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Abstract 

The psaC gene, which encodes the 8.9 kDa iron-sulfur containing subunit of Photosystem I, has been 
sequenced from Synechocystis sp. PCC 6803 and shows greater similarity to reported plant sequences than 
other cyanobacterial psaC sequences. The deduced amino acid sequence of the protein encoded by the 
SynechocystispsaC gene is identical to the tobacco PSA-C sequence. In plants psaC is located in the small 
single-copy region of the chloroplast genome between two genes (designated ndhE and ndhD) with 
similarity to genes encoding subunits of the mitochondrial NADH Dehydrogenase Complex I. The 5' 
ndhE-psaC-ndhD3' gene arrangement of higher plants is only partially conserved in Synechocystis. An 
open reading frame (ORF) upstream of the SynechocystispsaC gene has 85 ~o identity to the tobacco ndhE 
gene. Downstream of psaC there is a 273 bp ORF with 48 ~/o identity to the 5' portion of the tobacco 
ndhD gene (1527 bp). psaC, ndhE and the region of similarity to ndhD are present in a single copy in the 
Synechocystis genome. Part of the wheat ndhD gene was sequenced and used as a probe for the presence 
of the 3' portion of the ndhD gene. The wheat ndhD probe did not hybridize to Synechocystis orAnabaena 
sp. PCC 7120 genomic DNA, but did hybridize to Oenothera chloroplast DNA. These results indicate 
the complete ndhD gene is absent in two cyanobacteria, and raises the question of what role, if any, the 
ndhD gene product plays in the facultative heterotroph Synechocystis sp. PCC 6803. 

Introduction 

Photosystem (PS) I is a multi-subunit, thylakoid 
membrane-bound complex which catalyzes the 
light-dependent transfer of electrons from plasto- 
cyanin to ferredoxin. The PS I reaction center is 
well conserved among higher plants, algae and 
cyanobacteria in terms of polypeptide organiza- 
tion and electron transfer components [7, 13]. 

The PS I core complex consists of a hetero- 
dimer of homologous 83 and 82 kDa reaction 
center polypeptides, encoded by the psaA and 
psaB genes, respectively, and is responsible for 
binding the electron donor Pvoo and the accep- 
tors Ao, A1 and Fx. The terminal PS I electron 
acceptors F A and FB, both 4 iron-4 sulfur 
[4Fe-4S] centers [14], are associated with a 
single 8.9 kDa polypeptide encoded by the psaC 

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under 
the accession number X53842. 
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gene [ 16, 26]. The psaC gene from plants shows 
extensive sequence conservation and is located in 
the small single-copy region of the chloroplast 
genome. The higher plant P S I  core complex 
contains at least 8 additional polypeptides 
encoded by the genes psaD through psaK (see 
[ 13]). The higher plant P S I  genes psaD through 
psaH and psaK are encoded in the nucleus, and 
psaI and psaJ are encoded in the chloroplast 
genome. The cyanobacterial P S I  core complex 
contains at least 7 additional polypeptides (see 
[131). 

Chloroplast genes encoding proteins homol- 
ogous to mammalian mitochondrial components 
of the respiratory chain NADH Dehydrogenase 
Complex I have been identified in Chlamydomonas 
[41], Marchantia [27], tobacco [36], rice, sugar 
beet and broad bean [23]. Two of these genes, 
ndhE (5') and ndhD (3'), flank the highly con- 
served psaC gene in tobacco [36], Marchantia 
[27], and maize [32]. In maize, psaC and ndhD 
are cotranscribed, probably from a psaC pro- 
moter, and their expression is light-regulated, 
whereas ndhE is independently transcribed [32]. 
The similarity among the predicted chloroplast 
NDH proteins and their corresponding human 
mitochondrial subunits is low, ranging in tobacco, 
for example, from 19 to 31 ~o identity. The simi- 
larity between corresponding predicted chloro- 
plast NDH proteins is, in general, much higher. 
For example, the NDH-E and NDH-D proteins 
of tobacco and maize are 84 and 80~o identical, 
respectively. The ndhC gene has been identified in 
tobacco and maize plastids and in Synechocystis 
6803 and is cotranscribed as part of the 
ndhC-psbG-ORF157/159 operon in all three 
organisms [34]. The NDH-C protein of 
Synechocystis 6803 is 65 and 63 ~ identical to the 
NDH-C protein of maize and tobacco, respec- 
tively. Recent work [ 21, 24] identified strong local 
similarity between P S B-G and the Escherichia coli 
NADH dehydrogenase and suggests the psbG 
gene may encode a component of a thylakoid 
NAD(P)H-plastoquinone oxidoreductase rather 
than a component of Photosystem II, as psbG 
was initially designated [37]. 

Transcripts for eight chloroplast genes with 

identity to mitochondrial subunit genes have been 
characterized [20, 28, 32] leading to speculation 
that a thylakoid NAD(P)H dehydrogenase 
homologous to the mitochondrial complex may be 
functional at some point in plastid development 
[ 19]. Chloroplast localized NAD(P)H-plastoqui- 
none oxidoreductase activity or chlororespiration 
has been detected in Chlamydomonas reinhardtii 
[6, 12, 18], and more recently, chlororespiration 
activity involving a cyanide-sensitive component 
has been detected in protoplasts and open-cell 
preparations of tobacco and in isolated chloro- 
plasts of pea [ 11 ]. 

We report here the sequence of psaC from 
Synechocystis, sp. PCC 6803, and the partial con- 
servation of the 5' ndhE-psaC-ndhD3' gene 
arrangement in this cyanobacterium. The PSA-C 
protein from Synechocystis 6803 is more similar to 
higher plant PSA-C sequences than to the PSA-C 
proteins from three other cyanobacteria. 
Sequence conservation extends beyond the psaC 
coding region and includes similarity to two 
chlorolast genes with identity to subunits of the 
mitochondrial NADH Dehydrogenase Complex 
I, ndhE and ndhD. The Synechocystis 6803 ndhD 
gene is incomplete as judged by sequence and 
Southern analysis using the 3' portion of the 
wheat ndhD gene as a probe. 

Materials and methods 

DNA clones and probes 

Manipulations of DNA were performed accord- 
ing to standard protocols [30], except as noted. A 
bacteriophage lambda EMBL3 library containing 
partial Sau3AI digested Synechocystis 6803 
genomic DNA inserts [17] was probed with the 
303 bp TaqI fragment containing the wheat psaC 
gene. A 2.7 kb PstI fragment isolated from a 
lambda clone hybridizing to the wheat psaC gene 
was subcloned into p U C l l 9  [39] to form the 
plasmid pSLA2 (Fig. 1). The plasmid pSAL3B 
(kindly provided by J.C. Gray and T. Dyer, 
Cambridge University and Plant Breeding Insti- 
tute, Cambridge, England) contains a 13.9 kb 
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202 bp Sau 3A I-Taq I 

481 bp Psi I-Sau 3A I 

421 bp Sau 3A I-Hinc II 

838 bp Hinc II 

Pst I Hinc II Sau 3A I Hinc II Barn HI Hinc II Hinc II Bam HI Pst I 

s " '  I I I I I la '  
ndhE psaC ndhO-like ORF J I 

200 bp 

- . 4 J - -  

Fig. 1. The Synechocystis 6803 2.7 kb Pst I fragment ofpSLA2. A partial restriction map with specific restriction fragment probes 
used in this study indicated above. Solid boxes represent ndhE and psaC coding regions, the hatched box represents the ndhD-like 
ORF. The direction of transcription of the coding regions is indicated below by arrows. The sequencing strategy used is indicated 

below. 

SalI  fragment (3B) of the wheat chloroplast 
genome in pBR322. 

Specific restriction fragments for Southern and 
northern hybridization were subcloned into 
pUC119 and then reisolated as restriction frag- 
ments by electrophoretic elution from agarose gels 
and purification by passage over Elutip-D col- 
umns (Schleicher and Schuell). The following 
restriction fragment probes were prepared by this 
procedure. The 306 bp Taq I wheat psaC contain- 
ing fragment was subcloned as an Eco RI- 
Hind III fragment from an M13 clone (kindly pro- 
vided by J.C. Gray). Probes to ndhE, psaC and 
the region 3' to psaC were subcloned from 
pSLA2 as 481 bp Pst I-Sau3A I, 421 bp Sau 3A 
I-Hinc II and 838 bp Hinc II fragments, respec- 
tively (see Fig. 1). A 343 bp Barn HI-Pst I frag- 
ment containing a portion of the wheat ndhD g~er~e 
was subcloned from pSAL3B. A 550 bp /Q~nI- 
Hinc II fragment containing the 3' portion of the 
Synechocystis 6803 psbA-2 gene was isolated from 
the plasmid pKW1266 [ 17]. Probes were labeled 
with ~_[p32] dATP by the random primer 
method [ 10]. 

Nucleic acid isolation 

Genomic DNA from Synechocystis 6803 was iso- 
lated from CsCI gradients [40]. Synechocystis 
6803 RNA was isolated from light-grown, mid-log 
phase cultures as described [ 15]. Anabaena sp. 
PCC 7120 DNA was the kind gift of D. Holland 
and C.P. Wolk (Michigan State University, East 
Lansing, MI). Oenothera hookeri strain Johansen 
plastome type IV DNA was the kind gift of W.-L. 
Chiu and B. Sears (Michigan State University, 
East Lansing, MI). 

Hybridization 

DNA blots were routinely probed at 37 °C in 
hybridization buffer containing 50~o (v/v) for- 
mamide, 6x  SSC (1 x SSC = 0.15M NaC1, 
0.015 M sodium citrate, pH 7.0), 1 x Denhardt's 
solution, 0.1~o (v/v) sodium dodecyl sulfate 
(SDS) and 20 #g/ml denatured sonicated salmon 
sperm DNA. Some Southern hybridizations were 
performed at lower stringency, as indicated, in 
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hybridization buffer containing 30~o (v/v) for- 
mamide with the remainder of the hybridization 
conditions kept the same. RNA blots were hybrid- 
ized at 37 °C in buffer containing 50~o for- 
mamide, 6× SSC, 1 × Denhardt's solution, 
0.1 ~ (v/v)SDS, 0.03 M Tris, pH 8, lmM EDTA 
and 25 #g/ml denatured sonicated salmon sperm 
DNA. 

ndhE 

psaC 

"ndhD-like" 

DNA sequencing 

DNA sequencing was done by the dideoxy 
method of Sanger et al. [31 ]. Subclones were pre- 
pared in p U C l l 8 / l l 9  by insertion of suitable 
restriction ~ m e n t s  or by Exonuclease III and 
Mung B e ~  Nuclease treatment of the appro- 
priate subcloned ~agments, according to the 

R I T S R N M V R A L M C L E L I L N A  
1 ACGGATCACAAGTCG~ATATGGTTAGGGCTCTTATGTGTCTTGAACTTATACTCAATGC 

V N M N F V T F S D F F D N S Q L K G E  
61 AGTTAATATGAATTTCGTAACATTTTCTGATTTTTTTGAT~TTCCCAACTAAAAGGGGA 

I F C I F V I A I A A A E A A I G L A I  
121 AATTTTCTGCATTTTTGTTATAGC~TTGCAGCCGCTG~GCAGCTATTGGATTAGCTAT 

V S S I Y R N R K S I R I N Q S T L L N  
181 AGTCTCGTCAATTTATCGT~CAGAAAATC~TTCGCATA~CCAATCGACCTTATTAAA 

K* 
241 TAAGTAACATAACTAAAAA~TTATAGATTGA~TTTGCATATATGAT~GTTATGACCT 

301 ACGAGATTCTATTTGT~AAATCT~GAAATCAAAGTATTTTAGCCCCATTTTTTATGAA 

361 TTGAGCCAAAATTCATTACAAA~TTCTATTAAAGGAAATCATTGCTTCATCTAGTATTT 

421 TAATATACCATTCAGTTAG~GTTTACTAGATTGAAAATTTATGACATTCAAAAACTATC 

M S H S V K I Y D T C I G C T Q C V  
481 GATCCTATGTCACATTCAGTAAA~TTTATGATACTTGTATAGGATGTACTCAATGTGTC 

R A C P T D V L E M I P W D G C K A K Q  
541 CGAGCATGCCCTACAGACGTATTAGAAATGATACCTTGGGATGGATGTAAAGCTAAGCAA 

I A S A P R T E D C V G C K R C E S A C  
601 ATAGCTTCTGCTCCAAG~CCGAGGACTGTGTTGGTTGT~GAGATGTG~TCCGCCTGT 

P T D F L S V R V Y L W H E T T R S M G  
661 CCAACGGATTTTTTGAGCGTTCGAGTTTATTTATGGCATGA~CAACTCG~GTATGGGT 

L A Y 
721 CTAGCTTATTGATACGTTACCGAAAACCTCATTTG~TA~TTTGG~TACATTTTATTT 

781 TTTTTATTGACAAGTACTCGTACTCA~AGTTAA~ATTTTTTATTTATATATTTTTT 

V Y L V F T T N D F P W  
841 TTGAGTACGCGTTCTTTGGACCTGGTGTATCTTGTCTTTACCACGAATGATTTTCCTTGG 

L T I I V V F P I S A G S L M L F L P H  
901 TTAACAATAATTGTTGTTTTTCC~TATCTGCTGGTTCATT~TGTTATTTCTCCCGCAT 

K G N K V N K W Y T I C I C I L E L L L  
961 AAGGG~ATAAAGTCAATAAATGGTATACTATATGCATTTGCATCTTAG~CTTCTTCTA 

T T Y A F C Y N F K M D D R T S P S K G  
102] ACQACCTACGCTTTTTGTTATAATTTTAAAATGGACGATCGCACTTCCCCCAGC~GGGT 

S G W Q R P L N K G K C R E L S P P L *  
1081 TCAGGTTGGCA~GGCCGCTT~C~GGGAAAATGTAGGG~CTATCCCCCCCTTTGT~ 

1141 TCGGCCCTGTGACTA~ATTCGCACTGTTTCTGACGCCAAACGA~TTTTTTACCCACT 

1201 ACAGCCGTCCCATTAGTTCCATCTACCGGCGTTTTGTCGAAG~CTCTTGGTGGA~TGC 

1261 ATTTGCTCAGTGTG~CATTGATTTTACCTACGATCCGATTTTTGCCCTAGGCATTGTCA 

132 i CCTCCTTTAATAGTTTCATGCAGGGCTATCAACCCGCCAACAATTA 

Fig. 2. Nucleotide sequence and the deduced amino acid sequence of the Synechocystis 6803 ndhE and psaC genes and ndhD-like 
ORF. 



Bluescript Exo/Mung DNA Sequencing System 
Instruction Manual (Stratagene, San Diego, CA). 
Single-stranded templates were isolated from 
cells infected with the M13K07 helper phage as 
described [39]. Double-stranded templates were 
denatured for sequencing as described [43], 
Sequencing of both single- and double-stranded 
templates was performed according to the proto- 
col supplied with the United States Biochemical 
Corp. Sequenase sequencing kit. Nucleic acid 
and deduced protein sequences were analyzed 
using the Editbase Sequence Analysis Package 
(N. Nielson, Purdue University, West Lafayette, 
IN) and the Sequence Analysis Software Package 
of the Genetics Computer Group of the Univer- 
sity of Wisconsin. 
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Results 

Cloning and sequencing of  Synechocystis psaC 

A lambda clone containing homology to psaC 
was identified by heterologous probing of a 
Synechocystis 6803 EMBL3 DNA library with a 
306 bp Taq I fragment containing the wheat psaC 
gene. A partial restriction map of a 2.7 kb Pst I 
fragment subcloned from the hybridizing phage is 
shown in Fig. 1. The sequencing strategy used 
and the location of the psaCgene and the flanking 
regions containing similarity to mitochondriai 
NADH Dehydrogenase complex I subunit genes 
are indicated (Fig. 1). The DNA sequence and 
translation are presented in Fig. 2. The deduced 
Synechocystis 6803 psaC-encoded polypeptide 
contains 9 cysteine residues, 8 of which are 
arranged in the repeated CysXXCysXX- 

Synechocystis 
Nostoc 
Synechococcus 
S. volcanus 
C. paradoxa 
Tobacco 
Spinach 
Pea 
Barley 
Wheat 
Maize 
Marchantia 

i0 20 30 40 
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Fig. 3. Comparison of the amino acid sequence of the PSA-C protein from several photosynthetic organisms. Only amino acids 
deviating from the Synechocystis 6803 sequence are indicated. The determined sequences from spinach [25] and barley [33] and 
the deduced sequences from Nostoc sp. PCC 8009, Synechococcus sp. PCC 7002, Synechococcus vulcanus [35], Cyanophora 

paradoxa [8], tobacco [16], pea, wheat [9], maize [32], and Marchantia [27] are included for comparison. 
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CysXXXCysPro pattern found in bacterial-type 
ferredoxins and which serve as ligands for the 
214Fe-4S] centers F A and F B [42]. A comparison 
of the deduced and determined sequence of the 
PSA-C polypeptide from a number of photo- 
synthetic organisms to the Synechocystis 6803 
sequence is presented in Fig. 3. 

psaC flanking sequence 

Synechocystis 6803 sequences surrounding psaC 
were analyzed to determine if the 5' ndhE-psaC 
-ndhD3' gene arrangement found in the higher 

plant plastome is maintained in this 
cyanobacterium. A 243 bp open reading frame 
which extends off the 2.7 kb PstI fragment is 
located 5' to psaC (Fig. 2) and has 85 and 79~ 
identity, respectively, to the 3' 243 bp of the 
tobacco and maize ndhE genes (303 bp [32, 36]). 
Downstream of psaC an open reading frame of 
only 273 bp that has 48 ~o identity to the 5' end 
of the maize ndhD gene has been identified (ndhD 
-like ORF) (Fig. 2). The first 195 bp of this open 
reading frame is 85 and 75~o identical to the 
tobacco and maize ndhD genes, respectively. A 
homology matrix comparison of the maize ndhD 
coding sequence to the 938 bp of Synechocystis 

Fig. 4. Southern analysis of the Synechocystis 6803 genome for the presence of the psaC, ndhD and ndhE genes. A. Synechocystis 
6803 DNA digested with Hinc II (lane 1) and Hind III (lane 2) (10/~g DNA per lane) probed with the Synechocystis 6803 2.7 kb 
Pst I fragment at low stringency. B. Lane 1, O. hookeri strain Johansen plastome type IV chloroplast DNA digested with Cla I 
(1.5 #g DNA per lane). Lanes 2 and 3, Anabaena 7120 DNA digested with Eco RI and Eco RV, respectively (10/~g DNA per 
lane). Lanes 4 and 5, Synechocystis 6803 DNA digested with Hind III and Hinc II, respectively (10 pg DNA per lane). Southern 
blot probed at low stringency with the 343 bp Barn HI-Pst I wheat ndhD fragment. C. Southern blot from B, stripped and reprobed 

at low stringency with the 421 bp Sau 3A I-Hinc II psaC containing fragment from Synechocystis 6803. 



6803 sequence 3' to the psaCgene starting at base 
866 of the sequence did not detect sequence simi- 
larity to maize ndhD in the 665 bp beyond the 
273 bp ndhD-like ORF (data not shown). 

Southern analysis of the Synechocystis 6803 
genome 

Southern analysis of Synechocystis 6803 genomic 
DNA probed with the 2.7 kb Pst I fragment of 
pSLA2 detected hybridization to a single 4.9 kb 
Hind III fragment and to 1.7, 0.9 and 0.4 kb 
Hinc II fragments (Fig. 4A). Synechocystis 6803 
probes to ndhE, psaC and the region 3' to psaC 
(the 481bp Pst I -Sau3AI ,  421bp Sau3A 
I-Hinc II and 838 bp Hinc II fragments, respec- 
tively; see Fig. 1) all hybridized reproducibly to 
the 1.7 kb Hinc II genomic fragment (data not 
shown). Although sequence analysis indicates a 
Hinc II site at base 902 of the pSLA2 insert (see 
Fig. 1) and the Hinc II site has been used for 
subcloning, this site is apparently not digested 
efficiently in Hinc II Synechocystis 6803 genomic 
digests, resulting in the generation of a 1.7 kb 
Hinc II fragment. 
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To test for the presence of the remainder of the 
ndhD coding sequence elsewhere in the Synecho- 
cystis 6803 genome, a probe to the 3' portion of 
the wheat ndhD gene was constructed, based on 
the assumption that the 5' ndhE-psaC-ndhD 3' 
gene arrangement is also conserved in the wheat 
plastome. A 343 bp Bam HI-Pst I fragment that is 
approximately 300 bp 3' to the 303 bp Taq I frag- 
ment containing the wheat psaC gene was sub- 
cloned from the plasmid pSAL 3B into 
pUCll8 / l l9 .  The sequence of the 343 bp Bam 
HI-Pst I fragment was determined and compared 
to the ndhD sequence of maize (Fig. 5). The wheat 
Barn HI-Pst I fragment sequence has 86 and 95 ~o 
identity, respectively, to the corresponding 
sequence of the tobacco and maize ndhD genes. 
The wheat Bam HI-Pst I fragment was used to 
probe a Southern blot of Synechocystis 6803 and 
Anabaena 7120 genomic DNA and O. hookeri 
chloroplast DNA at low stringency. Hybridiza- 
tion to two O. hookeribands 6.2 and 0.7 kb in size 
was detected, but no hybridization to 
cyanobacterial DNA was detected even upon 
prolonged exposure (Fig. 4B). As a control, the 
blot was stripped and reprobed at low stringency 
with a 421 bp Sau 3A I-Hinc II fragment contain- 

wheat 1 GATCCCTTAATCCAATTAAAGGAGGATTATAAATGGATAGATGTCTTCGATTTCCACTGG 

maze 1694 T C T 

wheat 61 AGATTGGGAATCGATGGACTTTCATTAGGATCTATTTTATTGACAGGATTTATCACTACT 

maze 1754 CC 

wheat 121 TTAGCTACTTTAGCAGCTTGGCCAATTACACGGAATTCGCGATTATTCTATTTCCTGATG 

maze 1814 G GG T A 

wheat 181 CTCGCAATGTATAGTGGTCAAATAGGATTATTTTCTTCGCGAGACCTTTTACTTTTTTTT 

maze 1874 A C A 

wheat 241 ATCATGTGGGAGTTAGAATTAATTCCTGTTTACTTACTTTTATCCATGTGGGGGGGGAAG 
maze 1934 A 

wheat 301 AGGCGTCTATATTCAGCTACAAAGTTTATTTTGTATACTGCAG 
maze 1994 G C 

Fig. 5. DNAsequencecomparisonofthe343bpBam H I - ~ t l w h e ~ n d h D  ff~menttotheco~espondingregionofthemaize 
n ~ D  gene(bases1694to2037, Fig. 2132]).Onlythose maizenucleotidesdi~ring~omthe wheatsequenceareindicated. 
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ing the Synechocystis 6803 psaC gene. The psaC 
probe hybridized to the 6.2 kb O. hookeri band 
that also hybridized to the wheat ndhD probe, to 
1.7 kb Hinc II and 4.6 kb Hind III Synechocystis 
6803 bands, and to 5.9 kb Eco RI and 6.2 kb 
Eco RV bands of Anabaena 7120 (Fig. 4C). 

Gene expression 

Northern analysis of Synechocystis 6803 RNA 
using the 2.7 kb Pst I fragment of pSLA2 as a 
probe detected hybridization to two transcripts of 
0.9 and 0.5 kb (Fig. 6A). The 421 bp Sau 3A I- 
Hinc II probe (containing psaC and the first 12 
codons of the ndhD-like ORF;  see Fig. 1) hybrid- 
ized only weakly above background to 0.9 and 
0.5 kb transcripts (data not shown). Hybridiza- 
tion of probes specific to psaC (i.e., 202 bp 
Sau 3A I-Taq I fragment ofpSLA2;  see Fig. 1) or 

Fig. 6. Northern blot analysis. Synechocystis 6803 RNA 
(20 #g per lane) was probed with: the 2.7 kb Pst I fragment 
from Synechocystis 6803 (lane A); the 838 bp Hinc II frag- 
ment containing most of the ndhD-like ORF of Synechocystis 
6803 (lane B); the filter from lane A was stripped and 
reprobed with the 550 bp Kpn I-Hinc II fragment of the 

Synechocystis 6803 psbA-2 gene (lane C). 

ndhE (481 bp Pst I-Sau 3A I fragment; see Fig. 1) 
to Synechocystis 6803 transcripts was not detected 
(data not shown). The 838 bp Hinc II fragment 
containing most of the ndhD-like ORF also 
hybridized to two transcripts of 0.9 and 0.5 kb 
(Fig. 6B). As a control, the filter used in Fig. 6A 
was stripped and reprobed with a 550 bp Kpn I- 
Hinc II fragment containing the 3' portion of the 
Synechocystis 6803 psbA-2 gene. This probe 
hybridized strongly to a 1.3kb transcript 
(Fig. 6C). 

Discussion 

psaC is, in general, highly conserved in a number 
of cyanobacteria and higher plants. The 
Synechocystis 6803 PSA-C protein, however, 
appears to be unique among the cyanobacteria in 
that it is more homolgous to PSA-C proteins from 
higher plants than to other cyanobacterial P SA-C 
proteins. The PSA-C protein of maize, spinach 
and tobacco are 94, 99 and 100~o identical, 
respectively, to the protein encoded by the 
Synechocystis 6803psaC gene. In contrast, the 
Nostoc sp. PCC 8009, Synechococcus sp. PCC 
7002, Synechococcus vulcanus and Marchantia 
PSA-C proteins are 91, 90, 89 and 91 ~o identical, 
respectively, to the Synechocystis 6803 PSA-C 
protein. The higher similarity of the Synechocystis 
6803 PSA-C sequence to plant PSA-C sequences 
than to other cyanobacterial PSA-C sequences 
extends to the nucleotide level. The Synechocystis 
6803 psaC gene is 93 and 88~o identical, respec- 
tively, to the tobacco and maize psaC sequences, 
and is 72~o identical on the nucleotide level to the 
Synechococcus vulcanus psaC sequence. 

Analysis of the Synechocystis, 6803 sequence 
surrounding psaC indicates that the 5' ndhE 
-psaC-ndhD 3' gene arrangement of higher plants 
is only partially maintained in this 
cyanobacterium. The deduced protein encoded 
by the ndhE ORF 5' to the Synechocystis 6803 
psaC gene is 90 and 76~o identical to the corre- 
sponding region of the tobacco and maize 
NDH-E  encoded proteins, respectively. Se- 
quence encoding the N-terminal 20 amino acid 



residues of the Synechocystis 6803 NDH-E pro- 
tein probably extends off of the 2.7 kb Pst I frag- 
ment and this fragment maps to the very end of 
the insert of the hybridizing lambda clone. 

The lack of similarity to ndhD in the 665 bp of 
sequence beyond the 273 bp ndhD-like ORF 
prompted us to examine whether this represented 
the presence a cyanobacterial insertion sequence 
in the ndhD gene, an unusual case of a split gene 
in a cyanobacterium or a truncated region of 
sequence similarity to ndhD. Insertion sequences 
have been demonstrated in the filamentous cyano- 
bacteria Calothrix sp. PCC 7601 [22] and 
Anabaena sp. strain M-131 [5]. Sequences with 
similarity to the insertion sequence of Anabaena 
sp. strain M-131 (IS891) were also detected in 
Anabaena 7120 [5]. If the sequence beyond the 
273 bp ndhD-like ORF of Synechocystis 6803 
represents a cyanobacterial insertion sequence, 
multiple chromosomal locations might be 
expected. Southern analysis of Synechocystis 6803 
genomic DNA probed with the 2.7 kb Ost I frag- 
ment indicates psaC, ndhE, the ndhD-like ORF 
and the sequence downstream of the ndhD-like 
ORF are present as a single copy in the genome. 
Sequence with similarity to the 3' portion of the 
higher plant ndhD gene would be expected else- 
where in the cyanobacterial genome if an insertion 
sequence or an intron were present in the 
Synechocystis 6803 ndhD gene. The absence of 
hybridization of the wheat Bam HI/Pst I probe to 
the Synechocystis 6803 genomic DNA is con- 
sistent with the conclusion that extensive se- 
quence identity to the 3' portion of the higher 
plant ndhD gene is not present in the genome of 
Synechocystis 6803. The wheat Barn HI/PstI 
probe also did not hybridize to Anabaena 7120 
genomic DNA indicating Synechocystis 6803 is 
not unique among the cyanobacteria in its lack of 
a complete ndhD gene. No sequence similarity to 
ndhE or ndhD can be identified in the limited 
reported Synechococcus vulcanus psaC flaking se- 
quence [35]. 

Analysis of the expression of psaC, ndhE and 
the ndhD-like ORF in Synechocystis 6803 was 
complicated by the small size of the gene-specific 
probes required and the difficulty in detecting 
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specific transcript pools in this prokaryote. 
Strong hybridization of the psbA-2 probe to a 
1.3 kb transcript indicates the RNA is intact and 
messages larger than 1 kb can be readily detected. 
We were unable to detect transcripts hybridizing 
to psaC-specific probes, but did detect weak 
hybridization of the 421 bp probe containing the 
psaC-coding region and the first 12 codons of the 
ndhD-like ORF to 0.9 and 0.5 kb transcripts 
which also hybridized to the 838 bp Hinc II and 
2.7 kb Pst I fragments of pSLA2. Neither tran- 
script is large enough to code for a complete 
NDH-D protein (515 and 509 codons in maize 
and tobacco, respectively [32,36]), but the larger 
transcript is long enough to code for both a 
PSA-C and a truncated NDH-D protein. The 
0.5 kb transcript may represent a processing pro- 
duct encoding PSA-C or a truncated NDH-D 
protein. In maize chloroplasts, a ndhD-specific 
probe hybridized to 2.1 and 1.7 kb transcripts and 
a psaC-specific probe hybridized to 2.1, 0.5 and 
0.4 kb transcripts [32]. In the study presented 
here, hybridization of an ndhE specific probe to a 
specific Synechocystis 6803 mRNA was not 
detected. Schantz and Bogorad [32] observed a 
0.5 kb transcript hybridizing to a ndhE-specific 
probe, but the ndhE transcript pool in maize was 
small and difficult to detect (see Fig. 4 [32]), 
preventing a developmental study of the expres- 
sion ofndhE in maize chloroplasts. In contrast, all 
of the tobacco ndh genes are actively transcribed 
in leaves in both the light and dark, and the tran- 
scripts are estimated to be as abundant as some 
of the highly transcribed ribosomal protein genes 
[20]. A probe to the tobacco ndhD gene hybrid- 
ized to 2.5 and 2.0 kb major transcripts. The 
tobacco ndhE gene is apparently cotranscribed 
with ndhA and a ndhE-specific probe hybridized 
to three transcripts of 4.0 2.5 and 0.9 kb. 

The apparent incomplete ndhD gene in 
Synechocystis 6803 and the inability to detect 
hybridization of a maize ndhD probe in Euglena or 
Chlamydomonas [ 32] prompts examination of the 
requirement of the ndhD encoded polypeptide in 
this facultative heterotroph [4] and perhaps in 
chloroplasts, as well. The Synechocystis 6803 
ndhD-like ORF consists of 91 codons and is 
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predicted to encoded a protein of 10 kDa. The 
Synechocystis 6803 NDH-D-like protein is 
predicted to use GTG as an initiation codon, 
similarily, the NDH-C protein of Synechocystis 
6803 is also predicted to use GTG as an initiation 
codon [38]. Alignment of the predicted amino 
acid sequence of the Synechocystis 6803 ndhD-like 
ORF with the predicted NDH-D sequences of 
maize and tobacco and the predicted protein 
sequence of the human mitochondrial homologue 
of NDH-D,  ND4, reveals some variability in the 
length of the encoded proteins manifested pri- 
marily at the N-terminus (Fig. 7). The maize 
NDH-D protein contains 6 additional codons 
relative to tobacco NDH)D,  9 codons relative to 
the Synechocystis 6803 NDH-D-like protein and 
33 additional codons relative to the human ND4 
protein. The first 20 ~o of the chloroplast NDH-D 

protein sequences is the least conserved with 
respect to the human mitochondrial ND4 protein 
relative to the remainder of the chloroplast 
NDH-D protein sequence. Interestingly, it is only 
the 5' approximately 20~  of the ndhD gene which 
is maintained in Synechocystis 6803. The ND pro- 
teins ofmitochondria are believed to be part of the 
hydrophobic or HP fragment of the NADH 
Dehydrogenase Complex I, but their function is 
still unknown [29]. Our ability to asses the signifi- 
cance of an incomplete ndhD gene in Synechocystis 
6803 is limited by our lack of knowledge of the 
function of the intact ndhD gene product in plas- 
tids, however, several possible interpretations 
exist. The ndhD-like ORF may represent the dis- 
functional evolutionary remnant of a once 
functional gene. In this case one would expect 
accumulation of mutations in this region of se- 

S ......... VyLV TTND I F S ML VNK C I L T N 
M MGFSGQNVSCLYYFIMSYFPWLTILVVLPIFAGSLIFFLPHKGNEIVRWYTIAICLLEFLLMTYAFCYHF 
T ...... M QVYLV TTN F RVI C I L T 
H ................................. M KLIV TIMLLPLT LSKKHMIWINTTTHSLIISII 

S KMD RTSPS GSGWQRPLNKGKC ELSP ........................................ 
M QLEDPLIQLKEDSKWIDVFDFHWRLGIDPLSLGSILLTGFITTLATLAAWPVTRNSQLFYFLMLAMYSGQ 
T SD V y NF G I P D R H 
H P LFFNQINNNLFSCSPT SSDPLTTPLLMLTTWL PLTIMASQRH SSE LS .KK YLSMLISLQISL 

M IGLFSSRDLLLFFIMWELELIPVYLLLSMWG.GKRRLYSATKFILYTAGGSIFFLIGVLGMGLYGSNEPG 
T S C K V L M LA T 

H IMT TATE IM YIFF TT TLAIITR NQPE NAG Y LF LV LPL ALIYTHNTLGSLNI 

M LDLERLINQSYPTTLEILLYFGFLIAYAVKLPIIPLHTWLPYTHGEAHYSTCMLLAGILLKMGAYGLIRV 

T NF TSV VV I I F F S D 
H L TLTAQELSNSWANN MWLAYTM FM M LYG L KA V PIAGS V AV L G MM L 

M NMELLPHAHYLFSPWLVIIGAVQIIYAASTSLGQRNFKKRIAYSSVSHMGFIIIGIGSITNIGLNGAILQ 
T SI M TI L L S L DT L 
H TLI N LTKHMAY F .LSLWGMI TSS CL Q DLK LI I ALVVTA LIQ PWSFT VIL 

M ILSHGFIGATLFFLAGTACDRMRLVYLEELGGISIPMPKIFTMFSSFSMASLALPGMSGFVAELVVFFGL 
T I A TY I D M A M I I 
H M A LTSSL C NSNYE THSRIMILSQ LQTLL LMAFWWLLA L N PTINLLG S LVTT 

M ITSPKFMLMPKMLITFVMAIGMILTPIYLLSMLRQMFYGYKLFHVPNKNFVDSGPRELFLLICIFLPLIG 
T GQ YL ] I S S NA KDS F S S V 
H FSWSNIT LLTG NML T LYSLYMFTITQWGSLTHHINNMKPSFTRE TLMFMHLSPI LSLNPDI T 

M IGIYPDLVLSLSVDRVEVLLSN~TK 
T F" A K I FFYR 
M GFSS 

Fig. 7. Comparison of the deduced amino acid sequence of the Synechocystis 6803 NDH-D-like protein (S) with that of the maize 
NDH-D protein (M) [32], the tobacco [20] NDH-D protein (T) and the human mitochondrial homologue of NDH-D, ND4 (H) 

[3]. Only those amino acids deviating from the deduced maize NDH-D sequence are indicated. 



quence at a high rate. However, the ndhD-like 
ORF is relatively well conserved with 48~o 
identity to the tobacco ndhD gene over 243 bp and 
85 ~o identity over the first 195 bp of the ndhD-like 
ORF. The relatively high sequence conservation 
of the ndhD-like ORF may have resulted because 
the ndhD-like ORF encodes a functional com- 
ponent of an NADH dehydrogenase complex or 
some other protein complex in the 
cyanobacterium. Indeed, probes to the ndhD-like 
ORF hybridize to specific Synechocystis 6803 
transcripts, although, a specific protein product 
or its function in Synechocystis 6803 has yet to be 
identified. Finally, the sequence downstream of 
psaC may be conserved because it functions in 
psaC message stability, however, no strong can- 
didates for stem loop structures or inverted 
repeats were identified in this region of sequence. 

In Anabaena variabilis ATCC 29413 NADPH 
oxidation is performed by ferredoxin-NADP + 
oxidoreductase, whereas NADH oxidation is per- 
formed by a separate NADH dehydrogenase [2]. 
The thylakoid-bound respiratory NADH de- 
hydrogenase isolated from Anabaena 29413 is 
more similar to bacterial than to mitochondrial 
N A D H  dehydrogenases on the basis of subunit 
number, sensitivity to inhibitors, and prosthetic 
group [ 1 ]. Although the high sequence conserva- 
tion of the Synechocystis 6803 ndhC, ndhD-like 
and ndhE sequences imply a functional role, the 
presence of an Anabaena 29413 type NADH 
dehydrogenase in Synechocystis 6803, as yet 
unconfirmed, may obviate the need for a complete 
ndhD gene in this cyanobacterium. 

It has been suggested that the chloroplast ndh 
genes may have arose by transposition events 
from the mitochondrial to the chloroplast genome 
[36]. The presence of the conserved ndh se- 
quences in Synechocystis 6803, however, are evi- 
dence that the ndh genes of chloroplasts are prob- 
ably derived from an ancestor common to both 
higher-plant chloroplasts and the cyanobacterium 
Synechocystis 6803. 
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