et al., 1988). A reduced level of CP47 in psbB 
mutant thylakoids is probably due to an increased rate of 
protein degradation caused by the failure of correct assembly 
with the reaction center proteins (Yu & Vermaas, 1990). In 
general, the lack of stable assembly leads to degradation of 
CP47, D1, and D2, with a decrease in the level of CP47 
normally paralleled by a corresponding decrease of D1 and 
D2. However, in some mutant thylakoids, especially A7, AlO, 
and H343L, the relative level of CP47 seems to be markedly 
reduced compared to that of other PS I1 proteins. This 
observation could be explained by either (1) an altered 
antigenicity caused by the introduced mutation; (2) an 
increased instability of CP47 during thylakoid preparation 
despite the presence of protease inhibitors; or (3) the possibility 
that, after assembly, CP47 is more unstable than D1 and D2 
in these mutants, leading to a relative decrease in the amount 
of CP47. At present, we cannot distinguish between these 
possibilities. In contrast to CP47, D1, and D2, the abundance 
of CP43 appears to be largely independent of the presence of 
other PS I1 core proteins. As shown in Table 11, CP43 is 
present at levels close to wild type in all mutant thylakoids. 
This is in agreement with earlier data obtained with Syn- 
echocystis sp. PCC 6803 (Vermaas et al., 1986,1988) and is 
somewhat similar to the situation in Chlamydomonas rein- 
hardtii where low levels of CP43 can accumulate in thylakoids 
that exhibit missing or very low levels of D1, D2, and CP47 
(de Vitry et al., 1989). It is important to note that D1, D2, 
and CP47 are virtually absent in the fully photoheterotrophic 
mutants Al, A2, A4, A5, and A12. This suggests that the 
reaction center complex is very unstable in these mutants. 

The relative concentration of PS I1 centers in the thylakoid 
membrane was determined by measuring the binding of 14C- 
labeled diuron to the D1 protein of PS I1 on a Chl basis 
(Vermaas, 1990b). In cyanobacteria thedistal antenna system 
is provided by chlorophyll-less phycobilisomes, and therefore, 
all Chl present in cyanobacterial thylakoids is associated with 
either PS I1 proteins or PS I proteins. As a consequence, the 
concentration of PS I1 per Chl predominantly depends on the 
ratio of PS I1 to PS I. Since this ratio is strongly influenced 
by the physiological state of the cells, the cultures assayed for 
herbicide binding were grown in parallel and to the same 
optical density in the presence of 5 mM glucose. Under the 
conditions applied in this study, roughly 1 PS I1 per 800 Chl 
molecules is detected in wild-type cells. Representativedouble- 
reciprocal herbicide-binding data are shown in Figure 3 for 
wild type, A3, A8, A10, and All .  Diuron-binding affinity 
was similar in all strains (roughly 20 nM). Calculated Chl/ 
PS I1 ratios of wild type and all mutants led to the results 
given in Table 11. A general feature emerging from these 
data is the finding that the photoautotrophic mutants with 
rather normal growth rates exhibit a slightly reduced PS I1 
concentration compared to wild-type cells as shown by an 
up-to-2-fold increase in the number of Chl molecules per PS 
11. This slight decrease in PS I1 concentration can be 
interpreted in terms of a generally enhanced destabilization 
of PS I1 in the mutant strains. A significant decrease in PS 
I1 concentration is observed in the case of A3 and Al l ,  
indicative of a greatly reduced PS I1 stability. This is in line 
with the reduced level of PS I1 proteins detected on immu- 
noblots for A3 and A l l  thylakoids. In all obligate photo- 
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FIGURE 3: Double-reciprocal plot of binding of 14C-labeled diuron 
on a chlorophyll basis in wild-type (O), mutant A8 (0), mutant A10 
(0), mutant A3 (A), and mutant A l l  cells (0).  

heterotrophic mutants the concentration of functional PS I1 
is below a detectable level. 

Photosystem 11 Activity. The PS I1 activity of wild-type 
and mutant strains was determined by measuring the oxygen 
evolution rate. Whole cells were illuminated at a light intensity 
of 5000 pE/(m2.s), which proved to be saturating in all cases. 
Wild-type cells exhibited a rate of 475 f 25 pmol of 02/[(mg 
of Chl).h]. The oxygen evolution activities of mutant cells 
relative to the wild-type rate are listed in Table 11. A 
comparison of the relative PS I1 activity with the relative PS 
I1 concentration reveals that most of the accumulated PS I1 
centers are functional in the photoautotrophic mutants. In 
general, a reduced PS I1 concentration correlates with a 
reduced oxygen evolution rate. However, a close inspection 
of the data reveals that in most photoautotrophic mutants the 
PS I1 activity seems less reduced than the PS I1 concentration. 
The origin of this apparent discrepancy, which is especially 
pronounced in the case of mutant AlO, is unknown, but might 
be related either to (1) the enhanced destabilization of PS 11, 
which could be of different consequence during different 
characterization procedures, or (2) a limitation of the oxygen 
evolution rate due to the rate-limiting reoxidation of reduced 
plastoquinone. The latter would be of greater consequence 
for the wild type and for those mutants that have relatively 
more PS I1 centers per PQ pool (Siggel et al., 1972). Beyond 
that, it must be emphasized that in some mutants the 
correlation between PS I1 abundance and activity exists only 
for the initial rate of oxygen evolution. In contrast to the wild 
type, cells of A3, A8, and A1 1 are not able to maintain a stable 
oxygen evolution rate during the illumination period of 5 Tin. 
The half-times for the decrease in oxygen evolution are 120 
s for A3 and A8 and 75 s for A1 1. A decrease in light intensity 
only slightly affected the initial oxygen evolution rate over a 
wide range [ 1000-5000pE/(m2-s)], but increased thestability 
of the rate. At 500 pE/(m2*s) all mutants exhibited a stable 
rate over the entire measuring period of 5 min. A further 
decrease in light intensity was accompanied by a rapid decrease 
in the oxygen evolution rate due to subsaturation. At the 
light intensity provided in the growth chamber [60 pE/(m2-s)] 
the rate was roughly 5% of the initial rate under saturating 
conditions for all samples. 

Fluorescence EmissionSpectra. CP47 is known to function 
as a core antenna and is estimated to contain 10-15 (Barbato 
et al., 1991) or 20-25 Chl a molecules (de Vitry et al., 1984). 
Low-temperature fluorescence emission spectra provide a 
sensitive tool to monitor changes in the antenna system. 
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Table 111: Evaluation of 77K Fluorescence Emission Spectrao 
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FIGURE 4: Normalized 77 K fluorescence emission spectra. (A) 
Spectra of mutant A8 cells (-) and thylakoids (- - -) excited at 590 
nm. (B) Spectra of wild-type (-), mutant A3 (- - -), and mutant 
A12 thylakoids (e..) excited at 440 nm. The bandwidth of the 
excitation and emission monochromators was 2 nm. 

Substantial evidence indicates that the 77 K fluorescence 
peaking at 695 nm (F695) originates from a Chl a species 
bound to CP47, and likewise, a second peak at 685 nm (Fa~5)  
is attributed for the most part to the Chl a-binding CP43 
(Nakatani et al., 1984; van Dorssen et al., 1987). To check 
whether the modifications in loop E of CP47 generated in this 
study have any influence on t6e envitonment of the antenna 
Chl molecules, fluorescence emission spectra at 77 K were 
recorded. Unfortunately, in cyanobacteria a considerable 
contribution to the fluoresctnce emitted between 630 and 700 
nm is due to the phycobilin pigments, phycocyanin and 
allophycocyanin, associated with the distal antenna system. 
In order to minimize this effect, the emission spectra were 
measured in thylakoids which are highly depleted of the 
peripheral antenna. Since phycobilisomes are extrinsic water- 
soluble pigment-protein complexes, they are readily detached 
and lost during a simple thylakoid preparation even without 
employing any detergent treatment that might alter fluores- 
cence characteristics (Irrgang et al., 1988). Figure 4A 
compares the fluorescence emission spectra of whole cells and 
thylakoids excited at 590 nm, where excitation of phycobil- 
isomes is maximal and that of Chl a is minimal. It is obvious 
that the fluorescence emitted between 670 and 700 nm is 
remarkably reduced in thylakoids, indicative of a loss of 
allophycocyanin. Furthermore, the fluorescence peak at 650 
nm, mostly originating from remaining phycocyanin, is slightly 
blue-shifted, which implies that the remnant has a changed 
conformation, e.g., due to detachment from PS 11. Figure 4B 
shows the 77 K fluorescence emission spectra of thylakoids 
isolated from wild-type cells and from mutants A3 and A12 
excited at 440 nm within the Soret band of Chl a. The spectra 
exhibit the three characteristic peaks at 685,695, and 725 nm 

WT 
A1 
A2 
A3 
A4 
A5 
A6 
A7 
A8 
A9 
A10 
A1 1 
A12 
H343L 

I265-F268 
T27 1-K277 
K277-E283 
T304-L309 
F3 1 1-N3 17 
(3333-1336 
K347-R352 
A373-D380 
V392-4394 
D416-F420 
R422-E428 
D440-P447 

1 .oo 1.04 
0.90 0.40 
1.33 0.40 
0.93 0.61 
0.95 0.43 
1.03 0.40 
0.65 0.61 
0.6 1 0.68 
0.60 0.67 
0.88 0.77 
0.61 0.54 
1.14 0.55 
1.04 0.38 
0.91 0.84 

5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 

Spectra were recorded using thylakoids excited at 440 nm. For 
convenience, all spectra were normalized to the PS I fluorescence peaking 
at 725 nm and the relative intensity of F725 was set to 5, resulting in a 
relative intensity F695 of roughly 1 for wild-type thylakoids. The 
normalized amplitudes of F685, F695, and F725 were measured from the 
x-axis. 

and a minor broad band around 650 nm which is due mainly 
tq some remaining phycobilin pigments. For the sake of direct 
comparison the spectra were normalized to the emission peak 
at 725 nm that originates predominantly from PS I. The 
relative amplitudes of the emission peaks at 685,695, and 725 
nm of thylakoids from wild-type cells and from all mutants 
are summarized in Table 111. Two important observations 
can be made from these data: (i) the normalized extent of the 
695-nm peak, referred to as F695, qualitatively correlates with 
the content of stably assembled PS 11; and (ii) all mutants 
exhibit a marked fluorescence at 685 nm, irrespective of the 
presence of assembled PS I1 centers. A closer inspection of 
the F695 data shows that all mutants lacking a stable PS I1 
complex have an F695 value of about 0.4. This amplitude we 
interpret to be composed of the overlapping flanks of the 
fluorescence bands at 685 and 725 nm. Subtraction of this 
background level results in corrected values, (F695)corr, that 
correlate with the abundance of the PS I1 polypeptides, CP47, 
D1, and D2 in wild-type cells and in the mutant strains A6, 
A7, A8, A9, and H343L. This finding suggests that the 
properties of the Chl a molecules bound to CP47 and the 
excitation energy transfer to the reaction center are not 
markedly affected by the deletions in loop E of these mutants. 

Predictions of the Secondary Structure of CP47. The 
results presented imply that the effects of a deletion mutation 
are highly dependent on the location of the 3-8-residue 
deletion. This indicates that the deletions affect elements of 
quite different functional or structural relevance. Unfortu- 
nately, direct information on the structure of CP47 is not 
available. The current structure model of CP47 is based 
mainly on hydropathy plot analysis and predicts the topology 
and orientation of CP47 within the thylakoid membrane 
(Vermaas et al., 1987; Bricker, 1990). General features of 
this model include the number and location of membrane- 
spanning a-helices, the orientation of the N- and the 
C-terminus, and the existence of a large loop between the 
fifth and sixth putative helices. However, the secondary 
structure of the large extrinsic loop is unresolved. All methods 
available for predictions of the secondary structures from the 
amino acid sequence of a protein are only weakly correlated 
with actual structures. Nevertheless, an attempt to evaluate 
predictions for the secondary structure of loop E of CP47 is 
made in this study. However, it has to be emphasized that 
the intention is not to establish a detailed model for the 
secondary structure of loop E, but to analyze whether 
mutationally induced functional deficiencies can be correlated 
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SVEQTGVTVSFYGGALDGQTFSNPSDVKXFARKAQLGEGFDFDTETFNSDGVFRTSPRGWFTFGHAVFAL 

---TTTBBBBBTT---TTT-----TTHHHHHHHH----------- TTTTTT-TT---TTT------HHHH 

---TTTBBBBBTT---TTT-----TTHHHHHHHH----------- TTTTTT-TT---TTT------HHHH 

---TTTBBBBBTT---TTT-----TTHHHHHHHH----------- TTTTTT-TT---TTT------ HHHH 

---TTTBBBBBTT---TTT-----TTHHHHHHHH----------- TTTTTT-TT---TTT------HHHH 

---TTTBBBBBTT---TTT-----TTHHHHHHHH----------- TTTTTT-TT---TTT------ HHHH 

---TTTBBBBBTT---TTT-----TTHHHHHHHH----------- TTTTTT-TT---TTT------HHHH 

---TTTBBBBBTT---TTT-----TTHHHHHHHH----------- TTTTTT-TT---TTT------HHHH 

---TTTBBBBBTT---TTT-----TTHHHHHHHH----------- TTTTTT-TT---TTT------HHHH 

---TTTBBBBBTT---TTT-----TTHHHHHHHH----------- TTTTTT-TT---TTT------ HHHH 

a-BBBBBBTT---TTT-----TTHHHHHHHH----------- TTTTTT-TT---TTT------ HHHH 

---TTTBBBBBTT---TTT-----~-------------- TTTTTT-TT---TTT------ HHHH 

---TTTBBBBBTT---TTT-----TT-BBBB~~------TTTTTT-TT---TTT------ HHHH 

---TTTBBBBBTT---TTT-----TTHHHHHHHH----------- T T T - ~ ~ ~  TTT------HHHH 
FIGURE 5: Comparison of the secondary structure prediction for wild-type and mutant sequences in the region between residues 251 and 460 
of CP47 (Jameson & Wolf, 1988). The deletions are replaced by empty frames. Other symbols: (H) indicates a predicted a-helix; (T) indicates 
a predicted 8-turn; (B) indicates a predicted P-sheet; (-) indicates that no secondary structure element is predicted. 

with the disappearance of predicted structural features of loop shown in Figure 5 .  For the photoheterotrophic mutant strains 
E. For this purpose, wild-type and mutagenic sequences of Al,  A2, A4, A5, and A12, the deletion has either completely 
loop E were analyzed according to Jameson and Wolf (1 988) removed or replaced a predicted @-sheet or a longer series of 
using the GCG software system, version 7 (Garnier et al., @-turns, while deletions introduced in the photoautotrophic 
1978; Devereux et al., 1984). A compilation of the data is mutant strains A6, A7, and A9 do not interfere very much 
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with predicted structural elements. However, less correlation 
between possible structural disturbances and function of the 
PS I1 complex is observed for the other mutants, i.e., A3, A8, 
AlO, and A1 1. Part of the apparent lack of correlation could 
be due to (1) limitation in secondary structure prediction, (2) 
possible modifications of the secondary structure by other 
proteins, and (3) possible importance of selected regions of 
the loop for PS I1 structure, function, and assembly. 

Haag et al. 

A further result is the observation that for most mutant 
strains the photoautotrophic growth rate correlates with the 
accumulation of stable PS I1 centers. Evidence has been 
provided that mutagenesis of thepsbB gene does not alter the 
level of transcription or translation (Yu & Vermaas, 1990). 
Therefore, a reduced or vanishing level of PS I1 is very likely 
due to a reduced stability of PS I1 caused by an increased 
turnover of CP47 and as a consequence an increased turnover 
of D1 and D2. The origin of this instability of CP47, which 
is induced by a lack of 3-8 amino acids in specific regions of 
loop E, remains to be clarified. One promising approach could 
be the introduction of single-site mutations in those regions 
of loop E which are shown to be of general importance for the 
assembly of a PS I1 complex with normal stability. 

One of the central points of interest with respect to the 
function of loop E of CP47 is the mode of interaction with the 
extrinsic PS 11-0 protein and/or the redox-active manganese 
cluster of the water-oxidizing complex. On the basis of cross- 
linking experiments in PS I1 membrane fragments from higher 
plants, the region between E364 and D440 of loop E was 
inferred to be involved in binding of PS 11-0 (Odom & Bricker, 
1992). Likewise, removal of this polypeptide and the man- 
ganese cluster was necessary to render the site of interaction 
accessible to the monoclonal antibody FAC2. The antigenic 
determinant for FAC2 was identified as the region between 
P360 and S391 of loop E (Bricker & Frankel, 1987; Frankel 
& Bricker, 1990). Provided the mode of interaction between 
CP47 and the PS 11-0 protein is very similar in cyanobacteria 
and higher plants, one might expect that deletions in loop E 
between P360 and D440 could lead to distortion of this 
interaction. Therefore, it would be tempting to assume that 
certain deletions in loop E could lead to changes in the 
dissociation constant of the extrinsic PS 11-0 protein to PS 
I1 and could result in a phenotype similar to t h e p s b o  deletion 
mutant strain (Philbrick et al., 1991; Burnap & Sherman, 
1991; Mayes et al., 1991). Since thepsbodeletion mutant 
was shown to exhibit enhanced susceptibility to depletion of 
CaZ+ from thegrowthmedium (Philbricket al., 1991), mutant 
strains A6, A7, A8, A9, and A10 were screened for enhanced 
Ca2+ demand in the growth medium. However, none of the 
mutants tested responded to Ca2+ depletion by reduction of 
the photoautotrophic growth rate. Mutant A l l  was not 
subjected to this assay because the autotrophic growth rate 
was too low to permit experiments leading to conclusive results. 
Thus, with respect to the Ca2+ dependenceof photoautotrophic 
growth, mutant strains A6, A7, A8, A9, and A10 differed 
from the p s b o  deletion mutant. Another characteristic 
feature of the p s b O  mutant is its susceptibility to photoin- 
hibiton at higher light intensities (Philbrick et al., 1991). A 
similar susceptibility could be observed in the present study 
for someofthedeletionmutants (A3, A8, A1 1). In thisrespect, 
mutant A8, with a deletion that lies within the domain 
containing the antigenic determinant for FAC2 (Bricker & 
Frankel, 1987; Frankel & Bricker, 1990), is of special interest. 
Mutant A8 maintained a stable photoautotrophic growth rate 
comparable to that of wild-type cells under low-light conditions 
(60 pE/(m*-s)], but exhibited an unstable oxygen-evolution 
rate at higher light intensities, with a half-time of roughly 2 
min at  5000 pE/(m2*s). A similar sensitivity to light has been 
previously observed for a number of single-site mutations in 
the D2 protein (van der Bolt & Vermaas, 1992). Different 
lines of evidence indicate that destruction of the water- 
oxidizing complex causes an increased susceptibility to 
photoinhibition (Blubaugh et al., 1991; Eckert et al., 1991). 
Therefore, the enhanced sensitivity to light could reflect an 
impaired water-oxidizing complex in mutant A8. However, 

DISCUSSION 

The aim of the present work is to provide a map of 
functionally important domains or residues of the large 
hydrophilic loop of CP47 (loop E) which is thought to be 
exposed to the lumenal side and roughly involves 200 amino 
acid residues (Vermaas et al., 1987; Bricker, 1990). Toaddress 
this question, loop E of CP47 was modified using directed- 
mutagenesis techniques. For several reasons loop E is an 
attractive target to study the consequences of changes in its 
primary structure on PS I1 function: (i) within the large 
evolutionary gap between cyanobacteria and higher plants, 
the amino acid sequence of loop E is largely conserved, with 
60% identical residues and an overall homology of roughly 
80% taking into account conservative changes; (ii) loop E of 
CP47 might interact with lumenally exposed loops and/or 
the C-termini of the reaction center proteins containing amino 
acid residues of relevance for the assembly of a functionally 
competent water oxidase [for a review, see Debus (1992)l; 
and (iii) cross-linking experiments have led to the conclusion 
that the domain between amino acid residues 364 and 440 of 
loop E interacts with the N-terminus of the extrinsic PS 11-0 
polypeptide (Odom & Bricker, 1992). 

The 12 deletion mutants characterized in this study were 
designed to delete not more than 3-8 amino acid residues 
from different domains of loop E. As shown previously, this 
is a length which is not necessarily deleterious for CP47 and 
PS I1 assembly and function (Eaton-Rye & Vermaas, 1991). 
The results of this study demonstrate that the effect of a 
deletion on PS I1 is indeed not correlated with the length per 
se, but is strongly dependent on the position of the deletion 
on loop E. The mutants obtained cover a wide range of 
phenotypes which includes those that are photoheterotrophic 
(Al, A2, A4, A5, A1 2) or photoautotrophic but clearly impaired 
(A3, A1 1) and those retaining photoautotrophic growth rates 
similar to wild type (A6, A7, A8, A9, AlO). This finding 
suggests that different regions of loop E are of quite different 
functional and/or structural importance for PS activity and 
stability. Two striking phenomena emerge from the results: 
(i) deletion of amino acids from the regions close to trans- 
membrane helices V and VI prevents normal assembly of the 
PS I1 complex; and (ii) a region of about 50 amino acid residues 
starting from the putative helix V is especially susceptible to 
changes in the primary structure, whereas the corresponding 
region adjacent to helix VI is markedly shorter. At present, 
it is impossible to decide whether the serious damage caused 
in some of the mutants is due to the deletion of specific amino 
acid residues of functional relevance (e.g., as a ligand of 
manganese or another cofactor, like Ca2+) or due to a more 
general structural effect. Interestingly, predictions of the 
secondary structure indicate that in the case of all deletions 
leading to photoheterotrophicphenotypes (mutant strains Al, 
A2, A4, A5, and A12) a predicted @-sheet or a longer series 
of @-turns is removed or replaced. This finding might favor 
the latter structural effect to be responsible for the severe 
impairment of PS 11. Nonetheless, a specific functional role 
of single amino acid residues in these domains cannot be 
excluded. 
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an unambiguous answer will require more detailed mechanistic 
studies. In conclusion, measurements of the photoautotrophic 
growth and oxygen evolution rates point to severe effects on 
the integrity of the water-oxidizing system by deletions A3 
(K277-E283), A8 (A373-D380), and A1 1 (R422-E428), but 
do not permit us to specify the origin of this impairment, e.g., 
due to modified interaction of CP47 with the extrinsic PS 
11-0 protein or.changes in ion requirements. 

A last point refers to possible effects on the microenvi- 
ronment of the Chl a molecules bound to CP47 caused by 
mutations in loop E. The 695-nm peak of the fluorescence 
emission at 77 K was used as a specific marker for assembled 
PS I1 centers. Within reasonable limits, the corrected F695 
correlates with the concentration of assembled PS I1 centers 
for mutants A6, A7, A8, A9, and H343L. This indicates that 
the decrease of F695 is predominantly due to a reduction in 
assembled PS I1 centers, and CP47 function as core antenna 
remains largely unaffected. Therefore, neither the binding 
environment of the Chl a emitting at 695 nm nor the excitation 
energy transfer to the reaction center seem markedly affected, 
at least not by those mutations in loop E that permit synthesis 
of a stable CP47. However, it is possible that the intensity 
of F695 is, in addition, slightly reduced due to mutationally 
induced structural changes which influence the rate constants 
for all decay processes. A similar explanation has been 
discussed for the decrease of F695 inpsbo mutant cells (Burnap 
& Sherman, 1991). In contrast, fluorescence emission at 685 
nm is prominent in all mutant thylakoids. Among the spectra 
recorded for deletion mutant strains, F6g5 is more pronounced 
in those with reduced or vanishing PS I1 levels. This is in line 
with the detection of CP43 in all mutant thylakoids and with 
the assumption of an enhanced fluorescence emission from 
disconnected CP43 due to interruption of energy transfer in 
mutants largely devoid of assembled PS 11. 

In summary, the presented results show clearly that the 
large hydrophilic loop of CP47 is of crucial importance for 
the functional and structural integrity of the PS I1 complex. 
The regions directly adjacent to the predicted transmembrane 
helices V and VI appear to be of special relevance for structural 
stability, and this highly sensitive region seems to be especially 
extended in the N-terminal half of loop E (residues 266320). 
In contrast, all short deletions generated in this study in the 
region between residues 330 and 420 did not cause severe 
changes of photoautotrophic capacity, although deletion A8 
(A373-D380) had a significant detrimental effect on the 
oxygen-evolving complex. On the other hand, in a previous 
study deletion of G35 1-T365 produced a photoheterotrophic 
phenotype lacking stable assembled PS I1 centers (Eaton- 
Rye & Vermaas, 1991). In the latter case, however, the 
deletion is significantly longer than all deletions described 
above, and therefore, a length effect cannot be completely 
excluded. To clarify this question, shorter deletions or single- 
site mutations should be introduced into the region between 
residues 350 and 370. Finally, the C-terminal region of loop 
E between E364 and D440 has been inferred to be involved 
in binding of the PS 11-0 protein (Odom & Bricker, 1992). 
Concerning the importance of selected charged domains within 
this region for the interaction of the PS 11-0 protein with PS 
11, our results suggest that domains deleted in A8, 69, and 
A10 are not absolutely indispensable or irreplaceable for an 
at least partly functional assembly and therefore do not seem 
to represent unique binding domains for PS 11-0. However, 
it is conceivable that the binding properties are changed. 
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