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Abstract 

The cyanobacterium Anabaena PCC 7120 contains a multigene family that encodes the D 1 polypeptide 
of Photosystem II. This family consists of four members denoted psbAI-IV that are each unique but 
highly homologous, psbAII, III and IV are more closely related to each other than to psbAI. These three 
copies encode identical polypeptides that differ from the psbAI product by 21 amino acids. The tran- 
scription initiation site forpsbAI has been mapped to 64-65 nucleotides upstream from the coding region. 
Primer extension assays performed with an oligonucleotide specific for psbAII, III and IV transcripts 
suggest that one or more of these genes is also expressed. Genomic mapping and chromosome walking 
experiments demonstrate that none of the four psbA copies is within 20 kbp of another member of the 
gene family. 

Introduction 

Among photosynthetic organisms, cyanobacteria 
and the chloroplasts of plants share the ability to 
perform oxygenic photosynthesis. Conservation 
of this process is reflected in the high degree of 
similarity between the photosynthetic complexes 
ofcyanobacteria and chloroplasts [4]. The photo- 
chemical reactions of oxygenic photosynthesis 
occur at two membrane protein complexes termed 
Photosystem I and Photosystem II (PSII), of 
which PSII has been most extensively studied. 
The core of PSII contains a heterodimer of ho- 
mologous proteins, denoted D1 and D2, with 
which the reaction center chlorophyll (P68o) and 
electron acceptors are associated [ 17, 21, 34]. D1 
and D2 are also structurally similar to two sub- 
units of the reaction center complex from purple 

nonsulfur photosynthetic bacteria and are 
thought to be functionally analogous [19]. D1 
binds a plastoquinone (QB), that is the second 
stable electron acceptor of PSII [34] and also 
contains the redox-active tyrosine residue (Yz) 
that reduces the reaction center chlorophyll [9]. 

In plants the D 1 protein is encoded by a single- 
copy chloroplast gene denoted psbA, except in 
Chlamydomonas where two identical copies of 
psbA are located within the inverted repeats of 
the chloroplast chromosome [25]. In contrast, all 
cyanobacterial species thus far examined contain 
a family ofpsbA genes usually comprised of three 
closely related but nonidentical members [6, 11, 
12, 15, 20, 24]. In previous work, twopsbA genes 
from the cyanobacterium Anabaena sp. strain 
PCC 7120 were cloned and their sequences deter- 
mined [6]. We present here the sequence of two 
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additional psbA genes from Anabaena, studies on 
expression of the gene family, and examination of 
the linkage relationship of members of this family. 

Materials and methods 

Materials 

Restriction endonucleases, DNA polymerase, T4 
DNA ligase, the large fragment of DNA poly- 
merase I, T4 polynucleotide kinase and calf 
intestine alkaline phosphatase were purchased 
from Bethesda Research Laboratories (BRL), 
Gaithersburg, MD; Boehringer Mannheim 
Biochemicals (BMB), Indianapolis, IN; Prome- 
ga, Madison, WI; or International Biotech- 
nologies (IBI), New Haven, CT. Gene Clean was 
purchased from BIO101, La Jolla, CA. Circular 
nitrocellulose filters were purchased from 
Schleicher and Schuell (S&S), Keene, NH. 
Magnagraph nylon membrane was purchased 
from Micron Separations, Westboro, MA. 
[732p]ATP (7000 Ci/mmol) was purchased from 
ICN Radiochemicals, Irvine, CA. [~32p]dATP 
(400 Ci/mmol) and [~35S]dATP (1000 Ci/mmol) 
were purchased from Amersham Co., Arlington 
Heights, IL. M13 universal sequencing primer 
was purchased from Pharmacia, Piscataway, NJ. 
Site-specific oligonucleotides were synthesized on 
an automated DNA synthesizer (model 380A; 
Applied Biosystems, Foster City, CA). All other 
chemicals were reagent grade. 

Identification ofAnabaena PCC 7120 psbA genes 

Anabaena genomic DNA was isolated as pre- 
viously described [5]. The DNA was digested 
with restriction endonucleases, fractionated on 
0.8~ agarose gels, transferred to Magnagraph 
filters and hybridized with a nick-translated 
psbAI probe (5 × 106 cpm probe A, 1.1 kilobase 
pair (kbp) Eco RI-Xba I fragment from pAn625) 
[5] as described [28]. 

Isolation of genomic clones containing psbA genes 
and flanking regions 

To isolate clones of Hind III fragments containing 
psbA genes, Hind III digested total Anabaena 
DNA was fractionated on agarose preparative 
gels and fragments within the correct size range 
(4.6, 7.6 and 8.2 kbp) were electroeluted and 
purified. Libraries of the size-selected Hind III 
fragments were constructed in ).Charon 28 [16]. 
These libraries were screened by plaque hybri- 
zation as described [28] with nick-translated 
probe A. The 4.6, 7.6, and 8.2 kbp Hind III frag- 
ment inserts of the phage DNA's were recloned 
into plBI25 to generate the plasmids pAn635, 
pAn622 and pan630, respectively. To facilitate 
sequencing, the Hind III-Eco RI fragments of 
pAn630 and pAn635 with psbA homology, and 
the Eco RI insert of pAn620 [6] were subcloned 
into M13 mpl8 and mpl9. 

Two additional libraries, a Sau 3A I partial 
library constructed in the vector 2L47.1, kindly 
provided by James Golden, and an Eco RI library 
constructed in 2Charon4A [ 28 ], were screened to 
obtain regions flanking the psbA genes. These 
libraries were screened for clones that overlap the 
known psbA fragments using DNA probes 
isolated from the 5' and 3' flanking areas of 
psbAII and IV, and from the 3' flanking DNA of 
psbAI and III. Convenient restriction sites were 
not available for generating a psbAI 5' specific 
probe so an end labeled oligonucleotide 
(5'AGACTTGCGCCTGTC3') specific to the 
psbAI 5' flanking DNA was used to screen the 
library. 

All recombinant clones isolated with the 5' 
flanking probes were rescreened with 3' flanking 
probes and vice versa to determine the orientation 
of each clone relative to the coding region of each 
copy. The recombinant phage DNAs were 
characterized by restriction mapping and hybridi- 
zation with the probes used to isolate them. The 
clones for each gene copy were then screened with 
probes to the flanking regions of the three other 
genes to ascertain if linkage existed within the 
distance spanned by the clones. 
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DNA sequence determinations and analysis 

DNA sequences of the psbA genes were deter- 
mined by the chain termination method [29] with 
M13 universal primer or psbA-specific oligonu- 
cleotides. The sequences of both strands were 
determined using either single- or double- 
stranded templates. Sequence analyses were per- 
formed by using the IBI DNA/Protein Sequence 
Analysis System computer software. 

Transcript analysis 

Total Anabaena RNA was isolated from vegeta- 
tive cells grown on complete media as described 
[35]. Primer extension assays were performed as 
described [1], using the septadecanucleotide 
(5' CATAAATGCGGTTTTCG3')  complemen- 
tary to the psbAI coding sequence from position 
72 to 89, and the octadecanucleotide (5' GATG- 
TATAGACGGTTGTT3' )  complementary to 
the psbAII, III and IV coding sequence from 
position 74 to 91. 

Results 

Isolation and mapping of psbA genes 

In previous work, Anabaena genomic DNA was 
shown to contain five Eco RI fragments with 
homology to a spinach chloroplast psbA probe 
[6]. Subsequent digests of Anabaena genomic 
DNA showed that there are four rather than five 
Eco RI fragments as well as four Hind III frag- 
ments with psbA homology (Fig. 1). We believe 
that the discrepancy between the two sets of ge- 
nomic mapping data is due to incomplete di- 
gestion of the genomic DNA in the first study [6]. 
The two lowest molecular weight fragments 
(An620 and An625) were previously isolated from 
a 2Charon4A library of Anabaena Eco RI frag- 
ments and shown by DNA sequencing to each 
contain a complete psbA gene [6]. These genes 
were denoted psbAI (An625) and psbAII 
(An620; Figs. 1 and 2) 

Fig, 1. Identification of Anabaena psbA genes. Total Ana- 
baena DNA was digested with Eco RI (R), Hind III (H) and 
Xba I (X) both singly and in pairwise combinations, electro- 
phoresed, blotted and hybridized with a psbAIII coding 
probe. Numbers beside the bands indicated the psbA copy. 
Sizes of molecular weight standard fragments are shown at 

the right. 

The Eco RI fragments ofpsbAI and II do not 
contain internal Hind III fragments (Fig. 2) and 
thus the correspondence between the genomic 
Hind III and Eco RI fragments was not known. 
Since the two largest Eco RI fragments identified 
have lengths exceeding the range of sizes con- 
tained in the 2Charon 4A library, libraries of 
Hind III fragments ofAnabaena DNA were con- 
structed to facilitate the isolation of additional 
psbA genes. Size-selected libraries that corre- 
spond to the 8.2, 7.6 and 4.6kbp HindIII 
genomic fragments with psbA homology were 
constructed in vector ).Charon 28. The libraries 
were screened with a psbAI probe (Fig. 2, probe 
A) and three unique clones with inserts of 
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Fig. 2. Physical map ofpsbAI-IV genes. Hind III (H), Eco RI (R), Xba I (X) and Hinc II (C) sites are indicated. Solid boxes 
denote psbA coding regions. The ball and sticks represent stem and loop structures. Fragments used as probes are indicated 
by bars lettered A-H beneath the maps. The dashed line above psbAI denotes the psbAI transcript. Designations of the cloned 

Hind III and Eco RI fragments are indicated in parentheses. 

expected size were isolated. The lambda clone 
inserts were subcloned into plasmid vectors, 
mapped with restriction endonucleases, and the 
regions ofpsbA homology defined by hybridiza- 
tion with the psbAI probe (Fig. 2). The psbAII 
Eco RI fragment was shown to be within the re- 
striction map of the 7.6 kbp Hind III fragment 
(An622). Maps of the 8.2kbp (An630) and 
4.6 kbp (An635) fragments indicated that these 
contained additional psbA genes that were 
designated psbAIII and IV, respectively (Fig. 2). 

Sequence of psbAIII and psbAIV coding regions 

The Hind III-Eco RI fragments of pAn630 and 
pAn635 withpsbA homology were subcloned into 
M13 vectors and their sequences determined 
using oligonucleotide primers specific to regions 
conserved between psbAI and II. Each clone was 
shown to contain a complete psbA gene (Fig. 3). 
The coding sequences of psbAIII and IV were 
compared with those ofpsbAI and II [6] (Fig. 3). 
All four members of the gene family are highly 
homologous but each copy has a unique se- 

quence. The psbAII, III and IV genes are much 
more closely related to each other than to psbAI, 
with each pair of genes in this group displaying 
98-99~o homology. The psbAIII and IV genes 
are the most similar with differences in only five 
nucleotides; psbAII differs from psbAIII by 
seventeen nucleotides and psbAII differs from 
psbAIV by fifteen nucleotides. In contrast the 
psbAI gene is 88-89~o homologous to each of the 
other copies. 

The psbAII, III and IV genes can encode iden- 
tical polypeptides since the nucleotide substi- 
tutions among these copies are silent changes 
(Fig. 3). The products ofpsbAII-IV differ from 
the psbAI translation product by 21 amino acids 
(94~o amino acid identity). All but three of the 
changes are located in the amino terminal half of 
the protein and thirteen of the amino acid substi- 
tutions are conservative replacements [8]. 

Comparison of psbAI-IV 5' flanking DNA sequence 

To extend the 5' flanking sequences for psbAI 
and II, additional cloning was undertaken. A 



lambda clone that overlaps the 5' end of the 
psbAI gene was isolated and a portion of it was 
subcloned into M13 vectors, as was the insert of 
pan620 (psbAII). Regions 5' to each of the psbA 
genes were sequenced with an oligonucleotide 
complementary to all four noncoding strands just 
within the coding region. Oligonucleotides com- 
plementary to the coding strand in the 5' flanking 
region were synthesized based on sequence of the 
first strand and subsequently used to confirm the 
sequence. 

Comparisons of the 5' flanking DNA of 
psbAI-IV show that homology observed in the 
gene coding regions extends into flanking DNA 
(Fig. 4). In all four copies, similarity is maintained 
for at least 80 base pairs (bp) upstream from the 
coding sequence and two regions of near perfect 
identity are apparent. Immediately preceding the 
methionine start codon [9] is a conserved block 
of twelve nucleotides in which thepsbAI sequence 
differs from that of the other copies by one 
nucleotide (Fig. 4). The 5' flanking sequences of 
psbAII and IV are identical for an additional 
9bp. From 54 to 80bp upstream from the 
psbAI-IV coding sequences are additional 
regions of homology 8 bp in length. These regions 
conform to the sequence of TGTAAA/TG/T T 
(Fig. 4). The 5' flanking DNA ofpsbAII contains 
two identical copies of this sequence separated by 
2 bp. 

Comparison of psbAI-IV 3' flanking DNA sequence 

To obtain 3' flanking sequence for psbAII-IV, 
pAn622, pAn630 and pAn635 were sequenced as 
double stranded templates using oligonucleotides 
complementary to the noncoding strand just 
within the 3' end of the coding region. The derived 
sequences were compared to previously deter- 
minedpsbAI 3' flanking sequence [6] (Fig. 5). As 
with coding region comparisons, psbAII, III and 
IV are more homologous to each other than to 
psbAI. The 3' flanking regions ofpsbAII, III and 
IV are identical for 55 base pairs following the 
translation termination codon with the exception 
of a single-nucleotide change in psbAIV (Fig. 5). 
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In psbAIII and IV identity continues for four 
additional base pairs and diverges thereafter 
(Fig. 5). 

The 3' flanking sequences of all four genes 
contain large inverted repeats at a similar distance 
from the coding region. These inverted repeats 
have the potential to form stable stem and loop 
structures in the transcription product (Fig. 5). 
The single nucleotide change in psbAIV relative 
topsbAII and III occurs at a mismatch within the 
stem of the structure (Fig. 5). 

psbA transcript analysis 

In previous work, a psbAI probe was shown to 
hybridize with a single RNA transcript of 1.25 kb 
[6]. This result suggested that either a singlepsbA 
gene is expressed, or that all psbA transcripts 
have a similar length. In addition, a primer 
extension assay was performed using a psbAI 
fragment that would recognize all psbAI tran- 
scripts. In these experiments, several transcript 
endpoints were mapped to 55-60 nucleotides 
upstream from the psbAI coding region [6]. 

In the present study, primer extension experi- 
ments were performed with oligonucleotide 
primers to determine whether the multiple psbA 
genes are expressed. An oligonucleotide specific 
to the psbAI coding region was used in a primer 
extension assay with total cellular RNA. Primer 
extended products were mapped to 64 and 65 
nucleotides upstream from the psbAI coding 
region (Figs. 4, 6A). This region is just down- 
stream from the eight bp block of sequence con- 
served among all four psbA copies (Fig. 4). 

Due to the extensive sequence conservation 
betweenpsbAII, III and IV in both coding and 5' 
proximal sequences, it was not possible to synthe- 
size oligonucleotides that would discriminate 
among copy-specific transcripts under conditions 
used for the primer extension assays. To deter- 
mine collectively if copies other than psbAI are 
expressed, an oligonucleotide was synthesized 
that would anneal topsbAII, II and IV transcripts 
(psbAII-IV general primer). When primer ex- 
tension was performed with the general primer 
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Fig. 3. Nucleotide sequence of the psbAI-IV genes and their translation products. The complete sequence ofpsbAII gene is 
shown, with changes in the psbAI gene given above and the psbAIII and IV genes given below, psbAII, III and IV encode 
identical translation products shown in the lower line. Amino acid changes for the psbAI product are shown on the upper line. 
Sequences ofpsbAI and psbAII are from Curtis and Haselkorn [6]. The sequence of the psbAI-specific oligonucleotide and 
the sequence of the psbAII, III and IV specific oligonucleotide used for primer extension analysis are underlined under thepsbAI 

and II sequences, respectively. 

and run in parallel with a psbAIII ladder 
generated with the same primer, one major and 
four minor products were observed (Fig. 6B). The 
major product maps to a position 48 nucleotides 
upstream from the psbA coding regions. The 
minor products map to positions 55, 51, 35 and 
31 nucleotides upstream from the psbAIII coding 
region. 

Chromosome walking experiments 

To examine the genomic linkage relationships 
among the fourpsbA genes, chromosome walking 
experiments were performed by isolating ad- 
ditional lambda clones that overlap the 5' and 3' 
psbAII-IV flanking regions and the psbAI 3' 
flanking region. Copy-specific probes made to the 
3' end of all four genes (probes B, D, F and H, 
Fig. 2), and the 5' end ofpsbAII and IV (probes 
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Fig. 4. Nucleotidc sequence ofpsbAI-1V 5' proximal regions. The triplets at the right indicate the translation initiation codons 
for the psbA genes. The boxed region immediately upstream from the translational start is conserved among all the psbA genes 
except for a single nucleotide change in the psbAI sequence. Sequences upstream that conform to an E. coli promoter - 10 region 
are also boxed. The arrowheads above the psbAI sequence indicate the positions of transcript endpoints derived from primer 
extension using a psbAI specific oligonucleotide. The closed and open circles above the psbAIII sequence represent the major 
and four minor endpoints respectively, derived from primer extension analysis using apsbAII, III and IV specific oligonucleotide. 

C and G, Fig. 2) were used to screen a Sau 3A I 
partial 2L47.1 and a 2Charon 4A Eco RI library. 
Overlapping clones were obtained for all but the 
5' flanking region of psbAIII. The overlapping 
clones isolated were mapped with restriction en- 
zymes and the flanking probes from each gene 

copy to determine whether any of the psbA genes 
are closely linked. None of the restriction maps 
obtained for psbAI-IV were found to overlap 
(data not shown). Genomic mapping data (Fig. 1) 
indicate that psbAIII and psbAIV are located on 
separate Eco RI fragments greater than 20 kbp. 
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U*C U ' G  

A G * - 2 1 . 1  k e a l / m o l *  C-C A C - - 1 8 , 8  k e a l / m o l *  C-C 
C-G C-G 
C-C G-C 
A - U  A-U 
A - U  A-U 
A - U  A-U 
A-U A-U 
A - U ¥  A - U ¥  

CCU UAA UUCUCAAUU.CUUAAUUCAAUA-UCCUUUCCAUUAUGUC CGU UAA UUCUGAAUUCUUAAUUCAAUA-UGCUUUAAAUAUCUCU 

Fig. 5. Nucleotide sequences of regions 3' to the psbAI-IV genes capable of forming stable stem and loop structures in mRNA. 
The last codon and stop triplet of the genes are shown at the left. Regions that correspond to the Eco R1 sites in psbAII-IV 
are underlined. Arrowheads indicate where the psbAII, III and IV sequences diverge and the open circle indicates where the 
psbAIV sequence differs from that ofpsbAII and III in this region. The potential stem and loop structures are shown in their 
most stable base pairing scheme. Note that the psbAII sequence can also form an alternate stern and loop structure identical 

to that ofpsbAIII. The calculated free energy is given for each stem and loop structure [33]. 



Fig. 6. Identification of psbA transcription initiation sites. 
Primers specific to the psbAI coding region (A) or the 
psbAII, III and IV coding regions (B) were used in primer 
extension assays with total Anabaena RNA. The extended 
products (lane P), were electrophoresed in parallel with a 
sequence ladder (G,A,C,T) generated by using the same 
primer on the noncoding strand of the psbAI DNA (A) or 

psbAIII DNA (B). 

These data together with the restriction maps de- 
rived from chromosome walking demonstrate 
that no member of the gene family is within 20 kbp 
of another psbA gene. 

The psbAI gene is closely linked to a sequence 
with structural similarity to prokaryotic insertion 
elements (J. Alam, J. Vrba and S. Curtis, in pre- 
paration). This putative insertion element is re- 
peated several times in the Anabaena genome, but 
no additional members of this second repeated 
family are closely linked to the other psbA copies. 
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Discussion 

We report here that the filamentous cyanobacte- 
rium Anabaena PCC 7120 contains a family of 
psbA genes with four nonidentical members. 
Three of the four genes, psbAII, III and IV, are 
more closely related to each other than to psbAI, 
and would encode identical polypeptides that 
differ from the psbAI product by 21 amino acids. 
Thus, the psbAII, III and IV genes may have 
resulted from relatively recent duplication events, 
or selection constraints may have prevented 
divergence. Genomic restriction mapping, in con- 
junction with chromosomal walking experiments 
indicate that none of the four psbA genes from 
Anabaena PCC 7120 is within 20 kbp of another 
on the chromosome. This result is in agreement 
with chromosome mapping ofAnabaena variabilis 
ATCC 29413 in whichpsbA genes were shown to 
map to three different cosmid linkage groups [ 14]. 
The total number of psbA genes in Anabaena 
variabilis is not known. In Anabaena PCC 7120, 
psbAI was found to be closely linked to one mem- 
ber of a family of putative insertion elements. No 
other member of this second family maps within 
10 kbp of the remaining psbA genes. 

We have shown that the Anabaena psbAI gene 
is expressed and provided evidence that one or 
more of the other three psbA genes may also be 
expressed. The 5' ends of the psbAI transcripts 
were mapped to 64-65 bp upstream from the 
coding region by primer extension analysis using 
a psbAI-specific oligonucleotide (Fig. 6). Pre- 
ceding the psbAI initiation site is an eight bp 
region that conforms both in sequence and po- 
sition to the - 10 consensus sequence for Escheri- 
chia coli promoters [27]. A similar sequence is 
found at approximately the same position in 
psbAIII and IV, and twice in psbAII. When a 
primer extension assay was performed with an 
oligonucleotide specific for psbAII, III and IV 
transcripts, one major and several minor products 
were observed suggesting that one or more of the 
psbAII-IV genes is transcribed. The major pro- 
duct and two of the minor products differ by a few 
bases in length and map downstream from the 
region where the E coli - 10 promoter sequences 
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are found in psbAII, III and IV. A sequence 
resembling the - 35 consensus sequence ofE. coli 
promoters is not found at the appropriate dis- 
tance 5' to the psbAI transcript endpoint, nor 
upstream of the other psbA genes. A similar si- 
tuation is observed with the Anabaena rbc L [23 ], 
petF1 [1], atp 1 [7] and atp2 [18] operons in 
which the transcription initiation sites are 
preceded by sequences that conform to the - 10 
region of the E. coli promoter however corre- 
sponding - 3 5  sequences are absent. The se- 
quences required for the promotion of tran- 
scription in Anabaena have not been identified, 
but in vitro transcription studies using RNA poly- 
merase purified from vegetative cells suggest that 
the Anabaena enzyme prefers promoters close to 
the E. coli consensus [30]. 

At a similar distance downstream from all four 
psbA genes are long inverted repeats potentially 
capable of forming stable stem and loop struc- 
tures in the transcription product (Fig. 5). The 
stems of the structures are composed pre- 
dominantly of G/C pairs and are followed by a 
string of U residues. These features are charac- 
teristic of E. coli rho-independent transcription 
terminator structures [26]. Although tran- 
scription termination sequences have not been 
identified in Anabaena, the inverted repeats may 
serve an analogous function to those in E. coli. 
The structures in Fig. 5 show the greatest degree 
of base pairing possible within the inverted re- 
peats, with the 3' string of U residues base-paired 
with a string of A residues at the 5' end of all four 
inverted repeats. If the inverted repeats represent 
transcription termination sequences, they could 
function in a bidirectional manner since tran- 
scripts made from the complementary strand 
would contain a stem and loop structure followed 
by a string of U residues. Immediately down- 
stream from psbAI is an element that would be 
transcribed convergently with psbAI. The stem 
and loop structure could function to terminate 
both transcription units and prevent readthrough 
of the downstream sequences. Another potential 
function of the inverted repeat sequences is a role 
in transcript stability. Stem and loop structures at 
the 3' end of some prokaryotic and chloroplast 

transcripts have been shown to increase the sta- 
bility of the message [ 13, 22]. 

The distance from the psbAI transcription ini- 
tiation site to the inverted repeat downstream of 
the coding region (1.2 kbp) correlates well with 
the psbA transcript size determined by northern 
blot analysis using a psbAI probe (1.25 kb) [6]. 
This probe would also detect transcripts derived 
from the three otherpsbA genes. Our data suggest 
that one or more of the psbAII, III and IV genes 
have transcript endpoints mapping close to the 
psbAI transcription initiation site. If the 3' 
inverted repeats represent transcription termina- 
tors, transcripts from psbAII, III or IV would be 
indistinguishable from the psbAI transcript by 
Northern blot analysis. The fact that all fourpsbA 
copies are similar in sequence within the region 
defined by the 5' E. coli promoter-like sequences 
and the 3' inverted repeats is consistent with ex- 
pression of all four psbA genes. 

Immediately 5' to the coding regions of 
psbAI-IV is a twelve bp region conserved among 
all four psbA genes. By analogy with E. coli, this 
conserved block of nucleotides is located in the 
region where one would expect to find a Shine- 
Dalgarno ribosome binding sequence (GGAGG) 
[32], but no such sequence is observed. Several 
other Anabaena genes also lack Shine-Dalgarno 
sequences at the appropriate position [ 5, 18, 23]. 
The 3' end of the 16S rRNA gene from Anabaena 
has recently been sequenced (J. Martin and S. 
Curtis, unpublished). The portion of the Ana- 
baena 16S rRNA corresponding to the mRNA- 
binding region of the E. coli 16S rRNA [2] was 
found to be identical. Thus, the lack of Shine- 
Dalgarno sequences preceding many Anabaena 
genes is unexpected. 

All cyanobacteria thus far studied with the ex- 
ception ofAnabaena PCC 7120 have a family of 
closely related psbA genes comprised of three 
members. Although the Anabaena psbA family is 
larger than that observed in other cyanobacteria, 
the relationship of members in the family is ana- 
logous to that observed in Synechococcus PCC 
7942 (Synechococcus), the other cyanobacterial 
species where all psbA genes have been charac- 
terized [12]. In Synechococcus, two of the three 



psbA genes (psbAII  and I I I )  encode the same 
produc t  (Fo rm I I )  that  differs f rom the psbAI 
produc t  ( F o r m  I) by 25 amino acids [ 12]. Thus  in 
bo th  Anabaena and Synechococcus, two forms of  
the D 1 proteins can be derived f rom a family of  
three or four psbA genes. 

All three member s  of  the Synechococcus psbA 
family are t ranscr ibed with the steady state level 
o f  psbAI m R N A  much  greater  than that  of  

psbAII and I I I  under  normal  growth condit ions 
[3, 12]. Our  results suggest that  all member s  of  
the Anabaena psbA family may  also be expressed.  
Schaefer  and Golden  have recently shown that  
both  F o r m  I and I I  o f  D1 can be isolated f rom 
photosynthet ic  m e m b r a n e s  of  Synechococcus 
[31]. The  ratio of  the D1 forms varies in strains 
cultured at different light intensities and reflects 
the relative abundances  ofpsbA t ranscripts ,  with 
the amoun t  of  F o r m  I highest in low light, and the 
amount  of  F o r m  I I  highest in high light [31 ]. Their  
results suggest that  F o r m  I I  may  play a role in 

high light intensity adaptat ion.  I f  F o r m  I and I I  do 
differ in their roles in photosynthesis ,  the question 
remains  as to why cyanobacter ia  have multiple 
genes that  encode the F o r m  II  o f  D1. 
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