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Abstract 

The PSI-D subunit is the ferredoxin-binding site of photosystem I, and is encoded by the nuclear gene 
psaD. We isolated a psaD genomic clone from Nicotiana sylvestris, by screening a genomic library with 
a psaD cDNA which we previously cloned from N. sylvestris (Yamamoto et al., Plant Mol Biol 17:1251, 
1991). Nucleotide sequence analysis revealed that this genomic clone contains a psaD gene, which does 
not correspond to the psaD cDNA, so we designated these genes psaDb and psaDa, respectively. The 
psaDb clone encodes a protein of 214 amino acids uninterrupted by introns. The N-terminal sequence 
determined for the N. sylvestris PSI-D protein encoded by psaDb begins at the 49th residue. The products 
of psaDa and psaDb share 82.7~o and 79.5~o identity at the amino acid and nucleotide levels, respec- 
tively. Genomic Southern analysis showed that two copies of psaD are present in the N. sylvestris ge- 
nome. Ribonuclease protection assays and immunoblot analysis in N. sylvestris indicate that both genes 
are expressed in leaves, stems and flower buds, but neither is expressed in roots. During leaf develop- 
ment, the ratio of psaDb to psaDa mRNA increases from 0.12 in leaf buds to 0.36 in mature leaves. The 
relative abundance of the corresponding proteins decreased over the same developmental period. These 
results indicate that differential regulation mechanisms control psaDa and psaDb expression at both the 
mRNA and protein levels during leaf development. 

Introduction 

PhotosystemI (PSI) mediates photosynthetic 
electron transfer from plastocyanin to ferredoxin. 
PSI is a multiprotein complex in the thylakoid 
membranes of chloroplasts, composed of at least 

12 subunits, designated PSI-A through PSI-L. 
The genes encoding these proteins are designated 
psaA through psaL, respectively [26, 31 ]. PSI-A, 
PSI-B, PSI-C, PSI-I and PSI-J are encoded in 
the chloroplast genome, while the remaining seven 
subunits are nuclear-encoded [ 11, 26, 31 ]. 

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under 
the accession number D13718. 
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PSI-D is located on the stromal surface of PSI 
[18, 25], and is the binding site of ferredoxin [39, 
40]. The primary structure of the PSI-D subunit 
has been determined in several plant species by 
cDNA analysis [12, 13, 17, 22, 38]. Nicotiana 
species have two PSI-D isomers per genome, 
which differ from each other in N-terminal (par- 
tial) amino acid sequence as well as in apparent 
molecular mass, according to SDS-polyacryla- 
mide gel electrophoresis (SDS-PAGE) analysis 
[23]. Nicotiana sylvestris, a diploid species, has 
two PSI-D isoforms with apparent molecular 
masses of 19 kDa and 17.5 kDa. We have desig- 
nated these PSI-D1 and PSI-D2, respectively 
[23]. The relative abundance of PSI-D1 to 
PSI-D2 is very low, hence most PSI complexes 
in the plant are thought to contain PSI-D2 in- 
stead of PSI-D1. We previously isolated psaD 
cDNA clones which encode PSI-D2 ofN. sylves- 
tris, and designated the corresponding gene psaDa 
[38]. 

It is well known that the small subunit of ribu- 
lose 1,5-bisphosphate carboxylase (rbcS) and the 
chlorophyll a/b-binding protein (Cab) are encoded 
by multi-gene families in the nuclear genome [4, 
5, 21, 29]. The expression of each gene in a given 
family is differentially regulated with respect to 
the others in response to plant development or 
environmental stimuli [34]. Ferredoxin and the 
33 kDa protein of the oxygen-evolving complex 
are also encoded by multi-gene families in the 
nuclear genome [ 10, 37]. However, little is known 
about the organization of the photosystem gene 
family within the nuclear genome. Clarification of 
the structure and organization of the nuclear 
genes encoding the PSI subunits is a prerequisite 
for analysis of the molecular mechanisms which 
control PSI biogenesis. 

Many studies ofthylakoid protein structure and 
photosynthetic gene expression have been carried 
out in Nicotiana tabacum. However, N. tabacum is 
an allotetraploid, with a very large genome and 
multiple copies of most genes, which complicates 
molecular analysis and studies of gene structure. 
N. sylvestris is an autogamous diploid species, 
which is the maternal ancestor ofN. tabacum [24] 
and is readily transformable. Therefore, we have 

concentrated our studies in N. sylvestris. We have 
isolated a genomic clone containing the second 
psaD gene from N. sylvestris, and characterized 
this gene in comparison with the psaDa gene, 
mentioned above. 

Materials and methods 

Plant material 

Nicotiana sylvestris was grown at 25 ° C in a green- 
house. Root tissues were harvested from hydro- 
ponically grown plants. 

DNA and RNA preparation 

Nuclear DNA was isolated and purified by CsCI- 
EtBr ultracentrifugation according to Jofuku and 
Goldberg [ 14]. 

Total RNA was prepared according to the 
method of Piechulla et al. [28], from leaf buds of 
less than 3 cm in longitudinal axis, developing 
leaves of 5-10 cm, mature leaves of 20-30 cm, 
stems, flower buds and roots. These organs were 
harvested in the afternoon on fine days. 

Genomic cloning and sequence analysis 

An N. sylvestris lambda dash genomic library [20] 
was screened with the insert of a psaDa cDNA 
clone, yaDC17 [38], which was labeled with 
[~-32p]dCTP by the random hexanucleotide- 
priming method [30]. A 5.7 kb Xba I fragment of 
the positive clone was subcloned into pBluescript 
SKII +, and subjected to DNA sequence analy- 
sis. 

Mapping of the transcription start site 

Primer extension mapping was carried out essen- 
tially according to Sambrook et al. [30]. An end- 
labelled primer was hybridized with 20 #g of total 
RNA from N. sylvestris, and elongated with 



MMLV reverse transcriptase (BRL, Superscript) 
for 90 min at 45 °C. The gene-specific primer, 
5' - G G G C G A C G A C A C G G G G A T C G G C T G -  
TTTTCGAGGTG-3' ,  is complementary to the 
psaDb coding strand (Fig. 2, + 68 to + 102) but 
does not hybridize with psaDa mRNA. 
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The riboprobes for the psaDa and psaDb mRNAs 
incorporated 61 and 55 [~-32p]-UTPs per mol- 
ecule, respectively. Hence, the ratio of psaDb to 
psaDa mRNA was estimated using the following 
formula: (61/55) × (cpm of Db background)/ 
(cpm of Da background). 

Genomic Southern hybridization 

A 10 #g portion of nuclear DNA was digested 
with restriction endonucleases, electrophoresed 
on 0.7~o agarose gels, transferred to nylon mem- 
branes (Amersham, Hybond-N + ), and hybrid- 
ized to the psaDa cDNA probe mentioned above. 
Hybridization was carried out overnight at 65 ° C 
in a solution containing 6 × SSC, 5~o Irish cream 
liqueur (Original Irish Cream, R & A Bailey's) 
[6], 0.5~o SDS, 20mM Na2HPO4, 20#g/ml 
heat-denatured salmon sperm DNA, and 2/~Ci/ 
ml of the 32p-labelled probe. The membrane was 
subsequently washed several times in 2 × SSC at 
room temperature, then once at 65 °C in 1 x 
SSC, 0.1~o SDS for 15 min under continuous 
agitation. The membrane was then subjected to 
autoradiography. 

RNase protection assay 

The riboprobes for the psaDa and psaDb mRNAs 
were prepared according to a standard protocol 
[1]. Fragments of yaDC17 (18-279bp down- 
stream from the ATG initiation codon) and 
yaDG20 (18-263 bp downstream from the ATG) 
were subcloned into pBluescript II, and the anti- 
sense transcripts were produced by T7 RNA 
polymerase in the presence of [~-32p]-UTP. 

RNase protection assays were carried out using 
a RPAII kit (Ambion, Texas) according to the 
manufacturer's protocol. The samples digested 
with RNase A/T 1 were subjected to electrophore- 
sis in 6 ~  polyacrylamide gels containing 8 M 
urea, followed by autoradiography. The radioac- 
tivity of each band was analyzed by AMBIS ra- 
dioanalytic imaging system (K & M, Torrance, 
CA) or Fujix BAS2000 (Fuji Photo Film, Japan). 

Immunoblot analysis 

Plastid membranes were prepared from leaves, 
stems, flower buds and roots. These tissues were 
homogenized with a polytron homogenizer in iso- 
lation medium (0.35 M sorbitol, 2 mM EDTA, 
2 mM sodium isoascorbate and 25 mM HEPES- 
NaOH, pH 7.6), filtered through eight layers of 
gauze, and centrifuged at 7000 x g for 10 min at 
0 ° C. The plastid precipitates were resuspended 
in isolation medium and subsequently layered 
onto 50~o sucrose cushions containing 2 mM so- 
dium isoascorbate and 25 mM Tris-HCl pH 7.5, 
followed by centrifugation at 7000 x g for 30 min 
at 0 ° C. The colored bands on the sucrose cush- 
ions were recovered, washed with 5 mM Tris- 
HC1 pH 7.5, and subjected to immunoblot analy- 
sis. Protein quantity was estimated according to 
Smith et al. [33]. The proteins in plastid mem- 
brane preps containing equal amounts of protein 
were resolved by SDS-PAGE, and blotted onto 
PVDF membranes [24]. Western blots were 
probed with rabbit antiserum raised against spin- 
ach PSI proteins [25], or with an anti-PSI-D 
antibody purified according to the protocol of 
Kelly et aL [16]. The membranes were then in- 
cubated with a biotinylated donkey antibody 
raised against rabbit immunogloblin (Amersham, 
UK). The positive proteins were visualized using 
a streptavidin-alkaline phosphatase conjugate 
(Amersham, UK). 

Results 

Isolation of a psaD genomic clone 

Using a psaDa cDNA clone of N. sylvestris [38] 
as a probe, we screened about 3 x 106 clones of 
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an N. sylvestris genomic library, and obtained one 
positive clone, which we named yaDG20. A 
physical map of yaDG20 is shown in Fig. 1. We 
determined the nucleotide sequence of part of a 
1.9 kb Hind III-Xba I fragment which hybridized 
to the psaDa cDNA, and part of the adjoining 
2.2 kb Hind III-Hind III fragment (Fig. 2). 
Nucleotide sequence analysis revealed that 
yaDG20 has an open reading frame of 214 amino 
acids which is uninterrupted by introns. Within 
this reading frame the N-terminal sequence of the 
mature protein (previously determined by partial 
amino acid sequencing of PSI-D 1 from N. sylves- 
tris) starts from the 54th residue (Fig. 2, wavy 
line). Figure 3 shows a comparison of the primary 
structure of the protein encoded by yaDG20 with 
that of the PSI-D2 which is encoded by the psaDa 
cDNA. These two proteins are strikingly homolo- 
gous, with amino acid identity of 82.7~o and 
79.5 ~o identity between the nucleotide sequences 
(data not shown). From these results, we con- 
clude that this open reading frame encodes the 
PSI-D1 protein of N. sylvestris, and have desig- 
nated the corresponding gene psaDb. The pre- 
dicted molecular masses of the precursor and the 
mature form of PSI-D1 are 23 .5kDa and 
17.9 kDa, respectively. The latter value is some- 
what smaller than the apparent molecular mass of 
19 kDa determined by SDS-PAGE [23]. 

Structural characteristics of psaDb 

The transcription start sites ofpsaDb were deter- 
mined by primer extension analysis (Fig. 4). The 

H H H X E X EH E 

I 
ATQ TAA P I 

0.Skbp 

Fig. 1. A physical map ofgenomic clone, yaDG20. The letters 
H, X and E represent the restriction sites of Hind III, Xba I 
and Eco RI, respectively. The area indicated by an arrow was 
subjected to sequence analysis. 

extension products produced two signals, one in- 
tense and one faint, at + 1 and + 9, respectively 
(Fig. 4). Similar results were obtained with RNase 
protection mapping (data not shown). These re- 
sults indicate that the adenine nucleotide located 
23 bases upstream of the ATG initiation codon is 
the major transcription start site of psaDb. No 
TATA-like sequence was found immediately up- 
stream of this site. 

Upstream of the transcription start site there 
are sequences homologous to the GT-1 box 
(GGTTAA) [8], -335 to -330 (Fig. 2a, the 
TGA 1 a binding sequence (TGACGT) [ 15 ], -257 
to -252 (Fig. 2b), and the light-responsive ele- 
ment (LRE) of Grob and StOber (CCTTATCCT) 
[9], -78 to -70 (Fig. 2d). The GATA motif [3] 
also is repeated three times in the reverse orien- 
tation between -83 and -65 (Fig. 2, TATC in- 
dicated by c). Finally, three repeated sequences 
are present upstream of psaDb and are shown in 
Fig. 2. We have designated them R1 (CATCAT- 
CAGCT, - 1495 to - 1484 and - 1397 to - 1386), 
R2 (TTGATTCATTAACTCACTTT,  -433 to 
-413 and -369 to -349), and R3 (TAG- 

TATATTA; -304 to -295 and -246 to -237). 

psaD gene copy number in N. sylvestris 

We determined the number of copies of psaD 
present in the N. sylvestris (a diploid) genome by 
digesting nuclear DNA with Eco RI, Eco RV, and 
Hind III, followed by Southern blot hybridization 
with the psaDa cDNA probe under high strin- 
gency conditions (Fig. 5). Both a strong and a 
weak signal were detected in each digest. A 15 kb 
Eco RI fragment and a 7.8 kb Hind III fragment 
both hybridized weakly to the psaDa cDNA. The 
sizes of these fragments are in agreement with the 
size of the restriction fragments of yaDG20 
(Fig. 1), suggesting that these signals are derived 
from the psaDb gene. A 1.9 kb Eco RI fragment 
produced a strong hybridization signal, implying 
that it encodes psaDa. Since this fragment ap- 
pears to be too small to encode more than one 
psaD gene, it appears likely that N. sylvestris has 
no more than two copies of psaD. 
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-1691 
AAGTGTAATi-GATTAG~GTATTTAGTGGCTTAGGl-I~TAGGAGATAA~TAAAATTMATAl~TTTGCTATAAACCTTA.~kAGATATTTATAG 

-1607 
AATATAATTTTTTAAACAGTATTTATTTAH~ATAAATAMCT~TTMCCTTTGCTATGGAGATMAAATTCGAATAATATTTGTGGGGTG 

-1517 
AT~T~l~GAAGA~TAAAAAGT~ATATG~T~AGAAGTGGA~TT~A~TTCTA~ATGTAT~A~CTAATGTG~AGGCTCATTTAGCTTTT 

R1 -1427 
GTGGATATTT U~A~TC~ATGA~ATCAT~AG~TTT~GTG~CAGAAGTGGG~CTT~AAGTT~TAAACAAGAGTAGTAGTTTTTCCATGGA 

R1 -1337 
TTTA~TT~TTCCA~T~TAT~ATAG~AT~AT~AT~A~TT~TGT~G~TG~AGTAGCACMTTTTATTCATTAATCTAACAMGCA~ 

-1247 
ACTTTCTCAATATTTA~Cl-[ATAGAACGATTTCCCC~TGTGTCACAGATMCAATTTATACACTAAATT~V~TT8AATTACAATGTCTGT 

-1157 
TTAATTAAATTTT~AA~AATTTTAT~TTTT~TAAAATTATTGAT~ATAG~1q~CTT~TTTTT~TTTTC~TGTCTAGCTTTTAATAGCA~ 

-1067 
~AAGT~G~TAATGATTTAT~AT~AA~T~AGTGAATTTTATG-~-rAGTT~ATGTAATA~TTCA~TATATATATATTGTTTA1.ACTT 

-977 
GT•AGTTTTTATAATAAGA•AGCGG•T•TTTTGAGTTATCTTAGCTAA•TA•AACTAATTTAGAATAGTTTA•TGAGACGTCTTCTTA•C 

-687 
CT/~GAMA~TAT~T~TTA~ATTAG/~GTGGA~CTGAMATATA~H~s~AATATTTCTMA~GAQATGCC/vs~T~CTCTACTCTTTCTT 

-797 
TTTATATTTTCTTATT/U~TACTT~MTTA~GA~A~TT~TTT~AGC~TTGCAGCTTGH~TGTTTA~TT/Vs~TATTCA~s~T~TAAGA 

-701 
TTCMQTA~TH~GTTATTATA~TTTGHs~CMTMTATTGTGACTTCT/~TTTGAGTCT8T8T~ATTTC~TAAT~ATATTACTCTTTTCT 

-617 
T~TTATATAC~MJ~GATAT/~TGTATTATTMTATTTTAAATTMGTCTGAGCAM~TTTTTTCTA~TGAGMTA88T~AATTA 

-527 
M T̀MTTT~TATTATGTTTGCTATA~TATTTMTATTATATTTGTT1TTATTTTTATATATCM~ATGA~CCMCAT~TMTTTMJ~ 

-437 
ATA•TTTT•TTTAA•T•TATTATT•GAATTATTTTATAA8AGCATTTATATTAAA8TT••TTTAA•G•AGATA•CTAACCTTTATATTTC 

R2 R2 -347 
ACTTTA~AT~CATTAACTCACTTTTACATTT~GTTTAACTACAATAT~TTACC~TTTTTGTTTCAAAT~A8ATTCATTAACTCA~TTTAA 

a R3 -257 
TATTTTTTGTA~GTTAAACTATTACGTAAAGCTAATTAACTATA~TATATTATCTTTTTTTCTCTTATTTTATTATAATCT~TACAATTT 
b R3 -167 
~A~GTAGTT~TA8TATATTA~AGTATTA~TAGTTT~TTT~MTT~ATTT~GAA~V~TTGTG~T~ACA~T~AAACTA~TCAAC~AGTTT~ 

c -77 
~ATTTT~FFT~CTTCTCAAT8TTAATTT8~TGACTTGGCTAG~TGCGAAT~AAATCACAC~TTCTAATT~G~CAAAATCC~TATX~r.~A~ 

d .c • W 14 
~AT.A-T~CTTTTT~T~CACCACCCAT~AT~T~TTCTAT~M~AAAAATA~TTCTT~TT~CA~TTTCACTT~T~TCAAT~ 

184 
AACTTTTCTATGGCCAT~GCATCCCAAGCTTC~C~TTCACCCCATCTATCTCCA~CTCGAAAACA8CC~ATC~CC~T~TC~TCGCCCCA 

A M A S Q A L F T P S S T S K T A P R V A P 
194 

TGGAAGCMTCG8C~CTT(~CTTCTCC~CCCCTAAACT8TCCMGTC~8TC8TG8CATACCGTCCTATCMG8CTAT~GCAGTTGA~AA8 
W K Q A S S F S A K L S K S V A Y P I A M V E K 

GCCCMTCA8CCACTAAAG~GGCC8A~cC8GC8GCTCCA(~T888CTTCACACCAcCACAATT88ACCCAA8CACCCCA1.CTCCAATATTT 
A Q S T K E A E P A P V 8 F P P Q L D P T P P I F 

374 
G8TG8MGCACTGGTGG8CTTCTACGCAAGGCCCAAGTT(~AC~A8TTTTATGTGATCACTT8G8AATCACCTAAAGAACAGATCTTT8AA 
G 8 S G G L L R K Q V D E F V I T W E S K E I F E 

464 
ATGCCAACT~GTGGTGCT~CTATCAT~A~AGAAGGCCCAAATTTGCTCAAATT~8CCCGTAAAGAACAATGCTT~GCA8TTGGTACTAGG 
M P T G A A I M R 8 P N L L L A R K E Q L A 8 T R 

554 
cTTA8GTcCAMTAcAAGATTAA8TACAGATTTTATAGA~TTTTTC~TAAT88T8AA~T~cMTATTT8CAcCcAAAA8AT8GT~T8TAC 
L R S Y K I N Y R Y R V F P G E V Q Y L P K G V Y 

644 
CCAGAAAAAGTGAATCCGGGCC8TCAAGGAGTTGGGCAGAATTTCAGATCCATT8GTAAAAATAAGAGCCCAATTGAAGTCAAGTTTACA 
P E K N P G R Q G G Q N F R S I G K N K S I E K F T 

734 
GGCAAACAAGT8TATGATATTTAAGGCGATACTGATGATTATG8TGGCTTTGTAATTGTCTTTAACAC8AAATGTATGATTTTG~CATTA 
8 K Q Y D I * 

824 
TTTAATGCTT~TATCAAATTTAT~GTcATTA~ACACATAGCAT8GATATMTTG8CTTCT8TCACTT~ATTAAATT8TATTTTTT8lT~T 

861 
TGTTSTTSTTGTTSTSTGCGTAATTTACTGTCTCGAG 

Fig. 2. Nucleotide sequence of psaDb of N. sylvestris. The sequence of part of yaDG20 is shown, with the deduced amino acid 
sequence underneath. The N-terminal sequence of PSI-D1 was directly determined [23] and is indicated by a wavy line. The 
transcription start site (solid arrowhead) is denoted + 1. An open arrowhead indicates the transcription start site of a weak band 
obtained by primer extension analysis (Fig. 4). Sequences homologous to the GT-1 box [8], T G A l a  binding sequence [ 15], GATA 
box [3] and the LRE of Grob and StOber [9], are indicated by a, b, c and d, respectively. R1, R2, and R3 represent repeated 
sequences. 

Expression of psaD gene family 

The steady-state mRNA levels of psaDa and 
psaDb were examined by RNase protection 
analysis in several tissues, including leaf buds, 
developing leaves, mature leaves, stems, flower 

buds, and roots (Fig. 6). In all these tissues except 
for roots, both of the mRNAs were detected, with 
psaDa mRNA three to eight times more abundant 
than that of psaDb. We found no signal for either 
psaD mRNA in roots. The concentrations of both 
mRNAs are highest in developing leaves, how- 
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processing s i te  ( ~  

PSI-D2 1' N A M ~JQ ~ S L F T APL~ AS~KI- S S A---  -~p W K O L~L~$ F S pLp~ KLLK~L~AL~R p ILiA MiA 

55' ~ATKEAEFP~APV8 FTPPQLDF~TPSpI FGGSTGGLLRKAQ~EFYVI TW 
50' I ---  E E/~AT KEA E~A PVG FT P PQL DFL~TP$ P I FGG $TG GL LRKAQ~I~EFYV I TW 

109' ESPKEQI FEMPTGGAAIM REiN LLKLARKEQCLALGTRLRSKYKI~IYRFYRVF 
99' ESPKEQI FEMPTGGAAIMRE{~tJNLLKLARKEQCLALGTRLRSKYKiNYRFYRVF 

163' PNGEVQYLHPKDGVYPEKV~GRQGVGQNFR$1 G KNKSPI EVKFTGKQVYD~ 
163' PN G EVQYL H PKDGVYP E KV NL~(~RQGVGQN F RS I(3 K N KS P I EV KFTG KQVYDLLJ 

Fig. 3. Amino acid sequences of the PSI-D proteins in 
N. sylvestris. The sequence of PSI-D1 is deduced from the 
psaDb genomic sequence (Fig. 2). The sequence of PSI-D2 is 
deduced from the psaDa eDNA [38]. Amino acids which 
differ between the D1 and D2 proteins are boxed. Scissors 
indicate processing sites. 

ever, their abundance differ substantially during 
leaf development. The psaDa mRNA is abundant 
in leaf buds but scarce in mature leaves; the re- 
verse is true for psaDb mRNA. Consequently, the 

Fig. 5. Genomic Southern analysis of psaD. Restriction en- 
zymes used for the digestion ofN. sylvestris genomic DNA are 
shown above the lanes. The blot was hybridized with the 
psaDa eDNA probe. 

Fig. 4. Mapping of the 5' end of the psaDb mRNA by primer 
extension. The primer extension product was electrophoresed 
on a 5.3 % sequencing gel (lane P) in parallel with a sequencing 
ladder of the corresponding genomic DNA. The nucleotide 
position of the major signal is denoted by + 1. 

ratio of psaDb to psaDa mRNA increased from 
0.12 to 0.36 during leaf development (Fig. 6, lower 
panel). The ratios of psaDb to psaDa mRNA in 
stems and flower buds were similar, 0.18 and 
0.17, respectively (Fig. 6, lower panel), implying 
that neither gene is differentially expressed in these 
tissues. 

In order to examine whether the changes in 
mRNA levels corresponded to protein abun- 
dance, immunoblot analysis of PSI-D proteins 
was carried out using antiserum raised against 
spinach PSI (Fig. 7). The translation product of 
psaDa, P SI-D2, is more abundant than the psaDb 
product, PSI-D1, in leaves, stems and flower 
buds. Neither gene product was detected in roots. 
The change in steady-state levels of PSI-D1 and 
PSI-D2 during leaf development is the reverse of 
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(the ratio of the psaDb to psaDa gene products) 
decreased during leaf development. These results 
were confirmed with immunoblots using an anti- 
PSI-D antibody. 

Discussion 

Fig. 6. Messenger RNA levels of the psaDa and psaDb genes. 
Twenty two micrograms of total RNA extracted from the 
indicated tissues ofN. sylvestris were subjected to RNase pro- 
tection assays using antisense RNA probes for the psaDa and 
psaDb transcripts. The ratio of psaDa to psaDb mRNA rep- 
resents a mean + SD of three independent experiments. 

the steady-state m R N A  profiles. The abundance 
of PSI-D1 is highest in developing leaves, and 
markedly decreases during leaf maturation. In 
contrast, PSI-D2, is abundant in developing 
leaves and is present at even higher levels in ma- 
ture leaves. Thus, the ratio of PSI-D1 to PSI-D2 

Fig. 7. Accumulation profiles of PSI-D1 (19kDa) and 
PSI-D2 (17.5 kDa). PSI-D 1 is encoded by psaDb, and PSI-D2 
by psaDa [38]. Plastid membrane proteins (225 ng for the 
detection of PSI-D1, 45 ng for PSI-D2) from the indicated 
tissues of N. sylvestris were subjected to immunoblot analysis 
using antiserum raised against spinach PSI proteins, and vi- 
sualized with a color-generating reaction of alkaline phos- 
phatase. PSI, PSI purified from N. sylvestris leaves. 

This is the first report of the structure of a nuclear 
gene encoding the ferredoxin-binding subunit of 
PSI. This N. sylvestris gene, psaDb, has 5' flank- 
ing sequences homologous to the GT-1 box [8] 
(Fig. 2a), which is conserved among photoregu- 
lated genes such as rbcS, Cab and ferredoxin 
genes [7], and mediates light responsiveness [ 19]. 
It also contains a sequence similar to the LRE of 
Grob and St(iber [9] (Fig. 2d), which is shared by 
many phytochrome-dependent,  light-inducible 
genes [9]. The Cab genes are known to have tan- 
dem repeats of a third motif, GATA, 110-140 
nucleotides upstream of the ATG codon [3]. A 
similar motif is present in reverse orientation in 
psaDb (Fig. 2c). Thus psaDb has at least three 
cis-regulatory elements in common with other 
light-regulated genes, suggesting that the expres- 
sion of psaDb may also be light-regulated. Actu- 
ally, Brunner et al. reported that, in etiolated spin- 
ach seedlings, mRNAs of the nuclear-encoded 
PSI genes such as psaD, psaE, psaF, psaG and 
psaH accumulated in response to light stimuli, 
and phytochrome is involved in this response [2]. 
We are currently analyzing the regulatory ele- 
ments of the PSI genes in transgenic tobacco in 
order to determine the extent to which PSI genes 
share signal transduction pathways with the genes 
encoding the light-harvesting complex or the en- 
zymes involved in the dark reactions of photo- 
synthesis. 

A genomic clone of psaH was isolated in rice 
[27], and this is the only other nuclear-encoded 
PSI gene whose structure has been reported to 
date. The rice psaH and psaDb of N. sylvestris 
have homologues of as-2 site [27] and GATA 
motif (this paper, Fig. 2), respectively, and both 
motifs are known to be bound by a protein fac- 
tor, GA-1, which interacts with the cab-E gene of 
Nicotianaplumbaginifolia [32]. The rice psaH has 
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a sequence, AGTATATT, which is a core of the 
R3 motif, TAGTATATTA (Fig. 2), in the reverse 
orientation about 920 bases upstream of the 
translation start codon. These are the only traits 
found to be shared by these two PSI genes, and 
cis-regulatory elements of PSI genes may be 
somewhat diverged between monocots and di- 
cots. 

Genomic Southern analysis revealed that there 
are two copies ofpsaD in the N. sylvestris genome 
(Fig. 5). This result is consistent with immunob- 
lot analysis, which showed that the PSI-D sub- 
unit of N. sylvestris consists of two isoforms [23 ]. 
Immunoblot analysis of tomato, Arabidopsis, 
maize and rice have also demonstrated that there 
are no more than a few isoforms of PSI-D in the 
nuclear genome of each of these species [23]. A 
similar result was obtained in the spinach genome 
[ 11 ]. Taking these results together with the re- 
sults described here, it appears that psaD gene 
organization occurs in two to three copies in many 
higher plants. This is quite different from the or- 
ganization of the rbcS and Cab gene families, 
which comprise four to twelve [4] and at least 
twelve genes [5, 21, 29] in higher plants, respec- 
tively. 

The proteins encoded by psaDa and psaDb are 
so homologous (Fig. 3) that we expect only mini- 
mal conformational differences between them if 
any exists at all. Thus it seems likely that there is 
little functional difference between PSI-D1 and 
PSI-D2. This question cannot be fully resolved 
without functional analysis of the two proteins. 

The PSI-D subunit is located on the stromal 
surface of PSI, and is the ferredoxin binding site 
[39, 40]. There are at least two isoforms of chlo- 
roplastidic ferredoxin, Fd I and Fd II, and the 
relative abundance of these isoforms changes 
during leaf development [35]. The relationship 
between the isoforms of PSI-D and ferredoxin 
remains to be analyzed. 

The finding that two copies ofpsaD are present 
in the N. sylvestris genome raises a question as to 
the difference in expression of the individual 
genes. Both genes appear to be expressed in all 
photosynthetic tissues, and neither is specific to 
flowers, stems or roots (Fig. 6). Thus, these genes 

probably did not diverge due to organ specific 
expression. During leaf development, the ratio of 
the psaDb to psaDa mRNA increases (Fig. 6), 
however, the ratio of the corresponding proteins 
decreases (Fig. 7). These results indicate that dif- 
ferential regulatory mechanisms are operating at 
both the mRNA and protein levels. The psaDa 
mRNA is abundant in developing leaves (Fig. 6, 
Da), and the translation product accumulates 
during leaf development to reach a maximum in 
mature leaves (Fig. 7, D2). This accumulation 
profile suggests that the psaDa gene product is 
present throughout leaf development, once it is 
stably integrated into the PSI complex. 

The accumulation profiles of the psaDb mRNA 
and gene product are more complicated. Although 
psaDb mRNA is present at a high level in mature 
as well as developing leaves (Fig. 6, Db), the rela- 
tive abundance of the psaDb protein, PSI-D1, 
markedly decreases during leaf maturation 
(Fig. 7, D1). It is likely that this phenomenon 
results from translational and/or post-transla- 
tional activity. Translational and post-transla- 
tional regulation is thought to provide a more 
immediate response to environmental stimuli than 
transcriptional regulation [36]. The high level of 
psaDb mRNA in conjunction with the relatively 
low abundance of the corresponding gene prod- 
uct, PSI-D1, may suggest that expression of 
psaDb is rapidly induced by one or more envi- 
ronmental factors. Further analysis of expression 
in the psaD gene family will provide us with in- 
teresting insights into the role of molecular diver- 
sity in the photosynthetic apparatus. 
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