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The psaC gene encodes PsaC, the apoprotein for the ter- 
minal iron-sulfur clusters, FA and Fg, in the PSI reaction 
center of cyanobacteria, algae, and higher plants. PsaC func- 
tions as a membrane-bound oxidoreductase, accepting elec- 
trons from the F, iron-sulfur cluster located on the PsaA/ 
PsaB heterodimer and donating them to the soluble electron 
transfer proteins Fd and flavodoxin (reviewed in Bryant, 
1992). The objective of our work is to clarify the role of PsaC 
in linear and cyclic electron transfer. The experimental orga- 
nism is Syneckococcus sp. PCC 6301, a unicellular, freshwater 
cyanobacterium that is used extensively for physiological, 
biochemical, and spectroscopic studies of photosynthesis. The 
PSI complex of Syneckococcus sp. PCC 6301 is widely used 
in structural and functional studies of the FA and FB iron- 
sulfur clusters (Parrett et al., 1990). 

We became interested in the psaC sequence of Syneckococ- 
cus sp. PCC 6301 because there are subtle differences in the 
electron paramagnetic resonance spectra of the FA and FB 
iron-sulfur clusters between cyanobacteria and higher plants. 
This suggests that there may be a correlation with structure: 
in a11 organisms studied thus far, the higher-plant PsaC 
protein differs from the cyanobacterial PsaC protein in two 
regions: at position 37, higher plants contain a Lys whereas 
cyanobacteria contain a neutra1 amino acid (Gly or Ala), and 
at positions 70 and 71, dicots contain a Trp-His pair, mono- 
cots contain a Gly-Pro pair, and cyanobacteria contain a Gly- 
Ala pair. No sequence for the PsaC protein of Syneckococcus 
sp. PCC 6301 is available, even though entire sequences are 
available for PsaD and PsaE and partia1 sequences are avail- 
able for PsaL and PsaF. This information is relevant because 
it has been reported that two psaC genes exist in the cyano- 
bacterium Syneckocystis sp. PCC 6803, one with a higher- 
plant sequence (Anderson and McIntosh, 1991) and the other 
with a cyanobacterial sequence (Steinmiiller, 1992). We were 
interested in determining whether the psaC gene of Synecko- 
coccus sp. PCC 6301 was higher plant-like or cyanobacterial- 
like and whether the gene was flanked by the mitochondrial 
ndh genes that encode subunits of the NADH dehydrogenase 
complex (Schantz and Bogorad, 1988). 
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We report here the isolation and nucleotide sequence of a 
psaC gene from Syneckococcus sp. PCC 6301 (Table I). Oli- 
gonucleotide primers based on conserved sequences in the 5' 
and 3' coding regions of previously sequenced cyanobacteria 
psaC genes were used to generate a fragment from Synecko- 
coccus sp. PCC 6301 genomic DNA by PCR amplification. 
The PCR product was cloned into pBluescript I1 KS+ (Stra- 
tagene), sequenced to confirm its identity, and labeled with 
digoxigenin by the random-prime method (Genius System, 
Boehringer). The labeled probe was then used in Southern 
hybridization experiments (using chemiluminescent detec- 
tion) to map the position of a number of restriction sites 
relative to an AccI site located 50 bp from the 3' end of the 
psaC coding region. Southern analysis showed that the PCR 
product hybridized to a single 4.2-kb XhoI/HindIII genomic 
fragment. A size-fractionated genomic library consisting of 
XkoI/HindIII fragments from 3.5 to 5 kb in length was 
constructed in pBluescript I1 KS+ and transformed into DH5a 
cells. Ninety-seven bacterial colonies were screened with the 
digoxigenin-labeled PCR product, and two putative positive 
colonies were identified. Restriction enzyme analysis con- 
firmed that both colonies contained clones with the expected 
genomic fragment. When severa1 restriction enzyme sites in 
the 4.2-kb clone were mapped, the putative psaC gene was 
localized to a 327-bp EagI/BamHI fragment. This fragment 
was subcloned into pBluescript I1 KS+, and both strands were 
sequenced. To sequence the regions flanking the psaC gene, 
a set of unidirectional nested deletions was generated for 
each strand of the 4.2-kb genomic clone using the Erase-a- 
Base system (Promega). 

The nucleotide sequence of the 246-bp ORF that encodes 
the psaC gene of Synechococcus sp. PCC 6301 is highly 
homologous to previously reported psaC genes from six other 
cyanobacteria. A sequence comparison using the FastA pro- 
gram of the Genetics Computer Group (1991) showed the 
following results: 82.1% identity to Syneckococcus sp. PCC 
7002 (Rhiel et al., 1992), 81.2% identity to Synechococcus 
vulcanus (Shimizu et al., 1990), 80.8% identity to a Synecko- 
coccus species (GenBank, X63767), 80.5% identity to an An- 
abaena species (GenBank, X57153), 80.1% identity to Ana- 
baena sp. PCC 7120 (Mulligan and Jackman, 1992), and 
80.1% identity to Syneckosystis sp. PCC 6803 (Steinmiiller, 
1992). The identity of the psaC coding sequence from Syne- 
ckococcus sp. PCC 6301 to previously sequenced psaC genes 

Abbreviation: ORF, open reading frame. 
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Table 1. Characteristics of a psaC gene from Synechococcus sp. PCC 6301 

Organism: 

Function of Gene: 

tors in PSI. 
Type of Clone: 

Genomic. 
Techniques: 

A genomic fragment generated by PCR amplification was used as a probe to isolate a 4.2-kb 

Synechococcus sp. PCC 6301 

Encodes PsaC, a protein that binds the iron-sulfur clusters that are the terminal electron accep- 

clone from a size-fractionated genomic library of Xhol/Hindlll fragments. Restriction fragment 
subclones and nested deletion subclones were generated. Both strands of the psaC gene and 
the flanking regions were sequenced on a Li-Cor 4000 automated DNA sequencer (Brumbaugh 
et al., 1988) using a double-stranded method that employs dideoxy chain termination reactions 
and Sequenase (United States Biochemical). 

Method of Identification: 

Features of Cene Structure: 
Sequence comparison to psaC genes isolated from other photosynthetic organisms. 

The psaC gene is contained on an €agl/t?amHI fragment with a length of 327 bp. The ATC 
translational start codon begins at position 59 and is preceded 11 bp upstream by a putative 
Shine-Dalgarno ribosome binding site (5’-CCAG-3’). T h r  coding sequence of the psaC gene is 
246 nucleotides in length (including the stop codon that begins at position 302) and has a (C + 
C) content of 57.3%. 

Features of the Deduced Amino Acid Sequence: 
The predicted sequence of the PsaC polypeptide contains 81 codons and has 98.8% identity to 

the deduced sequence of the PsaC protein from 5ynechococcus sp. PCC 7002 (Rhiel et al., 
1992). The only difference between these two sequences is at position 41, where a Ser residue 
in the Synechococcus sp. PCC 7002 sequence is replaced by an Ala residue in the Synechococ- 
cus sp. PCC 6301 sequence. The Ala residue at position 41 is unique because all of the PsaC 
proteins that have been sequenced have a Ser residue at this position. 

Anti bodies: 
The highly homologous PsaC protein from Synechococcus sp. PCC 7002 has been overexpressed 

in Escherichia coli and antibodies have been generated by the University of Nebraska Antibody 
Core Facility. 

from 12 other photosynthetic organisms is approximately 
10% lower, ranging from 69.1% for the livenvort Marchantia 
polymorpha to 73.6% for maize. Interestingly, there is only 
72% identity to another psaC sequence from the cyanobac- 
terium Synechosystis sp. PCC 6803 (Anderson and McIntosh, 
1991). This result supports the conclusion of Steinmiiller 
(1992), who suggested that the psaC gene isolated by Ander- 
son and McIntosh (1991) was the result of a rare transfor- 
mation event by chloroplast DNA from another plant species. 

The predicted sequence of the PsaC polypeptide encoded 
by the psaC gene from Synechococcus sp. PCC 6301 consists 
of 81 codons and has a high degree of sequence similarity to 
the previously reported PsaC proteins from six other cyano- 
bacteria. The Gly residue at position 37 and the Gly-Ala pair 
at positions 70 and 71 are indicative of a cyanobacterial PsaC 
protein. A sequence comparison using the TFastA program 
of the Genetics Computer Group (1991) showed the follow- 
ing results: 98.8% identity to Synechococcus sp. PCC 7002 
(Rhiel et al., 1992), 97.5% identity to Synechocystis sp. PCC 
6803 (Steinmiiller, 1992), 95.1% identity to S. vulcanus (Shim- 
izu et al., 1990) and another Synechococcus species (GenBank, 
X63767), and 93.8% identity to Anabaena sp. PCC 7120 
(Mulligan and Jackman, 1992) and to another Anabaena spe- 
cies (GenBank, X57153). As expected, the identity of the 
deduced PsaC sequence from Synechococcus sp. PCC 6301 to 

the PsaC proteins from 13 other photosynthetic organisms is 
lower, ranging from 85.2% for the liverwort M. polymorpha 
to 88.9% for tobacco. The only difference between the pre- 
dicted P!jaC sequences from Synechococcus sp. PCC 7002 and 
Synechococcus sp. PCC 6301 is at position 41, where an Ala 
residue in the Synechococcus sp. PCC 6301 sequence replaces 
a Ser residue in the Synechococcus sp. PCC 7002 sequence. 
The substitution of an Ala for a Ser at position 41 is unique 
because this Ser residue is conserved in the 19 PsaC proteins 
whose genes have previously been isolated and sequenced. 

In the chloroplast genome of a number of plants, the psaC 
gene is located between sequences with homology to two 
mitochoridrial ndh genes that encode subunits of the NADH 
dehydrogenase complex (Schantz and Bogorad, 1988). The 
first homolog, ndhE, is upstream from the psaC gene. The 
second homolog, ndhD, is downstream and actually co-tran- 
scribed with the psaC gene from maize (Schantz and Bogorad, 
1988). Ariderson and McIntosh (1991) reported that this gene 
arrangement is conserved in the cyanobacterium Syneckocys- 
tis sp. PCC 6803. The Compare and DotPlot programs of the 
Genetics Computer Group (1991) were used to compare the 
nucleotide sequence of the region surrounding the psaC gene 
of Syneckococcus sp. PCC 6301 to the published nucleotide 
sequence of the region flanking 19 psaC genes from both 
cyanobacteria and other photosynthetic organisms. This 
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analysis revealed no significant similarity between the se- 
quence flanking the Synechococcus sp. PCC 6301 psaC gene 
and the sequence surrounding any of the previously reported 
psaC genes. In particular, the psaC gene of Synechococcus sp. 
PCC 6301 is not flanked by sequences with homology to the 
ndhE or ndhD genes. This result agrees with that of Rhiel et 
al. (1992), who found no evidence of ndhE or ndhD sequences 
immediately adjacent to the coding region of the psaC gene 
from the cyanobacterium Synechococcus sp. PCC 7002. Eller- 
siek and Steinmüller (1992) reported a sequence with ho- 
mology to ndhD located 368 bp upstream from another psaC 
gene isolated from the cyanobacterium Synechocystis sp. PCC 
6803. However, this ndhD gene is transcribed on the opposite 
DNA strand. It can be concluded that most of the available 
evidence suggests that cyanobacteria do not have the same 
gene arrangement as plant chloroplasts in the region of the 
genome that contains the psaC gene. 

A sequence analysis using the FastA program of the Ge- 
netics Computer Group (1991) detected five ORFs not pre- 
viously reported for cyanobacteria in the 4.2-kb clone con- 
taining the psaC gene of Synechococcus sp. PCC 6301 (P.L. 
Herman and D.P. Weeks, unpublished data). There is a 
cluqter of four consecutive ORFs starting 459 bp upstream of 
the psaC gene encoded on the opposite strand that is highly 
homologous to previously sequenced genes that function in 
polyketide biosynthesis. In addition, there is an ORF that 
begins 111 bp downstream from the psaC coding region on 
the same strand. This ORF has a high degree of sequence 
similarity to nodM, a gene found in the nitrogen-fixing Rhi- 
zobium bacterium that is involved in the production of a host- 
specific nodulation signal. 
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