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Light has various effects on life. Light is utilized by 

living organisms for both an energy source and signals. 

AII living organisms can be divided into two categories， 

photoautotrop hs and chemoheterotrophs. Most of the 

radiation energy from the sun is converted to chemical 

energy via photosynthetic process by photoautotrophs， and 

the products are also utilized by chemoheterotrophs. Since 

we， human bei n gs， as a chemoheterotrop h owe all energ y to 

photoautotrophic plants， studying the photosynthetic light 

energy conversion is one of the most important theme of 

biology. 

Photosynthetic organisms have developed specialized 

ap parata to captu re and con vert the I i 9 ht energ y effi cient-
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Iy. The conversion of light energy in plants are carried 

out in the process of 'photosynthetic electron transport'. 

1n 1960， Hill and Bendall first postulated a 'zig-zag scheme' 

of photosynthetic electron transport which formulated the 

cooperative work of two photosystems. The scheme could 

satisfactorily explain the 'red-drop' of quantum yield of 

photosynthesis and the 'enhancement' of the quantum yield 

of photosynthesis by a weak blue light illumination which 

had been observed by Emerson. 

Oxygen-evolving photosynthesis in higher plants， algae 

and cyanobacteria involves two primary photochemical 

reaction sites， namely， photosystem 1 and 11. Photosystem 

II (PS1I)， an oxidative side of photosynthetic electron 

transport chain， catalyzes the light-dependent oxidation of 

water and reduction of plastoquinone (PQ)， yielding an 

oxygen as a by-product. Photosystem 1 (PS1)， a reductive 

side of photosynthetic electron transport chain， transfers 

+ electrons from plastocyanin to NADP' through ferredoxin 

and ferredoxin-NADP reductase(FNR). Both PSI and PSII 

are located on the thylakoid membranes in chloroplasts and 

cyanobacteria. During transfer of electrons from PSII to 

PS1 through qUinone-pool and cytochrome-b6/f complex， 

protons were translocated across the thy lakoid mem brane， 
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which enables plants to accしlmulate and convert the photo-

synthetic energy in the form of ATP. 

Photosystem 1 as a supramolecular complex consists of 

the primary electron donor P700 ( Kok， 1963 )， primary elec-

tron acceptor AO' i ntermed iate electron carriers A1' A2 

( also called center Fx or 'P430' ) and terminal electron 

acceptors center A and center B ( F A' FB )， and functional 

pigment such as chlorophyll at 100 molecules per P700 

(Golbeck， 1987). Four out of these six components， P700， 

AO' A1 and A2 are located on the two large subunits of PSI 

( PSI -A and PSI -B ) w hich are encoded by psaA and psaB 

genes of chloroplast DNA in higher plants， respectively 

( Golbeck， 1987). Two other terminal electron acceptors 

center A and center B are both retained in a 9kDa sしIbunit，

namely PSI-C， which is also encoded by the psaC gene of 

chloroplast DNA in higher plants ( Hayashida et al.1987 ). 

PSI complex also contains several other lower molecular 

mass subunits associated with the complex ( Bengis and 

Nelson， 1977 ) whose functions are not well characterized. 

The subunit II protein ( PSI-D )， one of these subunits 

encoded by psaD gene， is thought to be required for the 

binding of the ferredoxin ( Zanetti and Merati， 1987; Zilber 

and Malkin， 1988 ) and essential for the efficient function of 
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PSI ( Chitnis et al. 1989b). Although another subunit which 

is encoded by psaE ( PSI -E ) gene had been demonstrated to 

be crosslinked to the 9kDa subunit (PSI-C) with PSI-D 

subunit as well ( Oh-oka et a/.1989 )， destruction of the psaE 

gene in cyanobacteria scarcely affect the growth of the 

mutant ( Chitnis θt al. 1989a). On the other hands， a 

subunit encoded by a nuclear gene psaF was identified as 

the binding site of plastocyanin by a crosslink experiment 

( Hippler et al. 1989). The functions of these subunits and 

other subunits encoded by psal，psaJ，psaK ( Koike et al. 

1989; 1 keuch i et al. 1990 and 9- and 14kDa subunits 

Ikeuchi and Inoue， 1991 )， are still not well understood. 

Many kinds of proteins in chloroplast were synthesized 

by cytosolic ribosomes as larger precursors with a transit 

peptide and posttranslationally transported into chloroplast 

(Keegstra and Olsen， 1989). That was same for the several 

of the subunits of photosystem 1 in higher plants. While it 

has been easy to introduce a gene to a nucleus with dif-

ferent ways ( Draper et al. 1988; de la Pena et al. 1987)， 

gene specific destrしJction，su bstitution and target mutagen-

esis for the already existed nuclear-encoded gene is not 

possi ble except for a special case ( Lee et al. 1990 ). As 

demonstrated for the rbcS and cab genes ( Dean et al. 1989; 
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Keegstra and Olsen， 1989 )， the nuclear-encoded chloroplast 

genes exist in multiple copies and this makes it difficult to 

destruct or substitute them completely and study the 

function of a gene precisely. Furthermore， expression of 

these genes are also regulated by several factors such as 

light ( Gilmartin et a/. 1990 )， localization of organ ( Fluhr et 

al. 1986 ) and developmental stage of the chloroplast ( Mullet， 

1988). The inhibition of the gene expression by an anti-

sense RNA technique ( Stockhausθt a/. 1990 ) or ri bozyme 

may improve the problems. 

Chloroplasts ( Boyntonθt al.1988 ) and mitochondria 

Johnstonθt a/. 1988 ) could be transformed by a micropro-

jectiles cell bombardment technique， also called 'DNA-gun'. 

However， there are numbers of difficulties in studying the 

chloroplast encoded genes in higher plants for the follow-

ing reasons: (1) a significant number of chloroplasts are 

usually found in a plant cell (2) each chloroplast contains 

multiple copies of a plastid genome (3) the numbers of 

chloroplasts will increase during the plant cell development 

( Mullet， 1988; Taylor， 1989 ) (4) expression of some chloro-

plast-encoded genes are light-regulated ( Klein and Mullet， 

1987 )， and (5) chlorophyll is also required for the accumu-

lation of the large-subunits of photosystem 1 ( Kleinθt a/. 
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1988). These many different factors should be taken into 

account when studying the expression and function of the 

chloroplast-encoded genes. 

As a matter of fact， most recent i nvesti gations of trans-

forming the chloroplast have been limited to an unicellular 

algae Ch/amydomonas， which contains a single chloroplast 

( Blowers et a/.1989; Przi bi Ila et a/. 1991; Takahashi et a/. 

1991 ) . 

Cyanobacteria， on the other hand， provide several advan-

tages over plants for studying the photosystems. First， 

cyanobacteria are prokaryote and as easy to handle as 

bacteria. Second， since cyanobacterial photosystems 

resemble to those of higher plants ( Nechushtai et al.1983; 

Lundellθt a/. 1985 )， many investigations on cyanobacteria 

are applicable to those of the higher plants. Third， sever-

al cyanobacteria have naturally occurring transformation 

systems for the uptake of exogenous DNA and introducing 

it into the genomic DNA by a homologous recombination 

manner. Fourth， some peculiar cyanobacteria like Synecho-

cystis sp. PCC6803 ( Williams， 1988; Chitnis θt al. 1989a 

and 1989b ) and Anabaena variabi/is ATCC 29413 ( Mannan et 

a/. i n p ress; Toel ge et al. 1991 ) are capab 1 e to 9 row on 

hexoses like glucose or fructose， allowing the isolation and 
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growth of the mutants defective in photosynthesis . Fifth， 

the composition of membrane proteins could change in 

response to the quality of light ( Aizawa et al. in press )， 

implicating the existence of photoregulation. 

However， recent works on genetical mod ification of 

cyanobacterial photosystem II indicated that any kinds of 

deletion or interruption of only one of those genes could 

cause a disappearance of entire photosynthetic apparatus 

( Yu and Vermaas， 1990 )， probably because the deficient of 

key-subunit might destabilize the whole assembly of the 

photosystem 11. 

The organization and the structure of photosystem 1 has 

currently been the focus of intense studies， but the diffi-

culties which mentioned above prevent the further investi-

gations. Since we do not have an effective way of subunit 

specific exclusion， the exact function of each subunits 

should be examined by an in vitro reconstitution analysis. 

Furthermore， isolation and production of these genes will 

make it possible to study the function by a reverse-genet-

ics method using site specific mutagenesis technique. From 

these points of view， 1 have intended to isolate the genes 

of photosystem 1 and establish the in vitro reconstitution 

system with in vivo produced photosystem 1 subunits in 
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E.co/i. For the experiments， 1 have used the thermophilic 

cyanobacterium Synθchococcus vu/canus for the following 

reasons: (1) the components of photosystem 1 are similar to 

those of higher plants and (2) their amino acid sequences 

at N-terminal are already known ( Koikeθt a/.1989 ) (3) the 

p hotosystem 1 genes have not been i solated from the 

cyanobacterium (4) because Synechococcus vu/canus is a 

thermophilic cyanobacterium which grows at 50oC， produced 

proteins by the isolated genes are expected to be ther-

mostable. 
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Materia7s 

Restriction endonucleases and DNA modification 

enzymes were obtained from TAKARA-SHUZO， TOYOBO， 

Nippon Gene and New England Biolabs， and used 

according to the instructions of suppliers. A 

stra i n JM1 09 (DE3) ， and pGE門EX1 cloning vector 

were purchased from Promega(U.S.A). Unless 

otherwise stated， all reagents employed in this 

S七udy were of the highest quali七y available. 

Reagents 

Reagen七s which were used for molecular biologi-

cal experiments were prepared and stored accord-

ing to Sambrook et a7.(1989). 
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Bacteria7 strains 

A s七rain E.co7i JM109 ( recA1 endA1 gyrA96 thi 

hsdR17 supE44 rθ 7 A 1 入- de7ta( 7ac-proAB)/F' proAB 

7 a c Iq Z L1 M1 5 t r a 03 6) (Y a n i s c h -P e r r 0 n e t a 7. 1 9 8 5 ) 

was usually used as a host to maintain plasmid 

vec七or and M13 phage vector. Other bacterial 

strains which were used in this experiments were 

listed below: 

J門109(DE3)/F'( DE3 lysogen of J門109/F');

LE392 (F- hsdR514(rk一， mk+) supE44 supF58 7 acY1 or 

6(7acIZY)6 ga7K2 ); 

HB101 (F- hsdS20(rb一，mb-) recA1 ara-14 proA27acY1 

ga7K2 rpsL20(Smr) xyl-5 mt7-1 supE44 入

mcrB- ). 

P2392 (P2 lysogen of LE392). 

Maintenance of strains 

( mcrA+ 

Long-term storage of desired strain was 

accomplished by mixing 1ml of a s七ationary-phase

culture with 1ml of stock medium ( 0.8% Bacto 

nutrient broth， 20%(w/v) glycerol ) and freezing 
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at -80oC. Bacteria were revived by inocula七ing

aliquots on appropriate selec七ive media and incu-

ba七ing a七 370C( Miller， 1972 ). 

Bacterial strain which exhibi七ing the resistan-

cy of an七ibio七ics was cultured in the media 

containing appropriate an七ibiotics.

Concentra七ion of the each antibio七ics were lis七ed

below: 

Ampicillin 100 μgjml 

Streptomycin 25μgjml 

Tetracycline 12.5μgjml 

Kanamycin 50 μgjml 

Chloramphenicol 25μgjml 
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Cyanobacterium 

Thermophilic cyanobacterium Synechococcus 

vu7canus was kindly provided from the solar 

energy research group of RIKEN. The cyanobacte-

rium was cultured at 500C as described by Shin et 

al. (1984) in a medium described by Katoh (1988) 

for Synθchococcus sp.. For long一七erm storage， 

thick cul七ure (100ml) was cen七rifuged and the 

precipitated cells were resuspended with few ml 

of resultant supernatan七 One ml of the suspen-

sion was mixed with O.24ml of 80%(w/v) glycero1 

in a steri1ized via1 and quick1y frozen at -80oC. 

The frozen cu1ture had never 七hawed. The cyano-

bac七erium was revived by inocu1ating scraped 

frozen s七ock into prewarmed 10m1 medium then 

cu1tiva七ed immediate1y under weak i1lumina七ion

un七i1 ear1y-log phase. 
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Cloning vectors 

A plasmid vector pTZ19R(TOYOBO) was usually 

used as a vector 七o main七ain DNA fragment. Other 

vectors pGEMEX1(Promega)， pACYC177(Chang et a7. 

1978)， pBR322 (laboratory s七ock and phage 

vec七or 入-Dash Stratagene ) were also used. 

The bacterial strains HB101 which harboring 

each plasmid of tobacco chloroplast DNA clone 

pTBa2， pTB20， pTB30 and pTX9 (Sugiura et a7. 

1986 ) were kindly provided from Prof. トベ .Sugiura 

at Nagoya university. 

A plasmid pLysS ( Studier et a7司 1990) which 

containing T7 lysozyme gene in pACYC184 was ob一

七ained by courtesy of 門r.T.Konishi a七 Nagoya

university. 

The plasmid vectors and 七he helper phage 

門13K07(Vieira and 門essing， 1987) were main七ained

with E.co7i strain J門109， HB101 and JM109(DE3). 

入 phage was maintained with E.co7i strain LE392 

and P2392. 
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DNA manipu7ation 

Manipula七ion of DNA was achieved with the 

methods of Sambrook， Fritsch and Mania七is (1989)， 

and Berger and Kimmel(1987). Concentra七ion of 

DNA was estimated by UV-absorbance or ethidium 

bromide fluorescence spot assay( Sambrook et a7. 

1989) wi七h already-known concen七ra七ion 入-phage

DNA as a standard. Plasmid DNA was prepared 

according 七0 七he alkaline-SDS method(Sambrook et 

a7. 1989). Prepared DNA was dissolved in auto-

claved Milli-Q water and s七ored at 40C (for 

short term storage) or -20oC (for long-term 

s七orage). Dissolving a DNA wi七h 1xTE(pH8.0) 

occasionally prevent a diges七ion of 七he DNA with 

a restriction endonuclease. 

Precipitation of DNA with ethanol，七erminal

repair of DNA wi七h T4 DNA polymerase and ligation 

of DNA with T4 DNA ligase were accomplished with 

individual method as below: 

2-6 



E七hanol precipi七a七ion of DNA 

DNA solution was mixed wi七h 0.1 volume of 3門

sodium ace七a七e (pH8.0) and 2.5 volumes of e七ha-

no 1 ，七hen standed at -80oC for 10minutes. The 

precipita七ed DNA was recovered by centrifuga七ion

a七 16，000rpm for 10minu七es a七 40C in a microfuge. 

The precipi七ated DNA was washed once with adding 

1ml of 70%(v/v) ethanol and centrifuga七ion a七

16，000rpm for 10minutes at 40C. The resul七ant

ONA was d r i ed i n vacuo and d i sso 1 ved i n auto-

claved Milli-Q water. 

Terminal repair b￥ 工生 ONA .12olvmerase 

A solution of ONA was mixed with 10xT4 buffer 

(0.33M Tris-aceta七e， pH7.9， 0.66門 sodium ace七a七e，

o . 1門 magnesium acetate and 5mM OTT)， 10xBSA and 

10xdNTP (a mixture of dATP，dCTP， dGTP and dTTP 

for 10mM) and the volume was made to be 50 七o

100ul. T4 ONA polymerase(TAKARA) was mixed 

(amount of the polymerase required for 七he reac-
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tion was estimated by the concentration to the 

DNA would be below 1Ujμ9 DNA) and incubated at 

300C for 10minutes(prolonged reac七ion time occa-

sionally caused a unexpected disappearing of the 

DNA). The reac七ion was terminated with extrac七ion

once with phenol :chloroform and once wi七h chloro-

form:isoamylalcohol. The repaired DNA was reco-

vered by e七hanol precipitation. 

1ifjation 旦工豆凶A12ヱ工1 DNA Jiqase 

Reaction was performed in a mixture of 66m門

Tris-HC1， pH7.6， 6.6m門刊gC1 2' 10mM DTT， 0 . 1 5門

NaCl， 10%(wjv)PEG-6000 and 0.1m門 ATP with 100-

200U of T4 DNA ligase(TAKARA)， and incuba七ed a七

160C for few hours (usual1y overnight). 
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Preparat ion of λ phage and DNA 

λphage were amplified as described below: 

Preoarat ior7 0 f hos t ce 7 7 

1. A host strain (LE392 or P2392) was inoculat-

ed in NZCY門 or LB medium supplemented wi七h

0.2%(wjv) maltose and shaked overnigh七(く 12hours)

at 370C. 

2. 5ml of the overnight cul七ure was 七aken i nto 

a Falcon 2059 tube and cen七rifuged a七 4，000xg for 

10minu七es at room temperature， and superna七ant

was removed. 

3. The cell pellet was suspended in ice-cold 

sterilized 10mM 門g504 solu七ion and s七anded i n i ce 

unt i 1 use. 

4. A600 were adjusted 七o 2.0 wi七h 10mM 門g504

and used within a day. 
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ムL旦虻id~mo 7 ificat ion 立f λ phaqe 

1. A lysate which con七aining 0.5x106 入 phage 

par七icles was take in七o a Falcon 2063 七ube and 

standed at a clean bench for 15minutes to evapo-

rate the residual chloroform in the lysate. 

2. 0.05-0.1ml of the host cel1 suspension was 

added and incubated a七 370C or 15minutes to 

adsorb the phage. The mixture was transferred 

i n七o 4-5ml of NZCYM medium and shaked a七 370C for 

6 七o 12hours until 七he cell almost lysed. 

3. Few drops of chloroform was added to the 

lysed culture and shaked further 15minutes. 

4. The culture was transferred to a Falcon 2059 

tube and centrifuged a七 4，000xg for 10minu七es a七

4oC. The supernatant was transferred to a new 

Falcon 2063 tube. 

5. The amplified 入-phage stock was stored with 

few drops of chloroform at 4oC. The titer after 
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10 the amplifica七ion should be over 1x10lU pfujml. 

入 phag~ 0丘812乙fll2aration

1. 0.4ml of the amplified 入-phage lysate was 

taken into an eppendorf tube and mixed with 16μ1 

of 0.5門 EOTA(pH8) and 4μ1 of 10%(wjV) SOS， and 

incubated at 550C for 5minu七es 七o denature the 

coat proteins. 

2. The lysate was then mixed with equal volume 

of phenol :chloroform， shaken gen七1y f 0 r 1 Om i n u七es

at room temperature and aqueous phase was sepa-

rated by cen七rifuga七ion a七 16，000rpm for 

4minutes. The upper aqueous phase was transferred 

to a new eppendorf tube， and repeated this step 

several times until a fluffy interlayer (protein) 

almos七 disappeared.

3. The aqueous phase was ex七racted once with 

equal volume of chloroform:isoamylalcohol for 

10minu七es and separated by centrifugation as 

above. The phage ONA was recovered by e七hanol
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precipitation. 

4. The resultant 入 phage DNA was dissolved in 

100-200 μ1 of autoclaved 門illi-Q water and stored 

a七 40C (short term) or -20oC (long term). 入

phage DNA often required considerable 七ime ( 1 -2 

days) for dissolving， bu七 should no七 use a vortex 

mlxer. 

Screening of the genαnicλ phage 7 i brary 

The genomic 入 phage library was screened wi七h

probes for the psaA， psaB and psaC genes of 

tobacco chloroplast DNA. The plaques were 七rans-

ferred onto Colony/PlaqueScreen (NEN， DuPon七)

disks (OS2mm) by capillary ac七ion. The blotted 

disks were then hybridized wi七h 32 P-labelec! 

appropriate probe as described a七 'Hybridiza一

七ion'. 1 could finally isola七e the 6 and 12 

clones from ~ 30 ， 000 clones wi七h the probes of the 

psaA-psaB and the psaC genes， respectively. 
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DNA subc70ning and transformation 

A DNA fragment was separated by agarose or 

polyacrylamide ge1 electrophoresis (Sambrook et 

a7. 1989) then recovered into a small sealed 

dia1ysis tube by electroe1ution with a 門upid-2

e1ectrophoresis tank ( 15-20minutes a七 100V was 

sufficient for complete e1u七ion from 七he ge1). 

The e1ectroe1uted DNA fragment solution was 

extracted once with phenol :chloroform and then 

with ch1oroform:isoamyla1coho1， and recovered by 

ethanol precipitation. A digested cloning vec七or

DNA， previously treated wi七h bacteria1 alkaline 

phosphatase， was simultaneously separated and 

recovered from the ge1. The isola七ed DNA frag-

ment and the vector DNA was ligated by T4 DNA-

ligase with vector to inser七 ra七i0 of 1: 1 . 2 . 1 f 

necessary， DNA was recovered by ethanol precipi-

tation to remove PEG because residual PEG occa-

sionally causes trouble in the fol1owing steps. 

The ligated DNA fragmen七-vector was introduced 

into an appropriate E.co7i strain by using a 

highly efficien七七ransforma七ion protocol (Hana-
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han， 1985). When J門109/F' was used as a recipi-

ent， cu1tured ce11s in SOB medium were harvested 

at A600=1.2 to ob七ain maximum efficiency of 

七ransformation. The transformed ce 11 s were 

screened with appropriate antibio七ics and， if 

possib1e， by sui七ab1e indicator agar p1ates. 
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Sing7e-stranded DNA preparation using M13K07 he7pθr phage 

Since cloning vec七ors pTZ19R， pGE門EX1 and 

derivatives， also called phagemid， contain the 

replica七ion origin of phage-f1，七hese plasmids 

could produce a single-stranded DNA(ssDNA) which 

would be used as a template for sequence analysis 

with an aid of appropriate helper phage like 

M13K07 Vieira et a7. 1987 ). 

The production of ssDNA and maintenance of a 

helper phage 門13K07 was performed according 七o

七he method of Vieira and Messing (1987). produced 

ssDNA was isolated and purified as below: 

1. 1. 2m 1 of a cu 1七ure was taken into an 

dorf tube， centrifuged for 5minutes and 

the superna七ant was transferred to a new 

dorf tube. 

eppen-

1 ml of 

eppen-

2. The viral particles were precipita七ed by 
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O.25ml of 20%(w/v) PEG-6000-2.5M NaCl 

for 15minutes a七 room tempera七ure and 

recovered by centrifuga七ion a七 16，OOOrpm for 
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5minutes. The supernatan七 was completely removed 

by second centrifuga七ion since remaining PEG 

would cause pseudoladders when used as a templa七e

for the sequence analysis. 

3. Con七aminated DNA and RNA could be eliminated 

from 七he particle by a 七reatment with 0.1mg/ml 

DNaseI and 0.01mg/ml RNaseA in a 100 μbuffer 

( 50m門 Tris-HC1，pH7.5， 10mM MgC12 ) at 370C for 

60 minutes. The particle was recovered again by 

mixing with PEGートJaCl as described above. 

4. The recovered viral par七icles were resus-

pended i n 100μ1 of 1xTE (pH8.0) and extracted 

once wi七h phenol :chloroform and then with chloro-

form:isoamylalcohol. The ssDNA in aqueous phase 

was precipi七ated with e七hanol，washed once wi七h

70% (v/v) ethanol and dissolved in 30 μlof 1xTE 

(pH8.0). 

5. The resul七ant ssDNA solu七ion was stored a七

一200C un七i1 use. 
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Unidirectiona7 DNA de7etion for sequence ana7ysis 

Unidirec七ional dele七ion was introduced in七o the 

七arget site of a plasmid DNA according to the 

original methods of Henikoff (1984)， but some 

points were improved. The Reac七ion was performed 

as described below: 

1. An intact plasmid DNA was digested with a se七

of two restriction endonucleases to create a 3'-

proximal si七e 七o pro七ec七 from a diges七ion by 

exonuclease 111 and a 5'-proximal si七e 七o be 

deleted wi七h exonuclease 111. The diges七ed

plasmid DNA was purified by gel-elec七rophoresis

and dissolved in water. 

2. A por七ion of diges七ed and purified DNA (ca. 

1 .5pmole) was digested unidirec七ionally in 100 μ1 

solu七ion ( reaction buffer: 50mM Tris-HC1，pH8.0， 

100mト NaCl， 5m門門gC12 and 10m門 2-ME ) wi七h 180-

200U of exonuclease 111 at 37oC， and an aliquot 

was removed at 30 七o 90-second intervals (the 

time required to delete desired size should be 
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determined by a preliminary experimen七 for each 

DNA fragmen七)七o produce a size-varied deletion 

set. The digested DNA was mixed and pooled in a 

mung bean nuclease buffer ( reaction buffer: 40m門

sodium-aceta七e， pH4.5， 100mM NaCl， 2m門 ZnC12， 10%

glycerol in ano七her eppendorf tube in ice， then 

incubated at 650C 七o i nac七ivate the exonuclease 

III. The DNA could be deleted at the rate of 

300bpjminute. 

3. The deleted DNA was treated wi七h 50U of mung 

bean nuclease at 370C for 30-60minu七es 七ime was 

dependen七 on the size to be deleted )七o digest 

the single-stranded region . The sample was ex-

trac七ed once with phenol :chloroform and precipi-

tated by ethanol (七he pH of the solu七ion at the 

phenol:chloroform extraction should be maintained 

a七 alkaline pH by adding a small amount of 1M 

Tris-HC1， pH8.0 for the good recovery of the 

DNA ). 

4. The recovered DNA was dissolved in water and 

the 七ermini were repaired with T4-DNA polymerase 
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and recovered by ethanol precipi七a七ion. The 

repaired DNA was self-ligated wi七h T4 DNA ligase 

and ATP ( see the 'DNA manipula七ion' sec七ion for 

the deta i 1 ). 

5. The resultant DNA was provided for the trans-

formation of a strain JM109 wi七h a high efficien-

cy pro七ocol of Hanahan(1985). Transformed cells 

were screened by ampicillin (100 μg/m 1 ) . 
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Oideoxy chain termination mθthod for sequence ana7ysis 

Nucleotide sequence of a DNA was de七ermined by 

Sanger's dideoxy chain termination method with a 

7-deaza M13 sequence kit (TAKARA) and a 7-deaza 

Sequenase version 2.0 kit (TOYOBO). A single一

stranded template DNA was annealed wi七h a 

( 0.5pmole) by a series of incubation at 

for 5minutes， 370C for 60 minu七es and room 

prlmer 

600C 

tem一

perature for 15minutes. Reac七ion protocol was 

according 七o the supplier's ins七ruc七ion but 

several points were altered. In the case of 七he

7-deaza Sequenase version 2.0 (TOYOBO)，七he

labeling step was at 370C for 5 to 10minu七es wi七h

10-fold diluted labeling mixture in the kit， and 

the elongation step was with 2.0 μof  7-deaza 

mixture plus 0.5μ1 of the elongation mixture ( a 

solu七ion of 180μ 門 each of co 1 d dNTP )， 0 r 1.5μ1 

of the 7-deaza mixture plus 1.0 μ1 of the elonga-

七ion mixture a七 370C for 10minutes. In both 

methods， sequencing reac七ion were terminated by 

mixing with 6μ1 ( for the ki七 of TAKARA ) or 5μ1 

(for the kit of TOYOBO of formamide dye 
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( 98%(v/v) formamide(BRL)， 0.1%(w/v) xylenecya-

nole FF， 0.1%(w/v) BPB and 1m門 EDTA， pH8.0)， 

boiled for 5minutes and qUickly cooled in an ice 

ba七h，and 1. 3 -1 . 5μ1 was applied onto sequencing 

ge 1 . 

Gel electrophoresis was performed on buffer-

gradient (Biggin et a7.1983) and acrylamide-

gradient gel ( 6%T-5.0xTBE:bottom to 4%T-1.5xTBE 

:七op ) wi七h 1 .5xTBE for an electrode buffer. The 

gel was fixed wi七h 10%(v/v) me七hanol and 10%(v/v) 

ace七ic acid for 5-10minutes after electrophore-

sis，七ransferred onto a Wha七mann 3MM filter paper 

and dried a七 65-75oC for 40-60 minutes. Autoradi-

ography was done at -80oC for 8-18hours withou七

intensify screen. I could usually read 350-

400bases per 七emplate.

Nucleotide sequencθ analysis 

Nucleo七ide sequences were analyzed by a 

PC9801RX computer (NEC，Japan) wi七h a Genetyx 

software， version 6 (SDC，Japan). 
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Chemica7 synthesis of o7igodθoxyribonuc7eotide 

The oligodeoxyribonucleotides ( oligo DNA ) 

which were used for 七he oligonucleo七ide-directed

site specific mutagenesis were synthesized in the 

0.2μmo1e sca1e with the phosphoramidi七e method 

using a Cyc10ne DNA synthesizer (Mi11igen/Bio-

search ). Syn七hesized oligo DNA were provided for 

ammonia cleavage/de-pro七ection at 550C for 

10hours according to the supp1ier's pro七oco1 . 

The synthesized 5'-DMTr-oligo DNA was injected 

into a C18 HPLC co1umn (μbondasphere C18 (300A)， 

5μm， 0.39x15cm) 七hen eluted wi七h 5 to 40% linear 

gradient of acetonitri1e in 0.1門 TEAA (pH 7 .0 ) 

wi七hin 20minutes a七 1ml/minutes for flow rate， 

and the elution was monitored by the absorbance 

a七 260nm. The slowes七 elu七ed major peak was col-

lected and treated with 80% acetic acid， extract-

ed with diethy1ether and lyophilized to remove 

cleaved DMTr. The recovered oligo DNA was in-

jected again into the same HPLC co1umn and major 

peak was recovered. The recovered peak was 

lyophilized， dissolved in water， the amount was 
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ana1yzed by the absorbance at 260nm， and stored 

at -200C unti1 use. 

Because the synthesized oligo DNA had -OH a七

5'一七erminus， oligo DNA shou1d be phosphorylated 

wi七h ATP and T4 po1ynucleo七ide kinase before use. 

If necessary， the efficiency of 5'-terminal 

32 kina七ion reac七ion was analyzed wi七h gamma-vLP-ATP 

as described be10w: 

5'-phosphory1aU旦日旦旦亘1χ豆jJ三旦工旦Jig旦 DN企

1. The 5'-OH oligo DNA was mixed wi七h the fol10w-

ing solutions and incubated at 370C for 45-

60minutes. 

10xPNK oligo buffer 

oligo DNA 

gamma-32 amma-vLP-ATP 

3μ1 

0.5μ1 (20pmolejμ1 ) 

1μ1 

(ca.4，500Cijmmo1e，10mCijm1) 

water 8.5μ1 

T4 polynuc1eotide kinaseμ1  (4Ujμ1 ) 
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2. A 2μ1 aliquot was taken to a eppendorf tube， 

added 8μsequencing dye， and incubated at 650C 

for 5minutes. 

3. A1iqouts of the mixture were app1ied onto a 

20% po1yacrylamide slab ge1 con七aining 8M urea 

and 1.5xTBE (1mm-thick)， and e1ectrophoresed a七

150V unti1 a BPB front marker migrated 七o the 

bottom of the ge1. 

4. Af七er elec七rophoresis， the ge1 was washed wi七h

10%(vjv) acetic acid， 10%(vjv)methanol for 5 

minutes， covered with Kre-wrap， and autoradio-

graphed a七 room temperature for few hours. 

5. The efficiency of the phosphory1ation was 

determined by the a1ready known concentra七ion and 

leng七h of oligo-DNA which was simu1taneously 

phosphorylated and e1ectrophoresed as a standard. 

The efficiency of the reactions shou1d usua11y 

be over 90%. 
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07igo nuc7eotide-dirθcted site-specific mutagenesis 

The oligo nucleo七ide-directed site-specific 

mutagenesis was performed by a modified method of 

Inouye and Inouye(1989) for gapped duplex p1asmid 

DNA. Although the following protocol was origi-

nal1y adjusted to introduce a muta七ion for the 

pSVCX2 p1asmid， it cou1d be easi1y app1icab1e to 

other p1asmid vec七ors ( see original report of 

Inouye and Inouye， 1989， for detai1 ). Since 

mutations were designed on purpose 七o cause the 

introduction of a restriction endonuc1ease diges-

tion site，七he resu1ted mutant cou1d easi1y be 

iso1ated with restric七ion endonuc1ease diges七ion

analysis wi七hout 0七her i so七opic me七hods.

豆主旦QL Bestriction endonuc1easg di盟旦1旦Dof ~盟主2

The pSVCX2 plasmid DNA was diges七ed with each 

of XbaI/EcoRI and ScaI. The ScaI digested DNA was 

treated wi七h bac七erial alkaline phosphatase(BAP). 

Bo七h digested DNA were purified by ge1 electro-

phoresis. Diges七ed and purified DNA fragments 
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were tentative1y designated as fragment-I (for 

Xbalj EcoRI fragment and fragment-II for 

ScaljBAP fragment)， respective1y. The concen-

tration of both DNA fragmen七s were adjus七ed to 

O.1pmo1ejμ1 with water. 

註豆Q ~ Oli盟二凶~ f旦E哩ut旦白血

The nucleotide sequence of the each oligo DNAs 

used for the experimen七 were:

C21S: 5'-GTGCGGGCTAGCCCCACCG-3' ( NheI ) 

C 1 7し: 5 '一CCCAGCTGGTGCGGGC-3' ( PvuI 1 ) 

C34T: 5'-TGGGATGGTACCAAAGCTGGCCAA-3' ( KpnI ) 

C48I: 5 '-ACGGAAGATATCGTTGGCTGCAAA-3 ， ( EcoRV) 

O15G: 5'-CATTGGCTGCGGTACCCAGTGCACC-3' ( !(pnI ) 

回53S: 5'-CTGCAAACGCAGCTGTGAAACGGCC-3' (PvuII) 

When a desired muta七ion was introduced into the 

p1asmid， each mutated DNA would be ab1e 七o be 

digested by restric七ion endonuc1eases where were 

indicated in the parentheses. 
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step ~.Phosphorv1atioo of旦li!lQ DNA 

The HPしC-purified oligo DNA was disso1ved 七o be 

20pmo1e/μin autoc1aved 門i11i-Q water. Fo110w-

ing solutions were mixed and incubated at 370C 

for 60minutes. 

10xPNK oligo buffer本

01igoDNA(20pmo1e/μ1 ) 

1m門 ATP

T4 po1ynucleotide kinase 

water 

to七a1

5μ1 

5μ1 

5μ1 

0.5μ1 (5 U ) 

34.5μ1 

50 μ1 

Reaction was terminated by incubating 七he

mix七ure a七 650C for 10minutes to denature the 

PNK. The resu1tant phosphory1ated oligo DNA was 

stored at -200C un七i1 use. 

本10xPNK oligo buffer 

500mト1Tris-HC1 ，pH8.0， 100mM MgC12， 100mM 2一門E.
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step iニ f旦rm呈tion呈ndconfirmatio!J of beterod旦!?l旦茎旦NA

The following mixture was prepared and kep七 on

lce. 

Fragmen七- I(0.1pmole/μ1 ) 2μ1 

Fragment-II(0.1pmole/μ1 ) 2μ1 

Phosphorylated 01igoDNA(2pmole/μ1 ) 2μ1 

本木
5xPL buffer~~ 2μ1 

Au七oclaved Milli-Q water 2μ1 

Total 10 μ1 

A 2μ1 aliquot was removed to another eppendorf 

七ube and stored in ice un七i1 use (門ix-A). 

3. To construc七七he heteroduplex DNA， the mix-

ture was incubated first a七 1000C for 6minutes 

and immediately 七ransferred to a 300C bath，七hen

kept there for 30minutes， and 七hen in refrigera-

tor (ca.40C) for 30minutes and on ice for 

30fTlinu七es. The mix七ure was collec七ed at the 

bottom of the tube by centrifugation and 2μ1 was 
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transferred to ano七her tube (門ix-B). The remain-

der was stored on ice. 

4. Each mix-A and mix-B were mixed wi七h 6μ1 of 

2xdye and applied on 0.8% agarose gel. E七hidium

bromide staining should reveal two bands for the 

mix-A and three bands for the mix-B. The slowest 

band appeared on the mix-B means newly formed 

heteroduplex DNA. 

本木豆三PL 12 uffe r: 500m門 NaCl， 32.5mM Tris-HC1，pH7.5， 

40m門門gC1 2' 5m門 2一門E.
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豆tep豆ェ Filling-in 呈ndJigation 

To the remainder of the preceding s七ep， solu-

tions listed below was added: 

Annealed mix七ure(step4)

10xT 

10xBSA 

10m門 dNTP

10m門 ATP

T4 DNA polymerase(1U/μ1 ) 

T4 DNA ligase(5U/μ1 ) 

Mill;-Q water 
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七otal 20 μ1 

The reac七ion was ini七iated by adding the en-

zymes 七o 七he mixture. The mix七ure was incubated 

first at OOC for 5minutes and at room tempera七ure

for 5minu七es to initiate correct priming reac七ion

from 七he primer. Then the mix七ure was incubated 

a七 370C for 10-30minutes and then for another 

20minutes at 1SoC to complete ligation reac七ion.
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To the reac七ion mixture， 2μ1 of O. 1門 EDTA， pH8.0 

and the enzyme was added. The enzymes were heat-

denatured at 650C for 10minutes. The resu1七ant

DNA was provided for the first transforma七ion.

豆七豆E豆ニ Fir豆主 transformation 亘nd ~creening 

A competen七 ce11 for the transformation was 

prepared according to a 'simp1e-method' of Hana-

han(1985). Who1e amount of the DNA at s七ep 5 was 

used for the transforma七ion and a 11 transformed 

ce11s were spread onto a 100 μgjm1 ampici11in 

containing agar p1ate. Over one-hundred co1onies 

per p1ate shou1d appear after incubation a七 370C

overnigh七 Strain J門109jF' shou1d be chosen as a 

host for 七he first transforma七ion because the 

strain did no七 have a gene for T7 RNA po1ymerase 

so the psaC gene in pSVCX2 cou1d not express in 

the s七rain. This wou1d suppress the appearance of 

undesired spontaneous mu七ant. A 11 of the ap-

peared co1ony was dispersed in七o 50m1 of LB 

medium containing 200 μgjm1 ampici11in and shaken 

at 370C for 1hour. P1asmid DNA was prepared from 
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the culture by 七he a1ka1ine-SDS method and dis-

solved in water. 

The recovered p1asmid DNA was diges七ed with a 

appropria七e restric七ion endonuc1ease and app1ied 

on七o preparative sca1e 0.8% agarose ge1. The 

mutant which had been introduced a new restric-

tion endonuc1ease digestion si七e for the p1asmid 

was recovered from the ge1 and se1f-1 igated. ( To 

ascertain the rela七ive mobi1i七y of the digested 

DNA， d i ges七ed plasmid DNA at a single site by a 

restric七ion endonuclease was simu1taneous1y elec一

七rophoresed ). In the case of a mu七an七 which 10s七

res七riction endonuclease digestion si七e， undi-

gested cccDNA band which migra七ed fastest was 

recovered. 

The recovered DNA was provided again for trans-

formation. The p1asmid DNA of transformed co1o-

nies were individua11y ana1yzed by res七riction

endonuc1ease digestion and desired mu七an七 was

stored. (If desired mutant cou1d not be found 

this stage， repeated step4. 
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5主里Q L. Str旦inconstruction 

The mutated plasmid DNA was introduced into a 

strain J門109(DE3). If required， plasmid pLysS 

(Studier et a7.1990) was also introduced. Nucleo-

tide sequence of the mutant was analyzed by the 

dideoxy chain termination method wi七h 七he T7 RNA 

polymerase promoter-specific primer( Promega ). 
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Preparation of tota7 DNA of Synechococcus vulcanus 

The to七a1 DNA of Synechococcus vu7canus was 

prepared by a method as described be1ow. A1though 

the method was original1y described for Synecho-

cystis sp. PCC6803 ( Wi1liams， 1988 )， some s七eps

were a1tered to improve the yie1d of the DNA. 

1.1-21i七er of S.vu7canus dense culture A 730 

~ 5 ) was centrifuged at 7，000xg for 5minutes. The 

harvested cells were weighed ( 1.5-2.5g and 

stored at -80oC until use. 

2. The frozen cel1s were thawed and treated with 

saturated sodium iodide solution ( disso1ve 4g of 

NaI with 2ml water) at 2m1jgram-wet weight. 

After the incubation of 七he ce11s at 370C for 

20minu七es， add water to be 40m1/gram-we七 weigh七

and centrifuged at 11 ，000xg for 10minu七es a七 room

temperature. The supernatant was comp1ete1y 

removed to exc1ude the residua1 NaI. 

3. The NaI 七rea七ed cells were suspended with 
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Lys-buffer ( 50m門 Tris-HC1， pH8.0， 50mM NaCl， 5m門

Na-EDTA ) a七 10ml/gram-wet weigh七， and egg white 

lysozyme powder was dissolved to be 75mg/gram-wet 

weight. The suspension was incubated a七 370C for 

45minutes then mixed with 10% N-lauroylsarcosine 

七o be 0.5% and incubated further 20minutes. The 

lysozyme-treated spheroplasts would be lysed and 

the lysate should be viscous. Phase-constrast 

microscopy observa七ion would reveal the residual 

intac七 cells. If the cells did not lysed com-

pletely， ca. 19 of baked grass beads (0.4mmO) 

were added and burs七 few 七imes by modera七e vor-

texing. But this treatment should not be used if 

very high molecular weight DNA (>30kb) was re-

quired. Following phenol-chloroform 七reatment

could also help the lysis of the cells. 

4. Equal amount of phenol-chloroform was mixed 

and extrac七ed for 30-60minutes by inverting 七he
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The aqueous phase was separa七ed and 

centrifugation at 12，OOOxg for 

If the aqueous phase was still re-

mained green color， whi七e i n七erphase (DNA and 
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protein) was also recovered， mixed and extracted 

again. The aqueous phase was then extracted once 

with equal volume of chloroform-isoamyl~lcohol 

for 30 minutes and 七he aqueous phase was recov-

ered again. 

5. The cyanobacterial DNA was recovered by etha-

nol precipi七a七ion and dissolved in七o 10ml of 0.2x 

TE. Considerable period often required for 七he

complete dissolving. 10 μ1 RNase A (10mg/ml) was 

mixed and incubated for 15minutes at room temper-

a七ure， then centrifuged a七 14，000xg for 10minutes 

to remove insoluble matter. For the recovered 

supernatant 2.5ml of 20%(w/v) PEG-6000/2.5M NaCl 

was added. The mixture was mixed by inver七ing the 

capped tube then stand a七 room temperature for 

30minutes (or a七 40C for overnigh七). 

6. The partly purified cyanobacterial DNA was 

recovered again by centrifugation at 14，000xg for 

10minutes. The residual PEG-containing superna-

七ant should be removed with a brief centrifuga-

tion. The precipi七ated DNA was then dissolved 
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into 8ml of 1xTE at 40C for overnigh七.

7. To 

0.8ml 

8ml of the DNA solution， 8.8g of CsCl 

of 10mg/ml E七Br solu七ion were added 

and 

and 

mixed by inverting. The insoluble red matter was 

excluded by cen七rifuga七ion a七 12，000xg for 20-

30minutes. The supernatant was transferred in七o a 

Hitachi 12PA tube 七hen overlaid wi七h m i ne r a 1 0 i 1 . 

After ul七racentrifuga七ion a七 49，000rpm for 21 

hours in Hitachi RP-55T rotor a七 40C， single DNA 

band was carefully 七ransferred into a new clean 

tube through an 18G needle under the illumination 

of black light. 

8. The CsCl purified DNA was extrac七ed once with 

equal amount of water-saturated n-bu七hano1. The 

separated n-buthanol phase was back-extracted 

with 0.5ml water 2 七imes. The recovered aqueous 

phases were combined and extracted once with 

equal amoun七 of chloroform/isoamylalcohol， then 

ex七racted once wi七h equal amount of die七hylether.

The DNA was finally precipitated with e七hanol and 

dissolved into 200-400 μ1 water. Over 100 μ9 DNA 
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Preparatjon of cyanobacterja7 tota7 RNA 

The 七otal RNA of Synechococcus vu7canus was ex-

tracted by guanidiしJm 七hiocyanate(GTC) method 

(Shimizu， unpublished) as follows (all solu-

tions，七ips and tubes used in this experiment 

were prepared to be RNase-free. See Berger and 

K i mme 1 ( 1 987 ); Go 1 den θt a7. (1987) for detai 1 ): 

1. 5-10ml cyanobacterial culture of early 七o

mid-log phase was harves七ed by cen七rifugation a七

6，000rpm for 5minutes at room 七empera七ure. Super-

natant was removed and cell-precipitate was 

immediately frozen by liquid-ni七rogen，and stored 

at -80oC until use. 

2. The frozen cel1s were suspended in 200 μ1 of a 

GTC-mix (4門 guanidium thiocyanate， 8mM EDTA， 

50mM Tris-HC1， pH7.6) and transferred to an 

eppendorf tube after thawing. 

3. The following solutions were added into the 

GTC-mix suspension: 
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200 μ1 TE-pheno 1 (pH8) 

with 0.2%(wjv) 8-hydroxyquinoline 

200 μ1 Chloroform 

100mg Acid washed， baked glass beads(0.4mm出)

1 0 μ1 10%(wjv) SOS 

4. The mix七ure was vor七exed a七七op speed in three 

burst of 10seconds each， chilling the tube for a 

few minutes after each burs七， then centrifuged at 

15，000rpm for 1minu七e to separa七e the organic and 

aqueous phases. 

5. The upper aqueous phase was transferred to a 

new eppendorf tube， extracted 2 七o 3 times more 

wi七h equal volume of phenoljchloroform( 1: 1) and 

centrifuged at 15，000rpm for 3minu七es.

6. The upper aqueous phase was extracted 3 to 4 

times with equal volume of diethylether. The 

final lower aqueous phase should be clear and may 

be pale-pink. 
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7. The RNA in the aqueous phase was precipitated 

by mixing with 0.4 vo1ume of 10M LiC1， stand a七

-20oC， overnight and recovered by cen七rifuga七ion

a七 16，000 rpm for 20minu七es in a microfuge. 

8. The iso1ated total RNA was suspended in 100 μ1 

of RNase-free water， and disso1ved RNA was recov-

ered again by precipi七a七ion wi七h 0.1vo1ume sodi-

um-ace七ate (pH5.0) and 2.5vo1umes ethano1 to 

eliminate LiC1， washed once wi七h 70%(v/v) e七ha-

no1， dried 円 νacuo， and suspended in 20 μof  

water. The resultant total RNA was mature and 

a1most free of DNA when ana1yzed by ge1 e1ectro-

phoresis and northern hybridization. 
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Southθrn b70tting 

The ge1 e1ec七rophoresed DNA was b10tted onto 

ny10n membrane (Immobi1on-N，門i11ipore) by 

capi11ary action， a1ka1ine b10七七 ing ( Sambrook θt 

a7.1989 ) or by e1ec七rophoresis ( Shimizu， unpub-

1ished ). 

The e1ectrob1o七七ing method has the advantage of 

obtain severa1 b10七ted membranes from a ge1 

within few hours. 

D豆豆主roblottiU9.m豆主h旦9of DNA 

1. A f te r e 1 e c七rophoresis，ge1 ( agarose or po1y-

acrylamide) was immersed in七o O.5xTBE solution 

and shaken severa1 七imes for 30minutes each at 

room temperature for lowering the ionic s七rength

of the ge 1 . 

2. E 1 ec七rob1o七七ing was carried ou七 in a blo七ting

tank fil1ed with O.5xTBE at 4oC. DNA was 七rans-

ferred onto hydrated Immobilon-N membrane at 

constant curren七 (150mA) for 30minutes. 
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3. If sufficient amounts of DNA ( 5~10 μg)  were 

electrophoresed， it was possible 七o make several 

sheets of membrane of blot under the following 

conditions that: 

Order of 

membrane 

First 

Second-

third 

Fourth-

sixth 

Curren七

150mA 

180mA 

200mA 

七ime for 

blot(minutes) 

20 

20-25 

30 

4. The blotted sheets were 七rea七ed immediately 

with alkaline solution ( 0.5N NaOH， 1.5門 NaCl ) 

for 10minu七es at room temperature with blo七七ed-

side up. 

5. Denatured DNA on the membrane was neu七ralized

with a solution ( 0.2M Tris-HC1， pH7.5) for 
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5 ~ 10minutes and the membrane was washed once in a 

5xSSC solu七ion， dried with filter papers and 

stored a七一200C until use. 1 could store the 

blo七七ed membranes for a七 leas七 severa1 mon七hs

under 七his storage condition. 

RNA 9θ7 e 7θctrophoresis and b70tting 

G1yoxy1a七ion，e1ec七rophoresis and staining with 

acridine orange was performed according 七o Carmi一

chae1 and Mc門aster(1980). Re1a七ive molecu1ar 

size was es七ima七ed by using ribosoma1 R ト~As ( 23S: 

2，904n七 16S: 1，541n七 5S:550nt values obtained 

from the E.co7i) and an RNA 1adder( 1.77， 1.52， 

1.28， 0.78， 0.53， 0.40， 0.28， 0.16-kilobases) 

purchased from 8RL as standards. 

For northern hybridiza七ion， elec七rophoresed RNA 

were direc七ly alkaline transferred wi七hout stain-

+ ing onto a Hybond-N
T 

membrane (Amersham Japan)， 

overnigh七 by capillary ac七ion (Sambrook et a7. 

1989). 810七七ed membrane was washed once wi七h

5xSSC for 5minutes and immediate1y provided for 

hybridization. 
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32 P-7abe7ed DNA probe preparation 

32 Labeling of a DNA fragmen七 wi七h vLp was 

achieved by a random-prime 1abeling method 

( Feinberg and Voge1stein， 1983 ) or a rep1ace-

ment synthesis method with T4 DNA po1ymerase. 

60th 1abeling reaction used high specific activi-

32 ty (1，OOO-4，OOOCi/mmole) alpha-0LP-dCTP aqueous 

solution (Amersham Japan and ICN). The long DNA 

32 fragmen七 (>500bp) was 0LP-labeled by random-prime 

labeling method and the shor七 DNA fragmen七

32 (く 500bp) was 0LP-labeled with T4 DNA polymerase. 

DNA labeling by rep1acement synthesis with T4 DNA 

polymerase was performed as described below: 

旦M企 labelin9 Qy replacemen七 syn七hesis

1. A DNA fragment shou1d be purified by ge1 

electrophoresis and dissolved in water for 100 

ng/μprior to use. The purified DNA was mixed 

with fol1owing solution in an eppendorf tube in 

this order: 
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2μ1 

1μ1 

1μ1 

4μ1 

七otal 8μ1 

2. 2μ1 of a T4 DNA polymerase ( O.4Ujμ1 )本来 was 

added and incubated few minutes 七o digest some 

par七 of the DNA ( a 七ime required for the diges-

tion was determined by preliminary experiment). 

Although T4 DNA polymerase could digest DNA at 

25-40bpjminute under this condition， a precise 

speed should be determined for each DNA probe. 

3. The tube was qUickly 七ransferred to an ice 

ba七h and following premixed solutions were added 

immediately: 
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10xT4 buffer 

10xBSA 

1m門 dATP

1m門 dGTP

1mM dTTP 

32 alpha-vLP-dCTP 

1 . 5μ1 

1 . 5μ1 

2.5μ1 

2.5μ1 

2.5μ1 

4μ1 

( 40μCi ，3，000Cijmmol 

water 0.5μ1 

total 1 5μ1 

4. The mix七ure was incubated a七 30-37oC for 5-

10minutes to synthesize a new strand and incorpo-

rate the isotope into the DNA (prolonged reac七ion

period should not be recommended because 3'-)5' 

exonuclease activi七y would decompose the DNA even 

in the presence of dNTP). 

5. The reaction was s七opped by adding 1μof  

0.5M EDTA (pH8.0) and ex七racted once wi七h equal 

volume of phenol-chloroform( 1: 1). 

7. Unincorporated isotope was removed by pass一
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ing through a Sephadex G-50 (Pharmacia， ONA 

grade) mini column (column size: OO.9 x 4.4cm). 

8. Elution was monitored by a G門 survey meter 

or Celenkov counting by liquid scin七i1 1 a七ion

counter， and fastest peak was collec七ed. The 

recovered probe ONA was mixed to the hybridiza一

七ion mixture af七er heat denaturing. 

本 10xT4 buffer: 0.33門 Tris-acetate， pH7.9， 0.66門

sodium-ace七a七e(pH8)，0.1M (CH3COO)2門g， 5mM OTT. 

本木
T4 DNA polymerase was diluted with the follow-

ing solu七ion: 50m門 Tris-HC1， pH7.5， 10mM 2-ME， 

0.1M (NH4)2S04' 0.1% BSA. T4 ONA polymerase was 

d i 1 u七ed j us七 prior to use， and the remainder 

should be discarded. 

2-48 



Hybridization 

Hybridiza七ion of immobilized DNAjRNA was per-

formed usually under the following conditions: 

40-50% formamide(BRL)， 4 to 6x SSPE or SSC， 

0.1mgjml salmon sperm DNA (Wako)， O.5%(wjv) SDS 

and 10x Denhartd't solution 100xDenhardt's 

solu七ion: 2% BSA， 2% Ficoll-400 ( Pharmacia ) and 

2% polyvinyl pyrolidone (Sigma P-5288) ). 

Hybridization tempera七ure were determined on 

each experiments according to the empirical 

calculating methods of Meinko七h and Wahl(1984). 

Hybridized membrane was washed wi七h appropriate 

solu七ion by increasing the temperature. The 

efficiency of washing was moni七ored by G門-survey

meter. Existence of SDS at washing decreased the 

background efficien七ly， but since SDS confuse the 

au七oradiograph pattern so membrane was treated 

wi七h SDS-free solu七ion a七七he end. 
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Protejn assay 

Concentra七ion of protein was determined wi七h a 

CBB G-250 dye method(Bradford， 1976). Bovine 

p1asma protein (Bio-Rad) was used as a standard 

for assay. 

SDS-PAGE 

SDS-po1yacry1amide ge1 e1ectrophoresis (SDS-

PAGE) was performed according 七o 七he me七hod of 

Ikeuchi and Inoue(1988)， bu七 urea was omi七ted

f rom the rec -j pe. 

estimated from 

A re1ative size of protein 

a standard protein marker 

was 

kit 

(phosphory1ase b， 94kDa; bovine serum a1bumin， 

67kDa; ovalbumin， 43kDa; carbonic anhydrase， 

30kDa; soybean trypsin inhibi七or， 20.1kDa; 

a1pha-lac七oalbumin， 14.4kDa) and a peptide 

marker ki七( myoglobin and its BrCN fragments of 

14.6， 8.2，6.4，2.6 and 1.7kDa) of Pharmacia. 

Ge1s were fixed first in 7%(v/v) ace七ic acid for-

30 minutes then stained wi七h 0.25% (w/v) CBB R-

250 (Kodak) (Diezelθt a7.1972)， 10%(v/v) metha-
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nol-7%(v/v) acetic acid for 1hour， and destained 

in 7% (v/v) acetic acid with several sheets of 

Kimwipe paper (Kimberly-Clark) (Ikeuchi and 

Inoue， 1988) un七i1 background dye a1most disap-

peared. 

Immuno7ogica7 idθntification of proteins 

Electrophoretically separated proteins in SOS-

PAGE ge1 were b10七七ed onto a po1yvinylidene 

difluoride membrane ( PVOF;門i1lipore) in 25mM 

Tris ( pH was NOT adjusted ) and 20%(v/v) me七ha-

no 1 a七 150mA curren七 cons七ant for 2 七o 3hours at 

40C in a blotting tank. A por七ion of the mem-

brane where the standard protein was blotted was 

cut off and stained with India ink ( Hughes et 

a 7. 1988 The remainder was b10cked with 

2%(w/v) skim mi1k 1 n PBS-Tween 1xPBS wi七h

O.05%(w/v) Tween-20 at room 七emperature for 

2hours wi七h gent1e shaking or at 40C， overnight 

(Tsang et a7.1983 ). The blot was then 七reated

with rabbi七 first antibody in PBS-Tween-skimmi1k 

at room temperature for 2hours with gentle shak-
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ing， and washed more than three times with PBS-

Tween for 15minutes each. After that， the b10七

was treated with 300-500 fo1ds di1uted horse-

radish peroxidase conjugated goat anti-rabbi七 IgG

po1yc1ona1 antibody (E-Y 1abs.) in PBS-Tween-

skimmi1k a七 room temperature for 1 hour， and 

washed same as above. The antibody absorbed 

pro七ein band was visua1ized by s七aining wi七h

Immuno stain kit Konica ). 

If necessary， cross reac七ive components in 

first an七ibody agains七 E.co7i originated proteins 

were adsorbed by the fo11owing method: 

1. A strain of E.co7i appropriate for experimen七

was cu1tured in 50m1 LB. Ampici11in and IPTG were 

added to 七he medium if required. The cultured 

ce11 was harvested by centrifuga七ion，

in 2m1 of 1xPBS and au七oc1aved a七

5minutes. 

suspended 

1050C for 

2. To the hea七七reated cell suspension， 1. 5g of 

skim mi1k powder was added and fi11ed up for 50m1 

wi七h 1xPBS. 
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3. Appropriate volume of a rabbit polyclonal 

antisera (labora七ory stock) was mixed with the 

hea七-trea七ed E.co7i suspension and kept at 4oC， 

overnight. 

4. The residual precipitate was removed by cen-

trifugation at 18，000rpm for 30minu七es and super-

natant was 七ransferred into a clean bottle， mixed 

with Tween-20 to be 0.05% and 0.01% NaN
3 

or 

streptomycin， and s七ored at 40C un七il use. 

Flash spectrophotometry of P700 

Absorbance change of P700 was measured at near 

UV region ( 430nm ) by a laboratory made single 

beam spectrophotometer connected with a signal 

averager (Hiyama and Ke， 1971). P700 was 

coupled wi七h T門PD and sodium ascorbate (Hiyama 

and Ke， 1972) conta-ining buffer-C mixture ( 100m門

Tris-HC1， pH8.8， 0.2門 Sucrose， 0.5m門 2-ME and， i f 

required， 0.05% Triton X-100 ). Exci七ation of 

P700 was achieved by a xenon flash through red-

filters. The transient absorbance changes of 
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P700 were averaged 4 七o 16 f1ashes at 30-seconds 

interva1s each. 

Spinach photosystθm 1 and CPI preparations 

PSI and CPI preparations of spinach ( Hiyama et 

a7.in preparation ) were kind1y provided from 

Mr.S.Kobayashi. CPI was prepared from spinach 

PSI by 七reating the spinach PSI with 2M NaI at 

4 Oc ， and i mmed i a七e1y u1t1afi1tra七ed by a UK-200 

membrane (Advantec TOYO， Japan) wi七h nitrogen 

pressure. Ultrafi1tration was performed to near-

dryness on the fi1ter. Both preparations were 

stored at -20 or -80oC un七i1 use. 
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psaC gene θxpression and ho7o PSI-C fraction iso7ation 

An E.co7i strain pSVCX1/JM109(OE3) were inocu-

lated in七o 5m 1 of EX-broth ( 1.6% (w/v) PO 1 ypep-

tone， 1.0%(w/v) Bac七o Yeas七 Ex七rac七， 1.0% NaC 1 ) 

supplemented with 100 μg/ml ampicilin and 

0.2%(w/v) glucose， and shaken a七 370C for 12-14 

hours. 500 μ1 of the pre一culture was inocula七ed

七o 50ml of new EX-broth con七aining 50 μ門 FeS04

but glucose-free and shaken for 3hours at 37oC. 

An IPTG solu七ion was added to the media 七o be 

0.5mM and shaken further 2hours. The cells were 

harvested by a centrifuga七ion at 4，000xg for 

5minutes at 40C， wet-weight was estima七ed， and 

suspended in七o 5ml of solu七ion-A 50mM Tris-HC1， 

pH8.8， 1mM EOTA， 50mM NaCl， 5mM OTT and 1mM 

PMSF ) per g-wet weigh七 of the cells (the solu-

tion and centrifuge 七ube used bellow were filled 

with nitrogen gas before use). Suspended cells 

were passed two 七imes 七hrough French press a七

8，000p.s. i.，七ransferred into a centrifuge tube 

and 5 to 10 times volume of nitrogen-replaced 

solu七ion-A was mixed. Af七er centrifugation a七
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4，200xg for 5minu七es a七 40C，the supernatant was 

discarded and the resultant pellet was resuspend-

ed i n 1. 5 m 1 0 f so 1 u七ion-A， and centrifuged again 

a七 1，OOOxg for 1minutes to get rid of the unbro-

ken cells. The prepared PSI-C rich inclusion body 

fraction was stored at 40C under nitrogen a七mos-

phere and used immediately or frozen a七 -800C

until use. 

Amino acid sθquence analysis 

Amino acid sequence of PSI-C pro七ein was deter-

mined wi七h Shimadzu PSQ-1 protein sequencer. A 

crude extract containing 七he PSI-C protein whose 

expression was promoted with IPTG in E.co7i was 

subjected for SDS-PAGE. After 七he electrophore-

sis， separated protein band was directly elec-

troblo七七ed from the gel onto Immobilon PVDF 

membrane and stained with amido-black. The 

stained protein band which corresponded 七o the 

PSI-C protein was excised from the membrane and 

careful1y washed wi七h 門illi-Q water. The excised 

membranes were provided for sequence analysis. 
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Reconstitution 

The isola七ed inclusion body fraction was solu-

bilized jus七 prior to recons七1七ution by O.5%(w/v) 

Tr i七on X-100 for 1hour a七 40C in ni七rogen atmos-

phere. The mixture was centrifuged a七 7，600xg for 

5minutes and the supernatant was recovered. A 3 

volumes of the spinach CPI prepara七ion (3 to 6μM 

as P700) was mixed wi七h the solubilized inclusion 

body frac七ion and kept for 1hour a七 room tempera一

七ure， then ultlafi 1七rated wi七h Molcut II( 門i1 1 i -

pore， exclusion limit 30，OOODa a七 4oC. The 

concentrated， tar-like mixture was resuspended 

with aliquot of 0.1門 Tris-HCl( pH8.8 )， concen-

trated again and resuspended with the same buff-

er. Reconstituted PSI(rPSI) was provided for the 

flash spectrophotome七ry analysis and for low 

tempera七ure EPR spectroscopy analysis. 
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Electron microscopy 

E.co7i cells were fixed direc七ly in culture 

medium with 3% glutara1dehyde for 45minu七es. They 

were co11ec七ed by low speed cen七rifuga七ion

( 3，000xg ) for 5 minutes， and the resuspended in 

0.2門 cacody1ate buffer ( pH7.2) containing 3% 

glutara1dehyde and 1eft for 2hours. Following 

two times of washing ( 30minu七es each ) wi七h the 

same buffer， they were post-fixed wi七h 1% osmium 

te七raoxide in 0.1門 cacodylate buffer for 2hours， 

brief1y washed and cen七rifuged into a pellet， and 

taken up in七o agar blocks by adding 4% agar in 

distil1ed water to the pellet. 

The agar blocks were 七hen excised in七o sma 1 1 

pieces， dehydrated through a graded series of 

acetone and embedded in Spurr resin. Thin sec一

七ions were stained with aqueous uranyl ace七ate

and then lead citrate， and observed wi七h a 

Hitachi H700H elec七ron microscope a七 100kV.
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Low temperature EPR ana7ysis 

Electron paramagne七ic resonance (EPR) signals 

of PSI， CPI and rPSI at low temperature were 

measured according to the method of Hiyama et 

a7.(1985). 
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cccDNA， cova1en七1y c10sed circu1ar DNA; 

CPI， Core comp1ex of photosystem 1; 

Dithioni七e， sodium hydrosulfi七e;

DMTr， Dimethoxytri七hy1 ; 

FA' Iron-su1fur cluster center A; 

F8' Iron-su1fur c1us七er center 8; 

GTC， Guanidium thiocyanate; 

IPTG， Isopropyl-βD一七hiogalactopyranoside;

moi， multiplicity of infection; 

PEG， Polyethyleneglycol; 

pfu， plaque forma七ion unit; 

PMS， N-me七hylphenazinium methylsulphate 

(phenazine methosulphate); 

PMSF， phenylmethylsulfonylfluoride; 

PNK， T4 polynucleo七ide kinase; 

PSI， Pho七osystem 1; 

rPSI， recons七1七U七ed pho七osystem 1 

TEMED， N，N，N'，N'-tetramethylethylenedinamie; 

T門PD， N，N，N'，N'-tetramethyl-p-phenylenediamine; 
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and charac七eriza七ion of the 

mtnA-psaC of Synechococcus 
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The psaC gene is found in chloroplas七 genomes

of higher plants: tobacco Hayashida et a7. 

1987)， liverwort ( Oh-oka et a7.1987)， barley 

( Hoj et a7.1987 )， maize ( Schan七z and Bogorad， 

1988 )， pea ( Dunn and Gray， 1988 and wheat 

(Dunn and Gray， 1988 ). It encodes a pho七osys-

tem-I associated polypep七ide， variously designa七-

ed as Subuni七 VII， 9kDa subuni七 PsaC， PSI-C， 

etc.， p resumab 1 y 七he apoprotein for iron-sulfur 

clusters， Centers A and B. Koikeθt a7.( 1989 

previously reported a par七ial N-terminal amino 

acid sequence of Subunit Vlr of a 七hermophilic

4
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cyanobacterium， Synechococcus vu7canus and it was 

a first and only repor七 of the sequence of cyano-

bac七erial 9kDa subunit. Because of the poten七ia 1 

lmportance of 七he cyanobacterial photosystem 1 

gene isolation for the gene七ical manipula七ion and 

pro七ein production， we a七七emp七ed to isolate the 

corresponding gene from the S.vu7canus genomic 

library cloned into 入一Dash with tobacco psaC DNA 

probe. 
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A 2，702bp DNA fragment which had been well 

hybridized to a tobacco psaC probe was subcloned 

into pTZ19R and nucleotide sequence was deter-

mined. The psaC gene was located a七 2，059-2，261

of the fragmen七( Figure 3-1 ) and consists of 81 

codons (Figure 3-2 )，七he same leng七h as the 

tobacco gene tha七 Hayashida θt a7.(1987) previ-

ously repor七ed as wel1 as other higher plants 

(Oh-oka et a7.1987; HOj et a7. 1987; Schantz 

and Bogorad， 1988; Dunn and Gray， 1988) . The 

G一C con七ent of this thermophilic prokaryo七e gene 

is 54.1% which is considerably higher than those 

of mesophilic plants ( less than 42% ). 

The deduced amino acid sequence is matched the 

previously reported amino-terminal sequence 

(Koike et a7.1989 ) except for cys七eine and 

tryptophan residues， and indicated comparable 

homologies of 87.5% for the deduced amino acid se-

qu 
つ.)



quence ( F i gu re 

tide sequence 

3-3 )， and 73.2% for the 

when compared with 七he

nuc1eo-

七obacco

sequence. A11 nine cysteine residues were en-

七ire1y conserved( Figure 3-4). These are now 

known 七o be a1so conserved in other cyanobacteri-

a1 PSI-C proteins ( Figure 3-3 ) de七ermined 1 ater 

( Bryant et a 7 .1990; Anderson and McI ntosh， 1991; 

Takahashiθt a7.1991 ). Figure 3-5 indicates the 

codon usage of the psaC gene. 

Five nuc1eotides ups七ream of the star七 codon of 

psaC is the AGGAG( Figure 3-2 )， which has simi-

1ari七y to the Shine-Da1garno sequence and may 

constitute a ribosome binding si七e. A sequence 

(TAGCTT) simi1ar 七o the E.co7i consensus -10 

sequence (TATAAT) 1ies 57 nuc1eo七ides upstream of 

the start codon of the psaC gene， while a se-

quence (TCTCCA) similar to the E.co7i -35 se-

quence (TTGACA) 1ies 17 nucleo七ides しIpstream of 

七he potential -10 sequence ( Figure 3-2). We 

could no七 find meaningful simi1ari七ies for 5'- or 

3'-proximal regions of 七he psaC gene wi七h 七hose

of 七he chloroplast DNA in higher plan七s or cyano-

bacterium Synechocystis sp. PCC5803 (Anderson 
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and McI ntosh， 1991 ). The Southern hybr i d i zat i on 

analySis of S.vu7canus genomic DNA revealed that 

七he psaC gene would exist as an single copy gene 

i n 七he cyanobacterium( Figure 3-10A ). 

There were several nucleotide sequences which 

were expected to form a hairpin struc七ure a七七he

downstream of the psaC gene. A nucleo七ide se-

quence which expected to form a hairpin s七ructure

and may work as the terminator of 七he psaC gene 

positioned between 2，342 to 2，376 ( Figure 3-2 ). 

It consisted of an 11-nucleotide length stem and 

an 11-nucleotide length loop accompanied with T-

rich sequences which were reminiscen七 of the 

st ructu re of the bacte r i a 1 rho-i ndependent t r an--

scrip七ion terminator ( Lewin， 1987 ). 

The nucleo七ide sequence of the psaC gene was 

registered to the DDBJ/E門BL/GenBank databases 

under accession No.D00590. 
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門etal10七hioneins 門Ts)， cysteine-rich heavy-

metal binding proteins， are ubiquitously presen七

in eukaryotes ( Hamer， 1986 ) and in some proka-

ryotes， Synechococcus sp. ( 01 afson， 1984) and 

Pseudomonas putida ( Higham et a1. 1984). The 

amino acid sequence of the protein of Synechococ-

cus sp. was previous1y determined where signifi-

can七 differences from eukaryo七ic coun七erparts

were noted (Olafson e七 a1. 1988 ). Genes for 

eukaryo七ic MTs have been reported in yeas七(Butt

et a1. 1984) and sea urchin (Nemer et al. 

1985 ). Recent1y， Robinson e七 al.(1990) reported 

the iden七ifica七ion of a gene for me七a1lothionein

(smtA) from cyanobacterium Synechococcus PCC6301 

and demons七rated that a smtA homologue was also 

expressed in Synechococcus PCC7942 (Anacystis 

nidu7ans R2 ). 

We previous1y reported the nuc1eo七ide se-

quence of the psaC gene for a photosystem-1 

subuni七 of a thermophi1ic cyanobacterium， Synech-

ococcus vu 7 canus ( Sh i m i zu et a 1. 1990 ). Subse-

quen七1y，we determined 七he nucleotide sequence of 
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the upstream region of this gene and found an ORF 

which is expec七ed to direct a 57 amino acid long 

protein (Figure 3-1 and rich in cysteine 

(Figure 3-6). The nucleo七ide codon usage was 

indicated at Figure 3-7. 

This ORF57 is located a七七he 1，757 bp ups七ream

region of the psaC gene wi七h the same direc七ion

of transcrip七ion ( Figure 3-2). The six nucleo-

tides sequence GGAGGA is located in upstream from 

the star七 codon of ORF57 and has similari七y to 

the Shine-Dalgarno sequence. The nucleotide se-

quences TTGACA and TATACT which are also founded 

a七一75 and -51 nucleotides upstream of 七he start 

codon of ORF57 are quite similar to the E.co7i 

consensus -35 sequence (TTGACA) and -10 sequence 

(TATACT)， respec七ively.

The expected amino acid sequence has homology 

to those reported for an MT from Synechococcus 

sp. (Olafson et al. 1984 )， especial1y for the 

arrangement of the cys七eine residues ( Figure 3-

8 ). The ORF57 also has high homology to that of 

the gene for 門T from S. PCC6301( Robinson et al. 

1990) in nucleotide sequence (63.2%) as wel1 as 

amino acid sequence (52.1%)， and nine out of ten 

cysteine residues were also conserved (Figure 

3-10 



3-8 ). While 七 has little homology with those 

of eukaryo七e pro七eins， a predicted secondary 

structure by the Chou-Fasman me七hod indicates 

that the ORF57 protein has some 七endency to form 

a beta-s七ructure near the amino terminal side and 

a be七a-七urn near the carboxyl terminal which is 

reminiscent of those of eukaryote 門Ts (Hamer， 

1986 ). 

A Northern hybridization analysis of the 

RNA revealed that the ORF57 was mainly 

scribed as a 320-base RNA together with 

total 

tran-

other 

longer transcripts which remained even after a 

highly stringent washing (Figure 3-9). This 

suggests 七ha七 transcription of ORF57 is monocis一

七ronic. There are several nucleotide sequences 

which would form the stem-loop struc七ure a七七he

downstream of the mtnA gene ( data not shown ). 

Some of these sequences should work for the 

terminator of the mtnA gene. The Southern hybri-

dization analysis of S.vu7canus genomic DNA 

revealed 七hat the mtnA gene would exist as an 

single copy gene in the cyanobac七erium (Figure 

3-10B) . 

The ORF57 is 七entatively designa七ed as the mtnA 

gene (DDBJ accession no. X53839). 
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The ORF57 is 七enta七ivelydesigna七ed as the mtnA 

gene (DDBJ accession no. X53839). 
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Restriction endonuclease map， sequencing strategy and 

gene location of mtnA-psaC gene. Dotted boxes represent 

the protein coding regions of mtnA(ORF57) and psaC genes. 

Restriction map is shown on the solid line: X， XbaI; A， 

AccI; Hc， HincII; C， C7aI; EV， EcoRV; Pv， PvuII; Sc， ScaI; 

P， PstI; Hf， HinfI. Arrows represent sequencing strate-

g1es. 
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5・-TCT AGAGCCACGGCAATATCCCTGACACAAAACTCCCCTTGGGCCAGGAGGGCCACAATGCGCACTCGA TTCGT GTCAGCCAGTAGGCCA 90 

MMA CTGTGCCATCCGCTGGGCTTm CTGl AGAGAGCAGG田ATCGCTCACCTGCGCTAAAGCCTCTGGATGA TGAGGATCAAGAGT A TTCATATCTTCATCAT AGGCGCTGGTT AGG 210 

CAAT AACCAA TTGACA T A TGAACAGTTGTTCAAGT A TACTGAACT AGAGGCGGAAAACAACCTCACTGA下rCGTCATTTGGAGGMAAGCCATG ACA ACC GTG ACC CAA A TG 322 
m l nA H T V T Q H 

MA TGC GCC TGT CCC CAC TGC CTG TGC ATC GTC T白 CTCAAC GAT GCC AπATG GTC GAC GGC AAA CCC T AC TGC TCC GAA GTC TGT GCC 412 
K C A C P 11 C C V S A H V 0 G K P Y C S V C A 

M T GGC ACC TGC AAA GAG AA r AGC GGC TGT GGC CAC GCA GGT TGC GGC TGT GGC TCT GCC TAGAAGTTGCAA TCTGT AACAGTGGAT AA TGA凶AGGCGA 512 
N G C N S G C G H A G C G C G S A 

rCGCC町ATCGACTCTATACAATTAAGGAGCTAGAGA TTGTCCTCGTCA TTTCCTATT AGTTGCGATCCAGCGTGGCGGACCTC白ATCGA ffiCCTTGA TT ACAGCCACCTAT AACGCT 632 

GC回AGCACTTGCCGGGGCTGATTGAGTCGGTTCGGCAACAGAGC臥TCGCGCCTTCGAATGGA TTGTGA TTGA TGGCGCCTCT臥GGATGGCACCCTTGATCTCATCAGAGCGGCCCAA 752 

臥TGTGCTCACAGACTATGTGAGTGAGCCAGATTTTGGCA rCTITCA TGCA TTGAACAAAGGAA TCCAACGGGCAACCGGAGACTA TTACCTTGTGGTTGGCGCAGATGA rCGCCTCGAC 872 

町田TAGCGATCGCCAACT ACAAACAAGCCGTGAGAA TGAGT CA T凹CGACATT A TTGCAGCTGA TATCTA TTCMiAAAA TCAA凶ACATATACAACCCAAAAAAACACCCGT丁目GTTA 992 

TCAGGTGCCAGATCCCTGAT AAGCGCCCACGCCGTAGGAACGTI AA TT AMAAAACTCTCCACGATACTT ACGGA 1 A TT A TTGC印TCTATACCCAACGATCGCCGATAGTGTGTTCCTT 1112 

GT凶ATGTmTCAAGCAGGTGTCAGCA TTTATCA TGCTCCCTICA TTGCTGGCCMCACTGCACGCAGGGCTTTTCTTCCCGCTACAAAGCCCTCAGCffiGCTGAAAACTTCACGM T 1232 

CA臥AAAAGTACTCAAT AAAA TCTATCCAGTTCCTGCTTCTCATTGTGAGGCTACffiGGTm ATTTCCACTTGTGACCAA TA n AACGCCCTTGCAA TCGCAACATCTCGGCTTGGAT 1352 

ACGTC回CTCAAGGTGCTATCTTGCTGTGCTCGCAGTGTGA TTGCA TTGAA TTGCTCTAGGGACATA TT AT ATTTmCAAGACCTGTA TTGCCTCCCACCCATAGTT AGCACAGATCGC 1472 

CT回AATCCACTGGGGATATGTTGCGGATTCATGCCAAAGCAAGCGTTGGACGGCACCTGACCTTGGAAAGCTGCCTGAGCTTGGCGAT AGTA nmGGCGAA TGGGCTCAA mCGAG i 592 

M回ACACGGGCATAGGTCGTGATCTCCCACGGAGCAATCACATCaiTGTGCGGCGAAGTCTGAGCCAAGGAA T AAGGTGAAAG白CALiGGACCAGCAGCAGACCCACACTACACATAGC 1712 

M回GGCAACCACTTCCAGGACATTGACCACCACA TACAACG凶C氏GACTCCACTCTACTTGGAATCCCT AGACCCCTTT CAAGTI回TCAACGCAGGCAAGCACCAGCAATT AAAAAC 1832 

TGHTTGGCCAAGA TT AAGGGCACAA TAGGCAAA m ACCAGACm ACAAAAAAGTT ACA TTCTTTGAAGffiGCCCATCCAGCCCGCCTAGCACTGAGTCACTGCGGTATCCT AAA TC 1952 

TC田TA TTTCTCTCCAGACTGCCCTT A TTGTCGT AGCTT AGG回CTICCTGAGTTGGCGGCAGGGCATCCACCTGTCATCCTGATCGTTTT AGGAGCGGTT ACTAC ATG GCT CAC 2067 
psaC H A 11 

ACT GTC AAA AπTAC GAT ACT TGC AπGGC TGC A回 CAGTGT GTG CGG GCC TGC CCC ACC GAT GTG CTG GAA ATG GTG CCT TGG GAT GGT 2157 
T V Y D T C G C T Q C V R A C 0 V L H V P W D G 

TGC AM GCT GGC CAA AπGCC TCC TCC CCT CGC A田 GAAGAT TGC GTT GGC TGC AAA CGC TGT臥AACG GCC TGC CCA ACT GAC m TTG 2247 
C K A G a A S P R 1 C V G C K R C E T A C 0 

AGT AH叩TGTC TAT TTG GGT GCA GAA ACC ACC CGC AGC ATG GGT CTA GCC TAC TAGTCCCCT A rrnCGTGAAACffiCGGCAAA TTCTTGACTAGGCTTG 2349 
S R V Y G A T R S M G A Y 

123C川 CCCTACGJCTCAAGTCTmA ffiGTTT A TTGGTIGTCCTT AGCACCAACCAACCCCT ACTCACCTACAACTCAGffiCTGGTCTTCGTT ACT AAGGCGGCmGTAGGTCA 246Q 

TC臥CTGCTTCATTGA mGGGCAA TTTT AGCCTCTAGCTCTAGGaiCATCGCCTCCATCACAGGGTCATCA TTCCCCTGCAGG田AGTGGATCGCTGATCmAA TCCGTGGCCTGTTG 2589 

TC回T田CGGCGGCGGCAACTCTCTCCTTGAGTAGGAGCGTGACCAGAGAGCCAGTGATGCCGCCAAAGMGGCGCCCACCAGAMCCCCCAGCCAAACCCATTGCCACGA TT -3' 2702 

r1=オj@J (\~)rr(8 ~=-<2 <-> 

Nucleotide and deduced amino acid sequences of the cloned 

Synθchococcus vu7canus mtnA(ORF57)-psaC region. 
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Cyanobacteria HxHxVKIYDTCIGCTQCVRACPxDVLEHVPWDFCKAxQIASSPRIEDCVGCKRCETACPTDFLSIRVYLGAETTRSHGLAY 

S. vuJ CJOUS 

S. PCC7002 
S. PCC8009 

S. PCC6803 
C. pJFJdOIJ 
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Higher plants HxHxVKIYDTCIGCTxCVRACPTDVLEHIPWxGCKAxQIASAPRTEDCVGCKRCESxCPTDFLSVRVYLxxETTRSxxLxY 

IF苛@JlVJIJ(.@ ~=<~ '-' 

Comparison of amino acid sequence between other organisms. 
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psaC deduced 七heof composi七io円acid 

protein. 

Amino 

residues  

Gly  

Ala. 

V a.l 

L e u  

工 le

Met  

P t-、e

Trp  

Pro  

6

7

6

4

4

3

1

1

4

 

a.c::id  Am i n o  

4

9

0

2

9

 

Ser  

Thr  

Asn  

G 1 r可

Cys  

5

4

3

1

5

3

 

メー、 ε;p

Glu  

Lys  

His  

Arg  

Tyr  
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Amino acid codon usage of the psaC gene. 

2 T 2 C 2 A 2 G 3 

T Phe Ser 。 Tyr Cys 2 T 
Phe 。 Ser 2 Tyr 2 Cys 7 C 
Leu 。 Ser 。 STOP 。 STOP 。 A 
Leu 2 Ser 。 STOP 。 Trp G 

C Leu 。 Pro 2 His 。 Arg T 
Leu 。 Pro His Arg 3 C 
Leu Pro Gln Arg 。 A 
Leu Pro 。 Gln Arg G 

A Ile 4 Thr 3 Asn 。 Ser T 
Ile 。 Thr 4 Asn 。 Ser C 
Ile 。 Thr 。 Lys 3 Arg 。 A 
Met 3 Thr 2 Lys 。 Arg 。 G 

G Val Ala 2 Asp 4 Gly 3 T 
Val 2 Ala 4 Asp Gly 3 C 
Val 。 Ala Glu 4 Gly 。 A 
Val 3 Ala 。 Glu 。 Gly 。 G 
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mtnA deduced 七heof composi七ionacid 

protein. 

Amino 

r~s ， d Ll ~s 

Gly  
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Lys  

H 苛 s

Arg  

Tyr  

5 7 775  
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Amino acid codon usage of the mtnA gene. 

2 T 2 C 2 A 2 G 3 

T Phe 。 Ser Tyr 。 Cys 4 T 
Phe 。 Ser 2 Tyr Cys 6 C 
Leu 。 Ser 。 STOP 。 STOP 。 A 
Leu 。 Ser 。 STOP 。 Trp 。 G 

C Leu 。 Pro 。 His 。 Arg 。 T 

Leu Pro 2 His 2 Arg 。 C 
Leu 。 Pro 。 Gln Arg 。 A I 

Leu Pro 。 Gln 。 Arg 。 G 

A Ile Thr 。 Asn 2 Ser 。 T 
Ile Thr 3 Asn Ser C 
Ile 。 Thr Lys 3 Arg 。 A 
Met 3 Thr 。 Lys 。 Arg 。 G 

G Val 。 Ala 。 Asp Gly T 
Val 3 Ala 4 Asp Gly 6 C 

Val 。 Ala Glu Gly 。 A 
Val Ala 。 Glu Gly 。 G 
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S. sp. MT TSTTLVKCACEPCLCNVDPSKAIDRNGLYYCCEACADGHTGGSKGCGHTGCNC 

* コド **** ヨド*** ** * ** * **本 *コド**** 本

S.vu7canus MT MTTVTQMKCACPHCLCIVSLNDAIMVDGKPYCSEVCANGTCKENSGCGHAGCGC 

ヨド * *本*本 **本 当k ** * *本本本本** ***本 ヨド* * 

S. PCC6301 MT TSTTLVKCACEPCLCNVDPSKAIDRNGLYYCSEACADGHTGGSKGCGHTGCNC 

fF廿霊ICL.J]rr~(~ ~=f~ '-' 

Comparison of the amino acid sequences of mtnA protein 

between other organisms. 
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←320bases 

lFii@jlUl[r@ ~一室) = 

Northern hybridization analysis of the mtnA gene expres-
sion. The total RNA of S.}(μ/canus on Hybond-N' (Amersham) 
were hybridized with a 、U:.P-Iabeled ONA fragment of mtnA 

gene. The amount of total RNA appl ied onto the gel were: 
lane 1， 46.7ng; lane 2， 117ng; lane3， 230ng; lane 4， 700ng. 
Hybridization was performed overnight at 420C in 50% 
formamide， 6xSSPE， 0.1 mg/ml salmon sperm ONA， 10xOen-
hardt's and 0.5% SOS， then washed with 0.1 xSSPE， 0.1 % SOS 
at 590C for 5minutes. The washed membrane was autoradi-
ographed for 52 hours at -80oC. 
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1 2 3 4 5 1 234  5 

(kb) 

11.5 

4.5 

2..84 

ー-1.70 

ーI 1.16 

- 0.80 

0.47 

[F"官 ~M(J@ ~~I1(Q)<.;> 

The Southern hybridization analysis of the Synechococcus 
vulcanus psaC(A) and mtnA(B) gene. The genomic DNA of 
s. vulcanus ( ca.8μ9 ) was digested with 80U of XbaI (lane1)， 
XbaI-Clal (lane2)， HincII(lane3)， Ps江 (lane4) and EcdiI 
(lane5) for 12hours， and electrophoresed in 0.8% agarose 
gel. After alkaline blotting onto the Immobilon-N ( Milli-
pore l~by capillary action， each membranes was hybridized 
with VιP-Iabeled DNA probe. The DNA probe for the psaC 
gene was a smaller DNA fragment of PstI d i gested pSVC6 
plasmid DNA. The DNA probe for the mtnA gene was iden-
tical to those of the northern 'hybridization analysis 
( see F i 9 u re 3-9 ). 
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Nucleotide sequences of 七he psaA and psaB 

genes encoding the pho七osys七em 1 core 

pro七eins from thermophilic cyanobacterium 

Synechococcus vu7canus 

Øj/Q;~7Gr<ffB.æ:;;念

The cyanobacterial psaA and psaB genes for the 

pho七osystem 1 core proteins ( PSI-A and PSI-B ") 

were isola七ed with a tobacco chloroplas七 DNA

probe and their nucleotide sequences were deter-

mined. Nucleo七ide and deduced amino acid se-

quences were qui七e similar 七o those of higher 

plants， rather than previously determined se-

quence of Synechocystis PCC7002. We could find 

interrupted ORF a七七he downstream of the psaB 

gene with same direction. One of the most char-

acteristic fea七ure of 七his proteins is five and 
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three cys七eine residues in the psaA and psaB 

p rote i ns， respec七ively.
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struc七ure of 七he psaA-psaB gene 

A genomic DNA library of Synechococcus vu7canus ・

which had been cloned in七o 入-Dash cloning vec七or

( Shimizu θt a7.1990) were screened wi七h 七he

32 七hree kinds of vLP-labeled DNA fragments of the 

七obacco psaA and psaB region (Shinozaki et 

a7.1986 ( Figure 4-1 ). The 5，685bp XbaI 

fragment and the 412bp SmaI-C7aI fragmen七 which

partly overlapped each other were both subcloned 

i n七o 七he pTZ19R. The nucleotide sequences were 

determined with dideoxynucleo七ide chain 七ermina一

七ion method. The 5，945bp genomic DNA sequence 

( Figure 4-2 contained three open reading 

frames which were expec七ed 七o encode 755， 741 and 

223 amino acid residues ( Figure 4-3). The 755 

and 741 amino acid residues open reading frames 

were highly homologous wi七h known psaA and psaB 

genes of higher plants and cyanobac七erium (Can一

七rell and Bryan七， 1987; Shinozaki et a7. 1986; 

Kirsch et a7. 1986; Fish et a7. 1985; Kuck et 
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..... 

a7. 1987; Hlratsuka et a7. 1989; Ohyama et a7. 

1986; Lehmbeck et a 7. 1986) respect i ve 1 y. These 

psaA and psaB genes predic七ed 83，198 and 83，043Da 

proteins， which were highly hydrophobic ( 62% and 

60% of amino acids were hydrophobic each; Table 

4-2) and con七ained eleven expec七ed hydrophoblc 

membrane spanning regions ( Kirsch et a7.1986 ) 

( Flgure 4-4 ). The psaA and psaB genes have been 

found to express strongly and co-transcribed 

wl七hout the 0七her ORF of downs七ream -j n 七he cyano-

bacterlal cell by northern hybrldization analy-

sis( data no七 shown). Furthermore，七he Southern 

hybridiza七ion analysis of the S.vu7canus genomic 

DNA revealed that the psaA-psaB genes would exis七

as an single copy genes in the cyanobacterium， 

respectively ( data not shown ). 

Promoters 

The three posslble sequences whlch should work 

for 七he 1 n i七iation of transcrlp七ion (promoter) 

were detected at positions， P1 :ATGAGG (57-62)-

TAACAT(80-85); P2: TTCTCT(149-154)-AACACT (172-

4-4 



177); P3: TCGACT(211-216)-GAGAAT(237-242)， tha七

corresponded to -35 and -10 regions， respec七ive-

ly. The P1 was mos七 likely 七o func七ion as 七he

promoter of the psaA-psaB operon. The nucleo七ide

sequence homologies a七 the region be七ween other 

genes of S. vu7canus will be discussed in 七he

Chapter-5. 

Terminators 

We could find several nucleotide sequences 

which would form a hairpin-s七ruc七ure and work as 

the termina七ors a七七he immediately downs七ream of 

the psaB gene. One of these sequence (T1) posi-

tioned a七 4，861-4，884 ( Figure 4-6A) consis七ed

of 9-nucleotide leng七h stem and 4-nucleo七ide

length loop at the top of 七he stem， and was 

accompanied by 8-T(U) residues. Other sequence 

(T2) posi七ioned at 4，939-4，980 (Figure 4-6B) 

consisted of 6-nucleo七ide length basal stem and 

2- and 4-nucleotide leng七h other halfway stems 

with 4- and 9-nucleo七ide 1 ength 1 oops， but was 

not accompanied by such an oligo-(dT) sequence 
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like the T1. The T2 is located a七 55-nucleo七ides

downs七ream of the T1 and the T1 is located at 

28-nucleo七ide downstream of the stop codon of 

psaB. The T1 resembles the structure of bacteri-

al rho-independen七 termina七or and the T2 looks 

like the s七ruc七ure of bacterial rho-dependen七

七erminator (Lewin， 1987). Since psaA-psaB 

operon may be a most vigorous genes of expression 

in cyanobacterial cells， potent termina七ion

signal must be required as well. These discovered 

poten七ial terminators， T1 and T2， seems suffi-

cient to terminate the transcription efficiently. 

Interrupted ORF 

The 223 amino acid residues open reading frame 

which is located at the downs七ream of the psaB 

gene is interrupted at a XbaI si七e of 5945bp and 

the direction is same with the psaA and psaB 

genes. The amino acid compos;七ion of 七his open 

reading frame pro七ein (par七ial) is highly hydro-

phobic ( 65% of known amino acid is hydrophobic ) 

and expected 七o contain some membrane spanning 
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regions like the psaA and psaB proteins. l¥Jorth-

ern hybridization analysis revealed tha七 this

ORF is weakly expressed as a ca.1，900base-length 

七ranscr-ip七 data not shown). So far， we have 

not found neither nucleotide nor protein sequence 

wi七h any homologies 七o 七his open reading frame in 

the current E刊BL and SWISS-PROT da七abases，七he

func七ion of this open reading frame is not appre-

ciated at the moment. 

Homologies of the deduced proteins 

Comparison of 七he psaA and psaB protein se-

quences wi七h those of other higher plants and 

cyanobacteria ( table 4-1 ) revealed strong simi-

1 ar i七y ( approxima七ely 80% each ). It should be 

noted tha七七he psaA pro七ein of S.vu7canus is the 

most homologous 七o the Liverwort (Ohyama et 

a7.1986 )， but not to the S. sp. PCC 7002 (Can-

trell and Bryant， 1987). This is probably due 

七o a significant difference a七七he amino-terminal 

of 七he psaA pro七ein. In fact the S.vu7canus psaB 

protein is the most homologous to tha七 of the 
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S. sp.PCC7002 psaB protein where there is no such 

difference at the amino-terminal region. There 

are some extra amino acid sequences in both psaA 

and psaB (264-267 for psaA and 313-316 for 

psaB ) which have no七 been found in 0七her organ-

isms. These sequences migh七 have something to do 

with the thermostability. It should also be 

noted 七hat the unique amino acid sequence mo七if 

FPCDGPGRGGTC( 604-615 in psaA， 568-579 in psaB in 

Figure 4-3， respec七ively )， which has been specu-

lated to ac七 as the binding si七e for the 4Fe-4S 

iron sulfur cluster center-X (Scheller et a7. 

1989 ) is completely conserved among any psaA and 

psaB proteins of all 七he organisms repor七ed 50 

far ( Can七rell and Bryan七， 1987; Shinozaki et a7. 

1986; Kirsch et a7.1986; Fish et a7.1985; Kuck 

θt a7.1987; Hiratsuka et a7.1989; Ohyama et 

a7.1986; しehrnbeck et a7. 1986; 門anzara θt a 7 . 

1987). Leucine-zipper mo七ifs ( Weber and Mal-

kin， 1990; fくりssel et a 7.1990 ) are seen i n both 

psaA and psaB protein. One characteristic dif-

ference i s 七hat the psaA protein con七ains five 

cysteine residues and psaB， three， compared with 
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four or three and 七wo or three in other organisms 

(Cantrell and Bryant， 1987; Shinozaki et a7. 

1986; Kirsch et a7.1986; Fishθt a7.1985; K仙ck

θt a7.1987; Hiratsuka et a7.1989; Ohyama et 

a7.1986; Lehmbeck et a7. 1986; Manzara θt a 7 • 

1987 ). The func七ion of these cysteine residues 

are not understood. 

Homo7ogies of the psaA-psaB genes 

Cantrell and Bryant(1987) previously reported 

that， i n Synechococcus sp. PCC 7002， the ami no-

terminal region of the psaA pro七ein was shor七er

than 七hat of higher plants. They also reported 

tha七七he distance of 七he psaA and psaB intergenic 

region was 173bp where 七hey found a 39 amino 

acid length open reading frame (Cantrell and 

Bryant， 1987). They proposed these d i fferences 

as a unique feature of the cyanobacterial psaA 

and psaB genes and 七heir proteins. In thermo-

phillic cyanobacterium Synechococcus vu7canus， 

however， we could no七 find these differences. The 

intergenic region of the psaA to psaB genes is 
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23bp-leng七h， quite simi lar 七o the length (22 to 

23bp) of the intergenic region of the chloro-

plas七 DNA encoded ones of higher plants (Shino-

zaki et a7. 1986; Kirsch et a7.1986; Fish et 

a7.1985; Kuck et a7.1987; Hiratsuka et a7.1989; 

Ohyama et a7.1986; Lehmbeckθt a 7. 1986). Toge七h-

er wi七h the sequence a七 amino-terminal region of 

the psaA described above， it is concluded tha七

the overall fea七ures of the psaA and psaB genes 

of S.vu7canus is quite similar to the genes of 

higher plants. 

The nucleo七ide sequence data reported in this 

paper will appear in the DDBJ，E門BL and GenBank 

nucleotide sequence databases under 七he accession 

number D01126. 
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probeAB 

BamHJ B911 8amHJ 8g11 

三訴

psaA psaB 

probeA 1kb probeB 

F廿@Jftnfr'(:B ~=---"- iJ L>  

A map of the tobacco psaA and psaB gene probes used to 

screen the S.vu7canus genomic DNA library. The three 

probes， probe-A， probe-B and probe-AB， include tobacco 

psaA， psaB and psaA-psaB regions， respectively. 
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回ATGCACATTAATTGCTAG回AAAATGCAAGAGCAAA品回附愉亡灯 49 

印刷C~TGAG~TACCGATTCTCTCA1:rAACAr~TTCAGGCCAGTT川GGGCTTAA川GMGTCCAACCCAG仰臥1 CA 139 

TATACATG恒~CCAGAGGTTCATTACl也EωTCCGAGAATMCGAGTGGATCTCTAGAGCT~TCGACiÂATACGACTCACT 229， 

ATAGGGeGAGAAI:rCGGATCTMAGATCfTTCTAGATTCTCGAGGTGAGTGCCCTCGTTCCTTCCTTGCCTAAGAGAGAGGAGAGACfCG 319 
psaメλ

ATGACCATCAGTCCACCGGAGCGAGAGCCAAAGGTCAGAGTCGTGGTTGATAATGACCCGGTGCCCACATCTTTTGAAMATGGGCAAAA 409 
H T 1 S P P E R E P K V R V V V D N D P V P T S F E K W A K 

CCCGGGCATTT1GACCGCACGrfGGCCAGAGGACCCCAAACCACCACATGGATTTGGAACCTCCACGCTCTTGCCCACGATTTTGATACA 499 
P G H F D R T L A R G P Q T T T W 1 W N T H A T A H D F D T 

CACACGAGCGACCTTGAAGATAfCTCCCGCAAAATCTTCAGTGCACACTTCGGCCATCTGGCTGTGGTGT1CATCTGGCTGAGTGGGAlG 589 
H T S D T E D 1 S R K 1 F S A H F G H T A V V F 1 W T S G M 

TACTTCCACGGTGCAAAAlICTCAAACTATGAGGCTTGGCTGGCCGATCCCACCGGTATCAAGCCCAGTGCTCAAGTGGTCTGGCCCATT 679 
Y F H G A K F S N Y E A W T A D P T G 1 K P S A Q V V W P 1 

GTGGGTCAGGGCAT1CrCMTGGTGATGTCGGCGGTGGT1TCCA凶GCATCCAAATCACCTCGGGGCTATTCCAACTGTGG凶TGCCTCT 769 
V G Q G 1 1 N G 0 V G G G F H G 1 Q 1 T S G T F Q T W R A S 

GGGATCACCAATGAGTTCCAGCrTTACTGCACCGCMTCGGTGGCTTGGTCATGGCTGGCTTAATGCTCT1TGCAGGCTGGT1CCACTAT 859 
G 1 T N E F Q T Y C T A 1 G G L V H A G L M T F A G W F H Y 

CACAAGCGCGCTCCTAAGC1GĜAIGGT1CĈAAACGTGGAATCCATGCTCAACCACCACCTTGCCGGTTTACTTGGCTTGGGATC下fTG 949 
H K R A P K T E W F Q N V E S M T N H H T A G L T G L G S L 

TCnGGGCAGGTCAC印刷lCCACG1CTCACTACCCATCAACAAACTTTTGGATGCAGGGGTCGCTGCTMGGATATTCCCTTGCCCCAC 1039 
SWAGHQ  1 IIVSTPl NKTLDAGVAAKD  1 PLPH  

GAGTTT A TCCn AACCCCAGC fTGA TGGCCGAGCTATATCCCAAAGTGGATTGGGGTTTCTTT AGTGGTGTCATTCCCTTTTTCACCTTT 1129 
E F 1 T N P S L H A E T Y P K V D W G F F S G V 1 P F F T F 

AAT1GGGCTGCCTACTCGGAITTCCTCACCTTTAACGGTGGCTTGAATCCCGTTACCGGTGGCCTGTGGCTGTCGGATACGGCTCACCAC 1219 
N W A A Y S D r- T T F N G G L N P V T G G T W T S D T A H H 

CA TCTGGCGA TCGCCGTCCTCTTCA 1 CA TTGCTGGTCA TATGTACCGCACCAA TTGG印刷TCGGCCACAGCCTAMAGAAATCCTTGAA 1309 
HTA I A V T F I I A G H MYRTNWGIGHSTKEITE  

GCCCACAMGGCCCCTTCACAGGfGCTGGCCATMAGGTCTCTATGAAGTGCTGACCACCTCTTGGCATGCCCAACTGGCGATCAACCTT 1399 
AHKGPFTGAGIIKGTYEVTTTSWHAQTAINT  

GCCATGATGGGCTCCCTGAGじATTATTGTGGCACAGCACATGTATGCAATGCCCCCCTATCCCTACTTGGCCACCGACTATCCMCTCAA 1489 
AMMGSlSllVAQHMYAMPPYPYLATDYPTQ  

CTGT凶CTGTTTACCC八CCACAfGTGGATTGGTGGCTTCC1GGTCGTGGGGGGTGCTGCCCATGGTGCCATCTTCATGGTGCGTGACTAC 1519 
TSTFTHHMWIGGFT VVGGAAHGAIFMVRDY  

GATCCGGCCATGAATCAGAACAACGTTTTGGATCGGGTTCTGCGCCATCGTGATGCCATCATTTCTCACCTGAACTGGGTGTGCATCTTC 1669 
D P A M N Q N N V L D R V T R H R D A 1 1 S H T N W V C 1 F 

TTGGGCTTCCACAGCTTCGGTCTGTACGTCCACÂCGACACGATGCGGGCCTTTGGTCGTCCCCMGATATGTTCTCCGATACGGGGATT 1759 
L G F H S F G 1 Y V 11 N D T M R A F G R P Q D M F S D T G 1 

CAGCTTCAGCCCGTG1T1GCCĈ -̂IGGGrGCAAAATTTACAl̂CCCTAGCCCCCGGTGGTACTGCTCCCAATGCAGCAGCGACGGCTAGT 184噂
Q T Q P V F A Q W V Q N L H T T A P G G T A P N A A A T A S 

GTCGCCTTTGGGGGTGA TGl GGTl GCTGl CGGTGGCAAAGTGGCCATGATGCCCA TTGTCTTGGGAAC1GCCGACTTCATGGTGCATCAT 1939 
V A F G G D V V A V G G K V A M M P 1 V L G T A D F M V H H 

ATTCACGCTTTCACCATTCATGTGACAGTGCrGATTCTGCTGAAGGGCGTACTCTTTGCCCGCAGCTCTCGCCTGATTCCCGATAAAGCC 2029 
IH A F T I I I V T V T I TTKGVTFARSSRTIPDKA  

AACTTAGGCTTCCGCTTCCCCTGCGATGGTCCCGGTCGTGGCGGCACCTGCCAAGTCTCCGGTTGGGATCACGTCTTCTTGGGTCIGTTC 2119 
N L G F R F P C D G P G R G G T C Q V S G W D H V F L G 

TGGArGTACAACTGCATCTCCGflGrGATTTTCCACTTTAGTTGGAAGATGCAGTCGGATGTCTGGGGTACTGTTGCCCCCGATGGTACG 2209 
WMYNCISVVIFHFS WKMQSDVWGTVAPDGT  

GTATCTCACATCA印GGCGGTAACnTGCCĈ ÂGTGCCATCACCATCAATGGCTGGCTACGGGATTTCCTGTGGGCACAAGCTTCTCAG 2299 
V S H 1 T G G N F A Q S A 1 T 1 N G W T R D F T W A Q A S Q 
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GTGATTGGC1CCTATGGTTCAGCCCTATCCGCCTATGGTTTGTTGTTCTTGGGTGCTCACTTCATTTGGGCCTTCAGCCTCA刊行CCTC 2389 
V 1 G S Y G S A T S A Y G L L F L G A H F 1 W A F S T M F T 

TTCAGTGGCCGTGGCTACTGGCAAGAGCTAATTGAGTCCATTGTTTGGGCCCACAACAAACTGAAAGTTGCACCGGCTATTCAGCCCCGT 2479 
F S G R G Y W Q E T 1 E S 1 V W A fI N K T K V A P A 1 Q P R 

GCCTTGAGCATCA TTCAAGGCCGTGCCGTCGGTGT AGCCCA n ACCTCCT AGGGGGGA TTGCCACT ACCTGGGCA TTCTTCCT AGCTCGG 2569 
A L S 1 1 Q G R A V G V A 11 Y T T G G 1 A T T W A F f T A R 

psaB  

ATTATTTCTGTAGGATAGGGGCGAGGAGGAGATAACCAACTATGGCAACTAAATTTCCGAAGTTTAGCCAAGACCTCGCACAGGATCCGA 2659 
1 1 S V G M A T K F P K F S Q D T A Q D P T 

CCACACGCCGGATTTGGTACGCCATCGCCATGGCCCATGACTTTGAAAGCCACGATGGCAfGACTGAGGAGAATCTTTACCAAAAGATTT 2749 
T R R 1 W Y A 1 A M A If D F E S 11 D G M T E E N T Y Q K 1 F 

TTGCCTCCCACTTTGGGCATCTGGCCATCATCTTCCTGTGGGTGTCTGGTAGCCTATTCCACGTTGCATGGCAGGGGAACTTTGAGCAAT 2839 
A S H F G H T A 1 1 F T W V S G S T F 11 V A W Q G N F E Q W 

GGGTTCAAGACCCTGTCAACACCCGTCCCATCGCCCATGCGATCTGGGATCCCCAATTTGGTAAAGCGGCCGTGGACGCCTTCACCCAAG 2929 
V Q D P V N T R P 1 A H A 1 W D P Q F G K A A V D A F T Q A 

CGGGGGCTTCTAACCCTGTGGACATTGCCTACTCTGGTGTCTATCACTGGTGGTACACCATCGGTATGCGCACCAACGGCGACCTGTATC 3019 
G A S N P V D 1 A Y S G V Y H W W Y T 1 G M R T N G 0 T Y Q 

AAGGTGCCATCTTCCTGCTGATTCTGGCGTCGCTGGCTCTCTTTGCTGGCTGGCTGCACTTGCAACCCAAATTCCGTCCTAGCCTCTCTT 3109 
G A 1 F T T 1 TA S TAT  F A GW  T 11 L Q P K F R P S T S W 

GGTTTAAMATGCTGAATCGCGGTTGAACCACCACTTGGCAGGTCTATTTGGGGTTAGCTCCTTAGCTTGGGCAGGCCACCTGATTCACG 3199 
F K N A E S R L N H H L A G T F G V S S L A W A G 11 T 1 H V 

TAGCCATTCCTGAGTCCCGTGGTCAGCACGTGGGCTGGGATAATTTCCTGAGCACCATGCCCCACCCTGCCGGTCTGGCACCT了TCTTTA 3289 
A 1 P E S R G Q 11 V G W 0 N F T S T M P H P A G T A P F F T 

CGGGGAACTGGGGCGTCTATGCCCAAAACCCTGACACGGCTAGCCACGTCTTTGGCACGGCACAGGGTGCTGGCACTGCGATTCTCACCT 3379 
G N W G V Y A Q N P D T A S H V F G T A Q G A G T A 1 T T F 

TCCTGGGTGGATTCCATCCCCAAACAGAGTCCCTGTGGCTCACGGATATGGCTCACCACCACCTTGCTATTGCTGTGCTCTTTATCGTGG 3469 
TGGFHPQTESTWTTDMAIIIIHTAIAVTFIVA  

CAGGTCACATGTACCGCACCCAGTTTGGGATTGGCCACAGTATCAAAGAGATGATGGATGCCAAGGATTTCTTTGGCACCAAGGTGGAAG 3559 
G H M Y R T Q F G 1 G H S 1 K E M M D A K D F F G T K V E G 

GTCCCTTCAACATGCCTCACCAAGGCATCTATGAAACCTACAACAACTCACTGCACTTCCAACTGGGCTGGCACTTGGCCTGCTTGGGCG 3649 
PFNMPHQGIYETYNNSTIIFQTGWHLACLGV  

TGATCACTTCCTTGGTGGCACAACACATGTACTCGCTGCCACCCTATGCCTTCATTGCCCAAGACCATACCA凶ATGGCTGCCCTTTACA 3739 
1 T S L V A Q H M Y S T P P Y A F 1 A Q 0 H T T M A A T Y T 

CCCATCACCAGTACATTGCTGGCTTCTTGATGGTGGGTGCCTTTGCCCATGGTGCTATCTTCTTGGTGCGTGACTACGATCCAGCCCAAA 3829 
H H Q Y 1 A G F L M V G A F A 11 G A 1 F L V R 0 Y D P A Q N 

ATAAAGGTAATGTGTTGGATCGGGTGCTGCAACACAAAGAGGCGATCATTTCCCACTTGAGCTGGGTGTCGCTCTTCTTGGGCn一CCACA 39¥9 
K G N V L D R V T Q 11 K E A 1 1 S H L S W V S T F L G F 11 T 

CGTTGGGTCTCTATGTCCACAACGATGTGGTGGTGGCCTTTGGTACTCCTGAGAAGCAAATCCTGATTGAGCCGGTGTTTGCCCAGTTCA 4009 
LGTYVIINDVVVAFGTPE  KQ  1 Tl  EPVFAQF  1 

TTCAAGCAGCCCACGGAAAACTACTCTATGGGTTTGATACATTGCTGTCGAATCCCGATAGCATTGCCAGCACTGCTTGGCCGAACTATG 4099 
Q A A H G K T T Y G F D T L T S N P D S 1 A S T A W P N Y G 

GCAACGTCTGGCTACCCGGTTGGCTCGATGCCATCAACAGTGGCACGAACTCTCTGTTTTTGACAATTGGTCCTGGGGACTTCTTGGTGC 4¥89 
NV WTPGWTDAINSGTNSTFLTIGPGDFLVII  

ACCACGCCATTGCCCTAGGTCTGCACACCACCACCCTGATTTTGGTCAAGGGTGCATTGGATGCCCGTGGCTCCAMCTGATGCCAGATA 4279 
H A 1 A T G T H T T T f 1 L V K G A L D A R G S K T M P D K 

AGAAGGACTTCGGCTATGCTTTCCCCTGCGATGGCCCTGGCCGCGGCGGTACCTGCGATATTTCCGCATGGGATGCCTTCTATCTGGCTA 4369 
K D F G Y A F P C D G P G R G G T C D 1 S A W D A F Y T A M 

刊行CTGGATGCTGAACACCATTGGCTGGGTGACTTTCTACTGGCACTGGAAACACCTCGGTGTCTGGGAAGGCAACGTGGCGCAGTTCA 4459 
F W M T N T 1 G W V T F Y W H W K 11 T G V W E G N V A Q F N 

ATGAAAGCTCCACCTACCTCATGGGTTGGCTACGGGATTACCTGTGGTTGAATTCATCCCAGCTCATTAATGGCTACAACCCCTTCGGCA 4549 
E S S f Y T M G W T R D Y T W L N S S Q T 1 N G Y N P F G T 
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CCAATAACTTGTCAGTGTGGGCATGGATGTICCTGTTTGGTCACCTTGTGIGGGCCACTGGCTTCATGTTCCTGATTAGCTGGCGGGGCT 
N N L S V W A W H F T F G H T V W A T G F M F 1 1 S W R G Y 

ACTGGCAAGAGCl AA TTGMACCCIGGTGTGGGCACACGAGCGGACTCCCT1GGCCAACTTGGTGCGCTGGAAAGACAAACCTGTGGCGC 
W Q E T 1 E T T V W A H E R T P L A N L V R W K 0 K P V A T 

TGICGATTGITCAGGCCCGTTIGG1CGGTTTGGCACACTTCAGCGTTGGCTATATCTTGACCTATGCTGCCTTCCIAA~GCTTCAACGG 
S 1 V q A R L V G L A H F S V G Y 1 L T Y A A F T 1 A S T A 

CAGCCAAGTTCGGTTGATCGACfTGCGn AAGTTCTCTTGAGTCCCCCGCCCCCTGGTGGGGGATTTTTTTTCCGATGGCAAAACTGCCT 
A K F G )く

GACTAATTAGGTATGCAAATCCCTTGAGAGACGATATAAGTGGTTGAnCACAAACAACTCTCCTATCGTGACCTTTAGGGTGTGGCAAC 
テモ

AGGCGATAA川口町TGATCGGATGCGC八ACGAAACTGCTTGGGAGACGATTAAATAGGCTGTCACTTTCGCAAGATCAATACAGTTGAC

TGrAATTTTGTATCCCTTTGIATCTCTTTG11TAGAAGGGGTTIAGAAGGTTGCTGTGnGCCCIAAAGGTTATGAA恒亙N:CCCTC

TCAAIACTTCTAAGAA~rGATAACCTATTTTTAACACGCTCACTTTATTGCTGAGCTATGATAGGACTGAATTGTTCTGTCTGGAGAAAG 
仁:>RF

lAGTAATGCAGGATAGATTCATATTCTCTATTTCTACATTTCCGTACAAAAACTATATTGAACAGTTATTAGCACAAGCAGATGTTGGCG 
M Q 0 R F M F S 1 S T F P Y K N Y 1 E Q L L A Q A 0 V G E 

AATTTCCCCAGGTTGTGGGCGAMATTCAGCCAGTTTCACCTTGGGTCTCAATAATTTGGGTGCACTTTTAGTGCAGGTGGTGATTGCAG 
F P q V V G E N S A S F T L G T N N L G A T L V q V V 1 A V 

TTGCGTTGTTGTTCGnGGCTGGATTGTTGCAACTGTTTTAGCAAGGGTCACACAATCAATTTTGAAACGGGTGCGCCTCGATGAATGGT 
A L L F V G W 1 V A T V L A R V T Q S 1 L K R V R T 0 E W L 

TGACCCAGTTTTTGGGGGGGAArGAATCACTACAAGGCCTATCACCAACAGCAATTTTGTCAGGAGCTGTTTTTTGGATTATCTTTCTGC 
T Q F L G G N E S T Q G T S P T A 1 L S G A V F W 1 1 F T T 

TGGGAGTGGTGGCCTTCTTGGATGCCCTGCGACTCACAACCGTTTCCCAGCCCCTCAATGCTTTTCTGAATCAAATTTTTAGTTTCCTGC 
G V V A F L 0 A T R T T T V S Q P T N A F T N Q 1 F S F T P 

CAAAACTAGGGGTAGCTATTCTGCTTTTGGATCTGGCTTGGGTCGTAGCAACGATATCAAAAATGCTCGTGACTCAGTCTGCCCGCTCTC 
K T G V A 1 T 1 L 0 T A W V V A T H S K M T V T Q S A R S T 

TCAATTTGGATCGCTCACTACCGCTGGMTCTCGCGAAGAGGGCGCTCCCACAATGTCTGTGGCTGAGATGTTGGGAAATACCCTCTACT 
N L 0 R S T P T E S R E E G A P T M S V A E M L G N T T Y W 

GGTTTGTGTTCCTCTTCTTCCTGCCCTTGA TTTT AGGGGTGCTGAA 
F V F T F F T P L 1 L G V T 

lF 'lJ ~ゴ ll2J [Y'(8 ，4~;~ 

Nucleotide and deduced amino acid sequences of the 
Synechococcus vu/canus psaA-psaB gene and unknown ORF. 
The positions of the each genes are: 320-2584 (psaA)， 2611-
4833 (psaB) and 5275-5945 (unknown ORF). The boxed 
sequences at the preceding region of the psaA gene indi-
cate the possible promoter sequences ( P1， P2 and P3 see 
the text for detail). Another boxed region at 5，168-5，173 
and 5，191-5，196 indicates possible -35 and -10 sequences 
for the interrupted ORF. The underlined regions represent 
expected ribosome binding site (Shine-Dalgarno sequence). 
The arrows represent potential terminators of psaA-psaB 
operon. 
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600 
白: FDTLLSNPDSI -ASTAWPNYGNVrlLPGWLDA 1 NSGTNSLFL T IGPGDFLVIIIIAIALGLlIHTLILVKGALDARGSKLHPDK KD FGY AF PC凹PGRGGTCDI SAWDAFYL州F附 LNTIGW
b: . .V... .A..... -N-SAA.一一・・・・・.....-s. -.. -N.... -. --. ---・・・・・・・・・・・・・・・・・・・・--・------. --Sご七了プごゴてa...__・・・・・・・・・・・・ L--

c: -.y. -.S-T .GP.FN.---GRSI. -.. --N.Y.ENS.--. --.. ------. ---------. ------. -. ---------. ----・・5・・・・・・・・・・・・・・ー.--_. -. .Y---
e: ..Y...S-TNNp.FN----GQSl....--.-..NNS・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ E ・・・・・・・・・・・・・・E---S-. ---------------------Y---. -. -.-
f: . .1.. -S-T-GP.FN----GRTL-. -. -'N.Y.ENS.-... -. ----. --. ---.. ----. --.. ---. -. -.. ---. -. ---. --S-' ------.. -. -.... --.. --y.. -. -. ---
g: ート.. S-TNG円FN一一一GR.ト----. N . Y . E NS. -----. -. ----C -------. -. ---. . . . . . G. . . . . . . . . -. . . . . . S. . . . . . . . . . . . . . . . . . . . . . . y. . . . . . . . -
h: ..Y...S-T.GP.FN.---GRSI......N.Y.ENS.・・・・・・・・・・・・・・・・・・・・・・・・・・・司・・・・・・...............S...................... .Y......... 
i: .. F . . . SKT . AAFAN----GQSL . . . . . . . . . . NNQ・・・・・・・・L......-.... -........ --.................. .S............... .Y..... .y.. 
j: .. Ip. .S-TNGP.LN'---GR・1......N... ENS'・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・S......-.......... .0... .y... 

720 
a: VT FYWIIWKIILGVWEGNYAQF NESSTYL同WLRDYLWLNSSQL1 NGYNPFG TNNLSVrlAWHFLF日ILVrlATGFHFL1SWRGYWQELI ETL VrlAIIERTPLANLYRWKDK円ALSIYQARLYG
b: L.......... I.Q・・・・・・・・ K.......r... ..A. .A........Y.Y... 
c: ......... ITL・0・・・S................................H・S.-................................. .A......... -.1. .R............... 
d: ......... ITL.Q・・A.................................H・5・・・・・・・・・・・・・・・・・・・・・-...-...... -.. -A........ 
巴.........ITL.Q・・・5・・・・・・・・・・・・・・・・・・・・・...........H・S............-...................... .A........... 1・百R... 
f: ・・・・・・・・・ ITL・0・・・S..............................・ .H・S..............司・・・・・・・・・?-..........A........... 1. .R...... -Y....... 
g: ・・・・・・・・・ ITL・0・・・S................................H・5・・・・・・・・・・・・・・・・・・・・................A... -.......1. .R..... 
h: ..........1 L ・0・・・・..D.............................H・S...-.. T...... IY..・・・・・・・・・・・・ー・・・・・ー・....K.......Y... 
i: ......... ITL.R.. .S........ー・・・・・・・・・・・司・・・・・・ IT.LVC・5・・................................. .A........... 1. .R... 

745 
a: LAflFSYGYILTYAAFLIASTAAKFG 
b: ....T...Y...........SG.. 
c: .........F......... .SG.. 
d: ........ .F......... .SG..' 
巴.........F......... .SG.. 
f: ......... F......... .SG ・・・
g: ........ .F......... .SG... 

. F......... .SGR. 
i: .y・・・・・・旬F..........SG.. 

rl ce 

Resi dJes 
743 
733 
734 
734 
735 
735 
734 
736 
734 

fI(湖町logy(%)
100 
86 
80 
81 
79 
78 
80 
81 
78 
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Alignment of the Synθchococcus vu7canus psaA and psaB 

protein with other organisms derived protein sequences. 

The alphabets at the top of the lines indicates: (a)Sy-

nechococcus vu7canus (this study) (b)Synθchococcus sp. 

PCC 7002 ( Cantrell and Bryant，1987 ) (c)tobacco ( Shino-

zakiθt a7.1986 (d)Liverwort ( Ohyamaθt a7. 1986) 

(e)Rice (Hiratsukaθt a7.1989 ) (f)Maize ( Fish et a7. 

1985) (g)Spinach ( Kirsch et a7.1986 ) (h) Ch7amydomonas 

fθi nhardi i (fくじIck et a7.1987) (i)Pea (Lehmbeck θt 

a7.1986) (j) Eug7θna g7aci7is ( Manzaraθt a 7.1987 ). The 

conserved amino acid is indicated(.) an the skipped amino 

acids，(-). The termination position of Eug7ena g7aci7is 

( Manzaraθt a7. 1987 ) psaA protein is indicated with 

asterisk. The underlined regions indicates the deduced 

membrane spanning sections. 
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Nuc1eotide codon usage of the psaA and the psaB genes. 

2 T 2 C 2 A 2 G 3 

T Phe 
16// / / 21 

Ser 
10// / / 5 

Tyr 
9// / / 12 

Cys 
日/// / O 

T 
Phe 36/32 Ser 9/10 10/15 5/3 C 
Leu 4/1 Ser 3/4 STOP 。。 STOP 0/1 A 
Leu 17/24 Ser 5/6 STOP 1/0 Trp 28/33 G 

C Leu 
10j/ / 4 

Pro 
1// / / 12 

His 
13j/ / 7 

Arg 
8j/ / 6 

T 
Leu 11/13 Pro 27/12 His 29/35 Arg 8/5 C 
Leu 10/8 Pro 3/3 G1n 15/19 Arg 1/0 A 
Leu 24/30 Pro 4/4 Gln 10/10 Arg 4/6 G 

A 11e 
26// / / 25 

Thr 
5// / / 9 

Asn 
10// / / 10 

Ser 
9// / / 2 

T 
11e 25/16 Thh r 20/21 Asn 16/20 Ser 8/13 C 
11e 。。 Thr 5/4 Lys 13/12 Arg 2/0 A 
Met 22/19 Thr 8/8 Lys 7/9 Arg 。。 G 

G Val 
9/ / j5 

A1a 
21// / / 1B 

Asp 
23// / / 19 GI y 36// / / 27 

T 
Va 18/9 Ala 35/35 Asp 7/12 Gly 27/29 C 
Val 4/1 Ala 14/16 Glu 7/7 G]y 4/2 A 
Va1 22/26 Ala 3/8 Glu 8/11 G1y 11/8 G 

psaA/psaB 
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( A ) 
C-C 

((; 1I 

C=G 
C=G 

pi 'U 

C=G 
C=G 
C=G 
C=G 
C=G 

5' T=A 3' 
J L -TCTCTTGAGJ LTTTTTTTTCCGATGGCAAAACTGCCTG-

( B ) 

4861 4884 

Ú~ A (i~ 
u 九

日 A

A A 
G=C 
T=A 
T=A 
G=C .. 

句 『

百G=CJ
A=T 

A te 
(c~ 

A=T 
T=A 
A=T 
G=C 
C=G 

5' A=T 3' 
-TCCCTTGAGAGJ ~ACCTTTAGGGTGTGGCAACAGGCGATAAATCTGTTGATCGGATGC-

4939 4980 

IF 'Li ( ~-2J lUJ I( "(弓 ， -::~J. ~(r~ '--" 

structure of the terminators (T1 and T2) for the psaA-psaB 

operon. (A) A structure of the supposed rho-independent 

terminator T1 ( from positions 4，861 to 4，884 ).(B) A structure 

of the supposed rho-dependent terminater T2 ( from posi-

tions 4，939 to 4，980). An equal mark (=) means a comple-
mentary base pai r ( see the text for the detai I ). 
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The amino acid sequence homology of the psaA and psaB pro-

七eins and the number of amino acid residues. 

organlsms psaA (residues) psaB (residues) ref. 

S.vu7canus 100.0 (755) 100.0 (743) this study 

S. sp. PCC7002 84.0 (739) 86.0 (733) Cantrell et a7.(1987) 

Tobacco 82.4 (750) 79.8 (734) Shinozaki et a7.(1986) 
Liverwort 85.4 (750) 80.8 (734) Ohyama et a7.(1986) 
Rice 81.6 (751) 78.9 (735) Hiratsuka et a7.(1989) 
Maize 81.8 (752) 78.0 (735) Fish et a7.(1985) 

Spinach 82.9 (750) 79.5 (734) Kirsch et a7.(1986) 
Ch7amydomonas 84.3 (751) 80.5 (736) Kuck et a7.(1987) 
Pea 78.6 (761) 77.5 (734) Lehmbeck et a7.(1986) 
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Oeduced amino acid composition， expected molecular 
weight and G-C content of the psaA and psaB genes. 

A m i n o  ε!l.C::: i c量 よフ£玉.e.ョメヨ、 ps.aB 

仁三 ly 78  66  

メミ 1εヨt 73  77  

V a..l 53  4 1  

Le圭u 76  80  

工 le 51  41  

ト"e1:ニ 22  1 9 

Phe  52  53  

Trp  28  33  

Pro  35  3 1  

Ser  44  40  

Thr  38  42  

メー、 s r、 26  30  

Gln  25  29  

Cys  5 3 

Asp  30  31  

Glu  1 5 18  

Lys  20  21  

H 号 s 42  42  

Arg  23  1 7 

T~〆「 19  27  

Mw(Da..) 837 198  837 043  

G-C(%)  5 3 _ 6 2  5 3 _ 8 6  
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Comparison of 七he nucleo七ide sequences 

a七 5'-proximal region of 七he genes of 

Synechococcus v υ7canus 

~[6;<'~(l:; !.T.cEl(G;:i乙;

The nucleo七ide sequences of the genes of ther-

mophilic cyanobacterium Synechococcus νυ 7canus 

were compared each other for 七he 5'-proximal 

regions including 七he promo七er. In addi七ion to 

七he probable -35 and -10 sequences， several 

conserved charac七eris七ic nucleo七ide sequences 

were recognized each 0七her. One of 七hese se-

quences (TTCTCTCCAGA box-E loca七ed wi七hin

promoters of psaA-psaB and psaC migh七 con七rol 七he

expression of the pho七osys七em 1 genes. 

4
E
a
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Comparison of the promoter sequences 

The cis-ac七ing e1ements which 10cated upstream 

of the s七art codon of particu1ar gene(s) wou1d 

affect the efficiency of 七he gene expression. 

These inc1ude the Shine-Da1garno sequence ( Shine 

and Da1garno， 1974 ) for ribosome binding and the 

-35 and -10 si七es for the initia七ion of the tran-

scrip七ion promoter). In E.co7i， consensus 

sequence for the promoter are we11 charac七er-

ized: TTGACA for the -35 site and TATAAT for the 

-10 si七e ( a 1 so ca 11 ed the Pr i bnow box )， respec-

tive1y (Lewin， 1987 ). Any kinds of mu七a七ion

within a promoter shou1d affec七七he 1 eve 1 of 

expression of the genes. It should be remembered， 

however， a very few promoters lack a recognizab1e 

sequences. They are often recognized by auxi1iary 

protein(s)， trans-ac七ing e1emen七s， in addi七ion to 

the RNA polymerase for the expression of the 

gene. Some other conserved sequences could 

5-2 
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occas4onally be recogn4zed around the promoter 

s4te by many 4nves七igators. 1七 4s presumed tha七

the s4milar consensus sequence might be recog-

n4zed around 七he promoter si七e for cyanobacter4a. 

Since these pu七ative sequences are often differ-

ent from strain to strain， discreet determina七ion

is required for 七he analysis. 

In thermophi1ic cyanobacterium Synechococcus 

vu7canus， we recognized possible promo七er se-

quences of genes of S.vu7canus based on the 

simi 1ari七ies to the consensus sequence of the 

E.co7i promoter. There were 七hree candidates for 

the promoter to the psaA-psaB operon， namely 七he

P1， P2 and P3 ( Figure 5-1 ). The nucleotide 

sequence which exhibited significant simi1arities 

to 七he consensus sequence of 七he E，co7i promoter 

were a150 found for psaC， mtnA and interrupted 

ORF at the downstream of the psaB ( Figure 5-1 ). 

The gap between the -35 regions and the -10 

regions of possible promo七ers P1， P2 and P3 of 

psaA-psaB were 17一， 17- and 20-bp long， respec一

七ive1y. A1though the P1 is most probab1e promot-

er to the psaA-psaB operon， the nuc1eotide se-

qv 
R
V
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quence at 七he gap between the -35 site and 七he

-10 si七e of the P1 and the P3 resemble each other 

(Figure 5-1 ). Since the psaA-psaB operon is 

expressed very strongly in the cells，七his obser-

vation suggest that tandem promoter sequences 

would work for the efficient expression of 七he

genes. These deduced promoter sequences are no七

highly homologous to 七he consensus sequence of 

E.co7i in contras七七o the previously reported 

genes for the photosyn七hesis of other cyano-

bacteria ( Borthakur and Haselkorn， 1989 ). 

The nucleotide sequence at the gap be七ween the 

-35 region and the -10 region of 七he P2 looks 

like the promoter sequence of 七he psaC gene. We 

could not find significant similarities 七o the 

promoter sequences of the psaA-psaB genes of 

Synechococcus sp. PCC7002 ( Cantrell and Bryant， 

1987)， and 七he psbA and woxA genes of 七he Ana-

baθna sp. PCC7120. There are numerous repor七s of 

the i so 1 a七ion and determina七ion of the photosyn-

thetic genes from cyanobacteria， bu七七he descrip一

七ion of promoter sequences are found in only a 

few report， which makes it difficult to compare 

5-4 
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these sequences among cyanobacteria. The precise 

judgmen七 of the promo七er s七ruc七ure by the S1-

mapping are required. 

The nuc7eotide sequences Tound at the 

upstream region OT the genes 

The cau七ious observa七ion of the nucleo七ide

sequences of psaA-psaB， psaC and mtnA genes of 

S.vu7canυ5 have enabled us 七o find out the sever-

al conserved sequences for the upstream region of 

the genes. The three nucleo七ide sequences which 

are denoted AAAANNTG (box-A)， GGCCA (box-B) and 

GGGC (box-C)， are recognized in common a七七he

upstream region of these 七hree genes (Figure 5-

2). A box-A and a box-C are arrayed after 七hree

box-B sequences before the promo七er of the mtnA 

gene. The box-B， box-C and promoter of the psaC 

and mtnA genes are arranged alike wi七h the dis一

tances of 7， 107 and 52bp ( psaC and 19， 107 

and 52bp ( mtnA )， respec七ively. We could also 

recognize another sequence of GAATAA (box-D) at 

K
J
 

R
V
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the 5'-upstream region between psaA-psaB operon 

and psaC gene. 

Moreover， 七he unique sequence TTCTCTCCAGA 

(box-E) are 10cated wi七hin 七he promoter of psaC 

gene and P2 of psaA-psaB operon( Figure 5-2). A 

part of 七he box-E sequence TTCTCTC (box-E') is 

a1so found a七七he P 1 s i七e of the psaA-psaB oper-

on. These box-D， box-E and box-E' struc七ures

cou1d not be found at the 5'-upstream region of 

mtnA gene. These nuc1eotide sequences (from 

box-A to box-E') which cou1d not be found a七 the

upstream region of 七he i n七eI~ rup七ed ORF after the 

psaB gene possib1y regu1a七e the expression of 

these genes. 

The box-E and box-E' structures found at on1y 

psaA-psaB operon and psaC probab1y are the cis-

acting e1ement specific for the pho七osystem 1. 

門uch more research is needed 七o determine the 

ro1es of these s七ructures through a comparison of 

the nuc1eotide sequences to other genes of pho七0-

system 1， ge1 retarda七ion assay and in vitro 

transcrip七ion ana1ysis. 
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promoter -35 -10 references 

psaA-psaB 

P1 ATGAGG ÞV^\l~(c;(c;~ττ(cY~lJ '(C~y TAACAT this study 

P2 TTCTCT (C(CtJ\~OO'lrljl~~'lr'Ü'~(C'1nGì AACACT this study 

P3 TCGACT !iJA'仏(C(Ç~(Clr(c~(cIf~1r~~(GJ@(C GAGAAT this study 

psaC TCTCCA 倣釘(@(c(c(c1rY~τ四τ(c(@ TAGCTT this study 

mtnA TTGACA '-II'~I~品þì(C;~(GJl'Y~TI(cM~ TATACT this study 

partial 

-ORF TTGCAA (c;(G(c;(c;l(C' lr(cMl~(cYlnCY AAGAAC this study 

psaA-psaB 

(PCC7002) ATGATT l(t;f ~̂~~~rjjlnr~ TATTGT ( 1 ) 

psbA 

(PCC7120) T AGT AA IA Trll'(@(c~1f(lliM fl'(c~T(@ TAAATT ( 2 ) 

woxA 

(PCC7120) TTGATT -U -~ (GJ/，^\@τ1í !iVNNlwVJJA/A 1(C~ TATGAT ( 2 ) 

E. co 7 i 

consensus TTGACA ( 16-19bases ) TATAAT ( 3 ) 

~'--n 匂 lVJ Lr ・ (~ !:Q) ，= IJ '-" 

Comparison of the promoter sequences of s. vu/canus psaA-
psaB， psaC， mtnA and partial ORF at the downstream of the 

psaB with other bacterial promoters. psbA， 01 protein of 

PS11 reaction center; woxA; 33kOa extrinsic polypeptide of 

p hotosystem 11 ( man ganese-stab i I i zi n 9 pol y pepti de: 問SP ). 

Numbers cited in the parentheses corresponded to: (1) 

Cantrell and Bryant (1987); (2) Borthakur and Haselkorn 

(1989); (3) Lewin (1987). 
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ps~A-ps~B operon 

[6] [5] [7 ] [42] [7] [19] [77] 

box-A box-B box-C box-D 

5'-AAAACATG-一一 P1 -GGCCA-GGGC-P2 -GAATAA-P3一一一μ話A

I I I I 

よコε:;~仁三

TTCTCT CATTAA 

box-E' 

[158] [4] [7 ] 

TTCTCTCCAGA 

box-E 

[107] [52] 

box-D box-A box-B box-C 

5'-GAATAA-AAAAACTG-GGCCA-GGGC--P一一 仰詫£

n-，-t:;nA  

[4J [30] [0] 

TTCTCT CCAGA 

box-E 

[11] [107] [51] 

box-B box-B box-B box-A box-C 

5 '-GGCCA--GGCCA--GGCCAI AAAAACT←GGGC-P -雌峨

lF '1l ~lUJ lr(怠 !弓~~'--'

A map of the conserved nucleotide sequence which were 

found around the 5'-upstream region of the particular 

genes. Each boxes indicates the conserved nucleotide 

sequences. The P， also includes P1， P2 and P3 indicate the 

possible promoter sites. Numbers in square brackets 

indicate the length(bp) of the distance to the next struc-

ture. The underlined regions of both the box-E and box-

E' are the conserved sequence among them. 
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Gene specific produc七ion of 

sys七em-I subuni七 (PSI-C) wi七h

a pho七0-

func七ional

iron-sulfur clus七ers E.co7i in vivo and 

recons七1七U七ion of pho七ochemical reac七ion

in vitro 

#1/Q)/&会U=&;Ja:;会

A psaC gene from a 七hermophillic cyanobacteri-

um， Synechococcus vu7canus was in七roduced in七o an 

E.co7i expression vec七or under 七he regula七ion of 

T7 RNA polymerase specific promo七er. By adding 

IPTG a七 O.5mM 七0 七he JM109(DE3) s七rain harboring 

七he plasmid provoked 七he produc七ion of the PSI-C 

pro七ein in a high amoun七 Elec七ron microscopy 

revealed dis七inc七 cy七oplasmic inclusion bodies 

present i n 七he gene-expressed E.co7i cells. 
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These inclusion bodies were enriched wi七h iro門-

sulfur clus七ers as evidenced by low 七empera七ure

EPR spectra， withou七 any in vitro supplementa七ion

of ei七her iron or sulfur. By adding this frac七ion

to a pho七osystem-1 reaction center prepara七ion

七ha七 consis七ed only of 七he large subuni七s ( PSI-A 

and PSI-B )， typical EPR signals due 七o Cen七er A 

and B were res七ored wi七hou七 adding any 0七her

pho七osystem 1 subuni七 contrary 七o a previous 

resul七s by Golbeck et a7.(1990). 

6-2 



ii 17717G /?，YO XO]({!l(.σ7乞 iJ@ lhJ

The PSI-C pro七ein， a 9kDa subuni七 of photosys-

tem 1， contains two [4Fe-4S] iron-sulfur clus一

七ers，centers A and B. The psaC genes encoding 

PSI-C protein were first found in 七he chloroplas七

DNA of tobacco ( Hayashida et a7. 1987)， liver-

wort ( Oh-oka θt a 7. 1 987 ) and ba r l ey ( H西j et 

a7. 1987) and la七er i n 0七her plants and cyano-

bacteria including the gene from thermophilic 

cyanobacterium Synechococcus vu7canus ( Shimizu， 

et a7.1990). In this repor七， we describe 七he

production and isola七ion of the PSI-C protein 

wi七h intact iron-sulfur clusters， centers A and 

B， in E.co7i to which the S.vu7canus psaC gene 

has been introduced. 
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pSVCX1 and pSVCX2 co ηstruction 

A S.vu7canus 524bp DNA fragment con七aining the 

psaC gene was isolated from pSVC6 by using the 

XbaI/EcoRI digestion and cloned into the 

X ba 1 / E c oR 1 s i七e of pGEMEX10 to make the pSVCX1 

( 3，637bp) plasmid by replacing the original 

T7-gene10 region of pGE阿EX10. The pSVC6 is a 

plasmid which con七ains the psaC gene at the 

multi-cloning site of pTZ19R and able to produce 

the PSI-C protein under the specific regulation 

o f t h e 7 a c-p r 0 m 0 t e r， a 1七hough a part of 7acZ 

protein was fused a七七he N一七erminal Shimizu， 

unpublished). The cloned DNA fragment contains 

an en七ire sequence of 七he S.vu7canus psaC gene 

wi七h a puta七ive ribosome binding sequence (S-D 

sequence ) preceding the star七 codon (Figure 6-

1 ). As pSVCX1 was not suitable for the follow-

ing experiments due 七o too many restric七ion
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endonuclease digestion si七es， these extra sites 

were dislodged from the plasmid DNA by 七rea七ing

wi七h BamHI followed by self-ligation of the large 

fragmen七， yielding pSVCX2 ( Figure 6-2 ). As the 

psaC gene of bo七h pSVCX1 and pSVCX2 are oriented 

in the same direction wi七h the T7-promoter，七 is 

expected 七o express the psaC gene in E.co7i to 

the same ex七ent using the in vivo produced T7 RNA 

polymerase (Studier， et a7. 1990 ) by the IPTG 

induc七ion ( data not shown ). 

psaC gene expression ana7ysis 

An E.co7i s七rain JM109(DE3) harboring 七he

pSVCX2 was treated with 0.5m門 IPTG in a 50 μ門

FeS04 supplemented media 七o express the psaC gene 

7 n V 7 VO. Since the expression of the psaC gene 

at an early-logarithmic period had strongly SUp-

pressed the following bacterial growth ( da七a not 

shown)， IPTG was added at a late-logarithmic 

period (A600 "， 1.0) to the medium. The ex-

pressed cells were collected by centrifuga七ion
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and disrupted by passing 七hrough a French pres-

sure cell ( 8，000 p.s.i ). Af七er centrifugation 

a七 4，000xg for 5 minutes， the precipitate and the 

supernatan七 were analyzed by using SDS-PAGE and 

immunostaining with an antisera raised against 

the spinach PSI-C protein. A band due to 七he

expressed PSI-C protein was discernible on both 

CBB-stained ge1 and immunos七ained PVDF membrane 

( Figure 6-3). The amino acid sequence of the 

expressed PSI-C protein was confirmed wi七h a 

protein sequencer. The obtained amino acid 

sequence was AHTVKIYDT and these resu1七 demon-

strated 七ha七 the methionine residue a七七he N-

terminus of the expressed PSI-C protein was 

e1 im-inated. Therefore， the PSI-C protein whose 

structure was comp1e七e1y identica1 七o those of 

higher p1ants and cyanobacteria cou1d be produced 

w i t h E. co 7 i . 

A1though the produced PSI-C protein is present 

main1y in the precipi七a七e frac七ion， it is more 

likely that the produc七 was precipi七a七ed as 

cytoplasmic inclusion bodies than integrated in 

to the cytoplasmic membrane. It has been known 
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七hat the expression of an exogenous gene in 

E.co7i would frequently result in an accumula七ion

of the expressed protein as cytoplasmic inclusion 

bodies ( Wil1iams et a7. 1982). Elec七ron micro-

graphs revealed the inclusion bodies only in IPTG 

treated cells， as shown in Figure 6-4. 

Bohme and Haselkorn (1989) had previously 

reported that the holoprotein of a plant 七ype

[2Fe-2S] ferredoxin of Anabaena could be produced 

with func七ional iron-sulfur cluster in E.co7i. 

Since PSI-C protein contains two characteristic 

amino acid sequence mo七ifs (C-x-x-C-x-x-C-x-x-x-C) 

that resembled to those of bacterial ferredoxin 

( Adman et a7.1973 )， it is reasonable 七o assume 

that the PSI-C proteins produced in E.co7i might 

hold functional iron-sulfur clus七ers within a 

molecule. 1七 can also be expec七ed that， al七hough

七he iron-sulfur clusters in the PSI-C pro七ein are 

qui te oxygen-l abi 1 e ( Oh-oka et a 7. 1989 )， the 

PSI-C pro七ein originated from thermophilic cyano-

bacterium would be more stable than those of 

mesophilic organisms. Therefore， we inves七igated

a possibility of 七he holo PSI-C protein produced 
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i n E. co 7 i . 

Iso7ation and characterization of ho7o 

PSI-C protein 

The isola七ed cy七oplasmic inclusion bodies were 

solubilized by O.5%(wjv) Tri七on X-100 in an ice 

bath under ni七rogen atmosphere. Then，七he solu-

bilized frac七ion was mixed wi七h a PSI reaction 

cen七er core complex preparation (CPI) which was 

free of lower molecular mass subuni七s including 

the PSI-C and showed no EPR signals due to ei七her

center A or center B. 

The low tempera七ure EPR spec七rum of 七his mix-

ture showed typical ordinary signals due 七o

centers A and B jus七 like those in chloroplas七

(Figure 6-5). The solubilized cy七oplasmic

inclusion bodies showed a characteris七ic EPR 

spectrum which did no七 resemble 七hose of centers 

A and B but 七hat reported by Oh-oka et a7.(1988) 

for 七he i so 1 a七ed holo PSI-C protein from spinach 

( Figure 6-5). The differences in EPR spectrum 
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would be explained by a possible conforma七ional

change of the PSI-C pro七ein when bound to the PSI 

complex thus affecting 七he magne七ic proper七ies of 

iron-sulfur clusters. 

We could not determine 七he recons七itu七ion by 

flash kine七ic analysis due to technical difficul-

七ies; con七amina七ion of some unidentified electron 

carriers originated in E.co7i， possibly cy七0-

chromes， complicated the decay kine七ics of flash 

induced P700 photooxidation (Shimizu， unpub-

lished ). Therefore， we examined EPR signals 七o

estimate for the reconsti七ution
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The present work has shown tha七 七he PSI-C 

pro七ein is produced wi七h functional iron-sulfur 

clus七ers in E.co7i. The recons七1七u七ion required 

only the produced holo PSI-C pro七ein and PSI core 

complex. Exogenous supplemen七a七ion of ei七her

iron and sulfur or 0七her lower molecular mass 

polypep七ides was no七 essen七ial. There were no 

detectable amoun七 of low molecular-mass subunit 

which include PSI-C， PSI-D， PSI-E and PSI-F in 

our PSI-core complex preparation ( Hiyamaθt a 7. 

in preparation )， this enabled us 七o exclude 七he

possibili七ies tha七七he residual low molecular-

mass subuni七 migh七 facili七ate the interac七ion

be七ween the PSI-C pro七ein and the PSI core com-

plex. The PSI-D was firs七 recognized as a ferre-

doxin binding subuni七 of photosystem 1 (Zane七七1

and Mera七i，1987; Zilber and Malkin，1988 ). Cross-

linking s七udy has demonstrated 七ha七 七he 9-kDa 

subしJni七 (PSI-C) closely in七eracts wi七h 七he 14-

and 19kDa subuni七s of spinach pho七osys七em 1 ( Oh-
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oka et a 7.1989 ). These subuni七 in七erac七ion

be七ween PSI-C subuni七 and PSI-D and PSI-E subu-

ni七s was also suggested in recen七 s七udy of cyano-

bac七eria through flash kine七ic analysis and low 

tempera七ure EPR analysis ( Li et a7. 1991). We 

could observe a 七ypical low-七empera七ure EPR 

spec七rum in a mixture of 七he PSI-C protein and 

PSI core complex. In par七icular，七he EPR spec七ra

demons七ra七ed 七ha七七he binding of 七he PSI-C subu-

ni七七o 七he pho七osys七em 1 core complex affec七s 七he

magne七ic proper七ies of centers A and B as repor七-

ed by Oh-oka et a 7. (1988) and 七he recen七 report

of ド1ehari et a7. (1991). 

Zhao et a7.(1990) repor七ed 七he in vitro recon-

sti七u七ion wi七h in vivo produced PSI-C1 ( Psa-C1 ) 

apo protein and 七hey described an absolu七e re-

quiremen七 of the PSI-D pro七ein 七o 七he reconsti七u一

七ion. They pos七ula七ed 七ha七七he requiremen七 of the 

PSI-D pro七ein is due 七o 七he exis七ence of a five 

amino acid 門EHS阿.. .) ex七ension a七七he amino 

七erminal of the PSI-C1 pro七ein. Since 七he PSI-C 

pro七ein we produced is the au七hen七ic one wi七hou七

an ex七ra amino acid residue，七 is likely 七ha七
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the PSI-C pro七ein has much affini七y and easy to 

adhere 七o 七he PSI core complex wi七hou七 other low 

molecular mass subuni七 in con七ras七七o their PSI-

C1 pro七ein. These resul七s had promp七ed us 七o

study the roles of the PSI-C pro七ein wi七h the 

si七e-directed mutagenized psaC gene and 七he in 

vitro reconsti七ution technique， in progress. 

The recent progress of 七he psaC gene destruc一

七ion in photosyn七he七ic organisms were accom-

plished bo七h unicellular green algae Ch7amydomo-

nas reinhardtii (Takahashi et a7. 1991 and 

filamen七ous cyanobac七er -j um Anabaena νariabi 7 is 

ATCC 29413 ( Mannan et a 7. i n press ). The psaC 

gene destruc七ion of Ch7amydomonas reinhardtii by 

DNA-gun affec七ed 七he accumula七ion of 七he 1 arge 

subuni七s (Takahashi et a7.1991 ). This observa-

tion sugges七s the func七ion of the PSI-C subuni七

七o stabilize 七he pho七osys七em 1 complex. However， 

they did no七 accoun七七he possibili七y abou七七he

deficien七 of the large subuni七s of the photosys一

七em 1 was no七 caused by an undesired recombina一

七ion during the isola七ion. Since they isola七ed

psaC gene deficient mu七an七s in expec七a七ion of 
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mu七an七s lacking 七he photosystem 1 ac七iv i七y，七 is

reasonable 七ha七七he mu七an七s 1 ack 七he photosys七em

1 ac七ivity or 1arge subuni七s of pho七osys七em 1 as 

we11. In cyanobacterium， a1七hough 七he psaC gene 

destruc七ion caused the comp1e七e 10ss of 七he PSI-C 

protein and the PSI ac七ivi七y，七he large subuni七s

( PSI-A/PSI-B) sti11 assemb1ed in thy1akoid 

membrane ( Mannan et a 7. i n press ). 

The func七ion of 七he PSI-C subuni七 in pho七osys一

七em 1 shou1d be discussed af七er more carefu1 

inves七iga七ions.
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GATCGTTTTAGGAGCGGTTACTAC -1 

ATGGCTCACACTGTCAAAATTTACGATACTTGCATTGGCTGCACCCAGTGTGTGCGGGCC 60 
MetAlaHisThrValLysIleTyrAspThræ~y~IleGly~~y~ThrGln(~y~ValArgAla 

TGCCCCACCGATGTGCTGGAAATGGTGCCTTGGGATGGTTGCAAAGCTGGCCAAATTGCC 120 
t~~sP roThrAspValLeuGl 州etValProTrpAspGly(CW~ysAlaGlyGlnIleAla

TCCTCCCCTCGCACGGAAGATTGCGTTGGCTGCAAACGCTGTGAAACGGCCTGCCCAACT 180 
SerSerProArgThrG 1 uAsp(~y~sVa 1 G 1 yt)f~ysArgt'W弱 luThrAlat)f~YroThr

GACTTTTTGAGTATTCGTGTCTATTTGGGTGCAGAAACCACCCGCAGCATGGGTCTAGCC 240 
AspPheLeuSerIleArgValTyrLeuGlyAlaGluThrThrArgSerMetGlyLeuAla 

TACTAGTCCCCTATTTTCGTGAAACTTTCGGCAAATTCTTGACTAGGCTTGAGGCAACAT 300 
Tyr 

CCCTACGTCTCAAGTCTTTTATTTGTTTATTGGTTGTCCTTAGCACCAACCAACCCCTAC 360 

TCACCTACAACTCAGGGCTGGTCTTCGTTACTAAGGCGGCTTTGTAGGTCATCCACTGCT 420 

TCATTGATTTGGGCAATTTTAGCCTCTAGCTCTAGGCGCATCGCCTCCATCACAGGGTCA 480 

TCATTCCCCTGCAGGGGAGTG 

lF clJ W Jl L!J LT'C台(白~'lJ 山

The nucleotide and expected amino acid sequences of the 

S.vu7canus psaC gene in pSVCX1 and pSVCX2. An under-

lined sequence indicates an exprected ribosome binding site 

(Shine-Dalgarno sequence). 
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Gel electrophoresis analysis of the PSI-C protein produced 

in E.coli. A.The CBB-stained gel. B.The immunostained gel. 

Each lanes correspond to: (1)total cell proteins of gene ex-

pressed cell (2)cytoplasmic inclusion body fraction 

(3)membrane fraction (4)cytosol fraction (5) Synechococcus 

vulcanus PSI preparation ( B only ). 
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Electron microscopy of the psaC gene expressed， and not 
expressed cells. A. Control pSVCX2/，.JM109(DE3) strain 
(psaC gene did not express) B.IPTG treated， gene ex-
pressed pSVCX2/JM109 (DE3) strain. Bars indicate 0.5μm. 
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ESR analysis of FA/Fa restoration 
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Low-temperature EPR analysis. 
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Si七e-direc七ed mutan七5 of the psaC gene of 

Synechococcus vu7canus 

The 七erminal elec七ron acceptors of pho七osys七em

1 are [4Fe-4S] iron-sulfur clus七er cen七er A and 

center B which are bound to 七he PSI-C subuni七

like bac七erial ferredoxin ( Adman et a7. 1973) 

( Figure 7-1 ). Many inves七iga七or have presumed 

七he order of elec七ron-flow mechanism of 七he

pho七osys七em 1. Nevertheless，七here is no deci-

sive evidence abou七七he order of 七he electron 

flow of cen七ers A and B; whe七her 七hey transfer 

elec七rons in parallel manner or sequen七ial manner 

from cen七er F" to ferredoxin. Fur七hermore，we do x 

no七 know abou七 which of 七he 七wo cys七eine mo七ifs
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ligates 七he iron-sulfur cluster centers A and B， 

and the func七ion of another cysteine residue 

which is located in the middle of the PSI-C 

sequence and does not liga七e the iron-sulfur 

clusters. 

1 have es七ablished the in vitro reconstitu七ion

analysis method with an in vivo produced PSI-C 

protein of Synechococcus vu7canus Shimizu et 

a7. 1990) containing func七ional iron-sulfur 

clusters and pho七osystem 1 core complex ( Shimizu 

θt a7. in preparation). The recons七1七U七ion

analysis with the site-directed mutants of 七he

PSI-C subuni七 must be able 七o answer the ques-

tion. 

An amino acid residue of the PSI-C pro七ein was 

replaced by ano七her amino acid residue by using a 

site specific mutagenesis. 1 produced six psaC 

mu七ants， each of which has replaced amino acid 

residues around the ligand of iron-sulfur cluster 

binding si七e. 1 have focused 七o muta七e the amino 

acid residues just around the cysteinyl residues 

in two ways: (1) replace the cysteine residue to 

another residue (2) inser七 an amino acid residue 
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i n七o the cys七eine c1us七ers ( Figure 6-2 ). 1 a1so 

七ried 七o produce a mu七ant C14S in which the cys一

七eine-14 residue was rep1aced by a serlne. 

However， 1 cou1d no七 iso1a七e a mu七ant af七er

severa1 attempts for unknown reasons. 

A1though the [4Fe-4S] iron-su1fur c1usters were 

retained in 七he PSI-C pro七ein by cysteiny1 1ig-

ands， the non-cysteiny1 liga七ion of a [4Fe-4S] 

iron-sulfur clus七er was found in a ferredoxin of 

hyperthermophilic archaebac七erium pyrocuccus 

furiosus Aono et a7.1989 ;Conover et a 7 . 

1990). It has a七ypica1 arrangement of cys七einyl

res i dues: X10-Cys-X2-Asp-X2-Cys-X3-Cys-Pro-X25-Cys-X7-

Cys-Pro-Xg・ While 七he cys七eine residues were ar-

ranged ana1ogous 七o 七ha七 of 七he other [4Fe-4S] 

ferredoxin， a second cys七eine residue in 七he

ligand of iron-su1fur c1uster was rep1aced wi七h

an aspartate residue and an iron a七om i n 七he

[4Fe-4S] c1uster cou1d 1igate 七o 七he asparta七e

residue as we11 ( Conover et a7.1990). There-

fore， since rep1acemen七 of 七he second cysteiny1 

residue to another amino acid residue such as 

aspartate may effec七 1 i七七 1e to the iron-su1fur 

qV 
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clus七ers ， rep 1 acemen七 of 七he second cys七einyl

residue was excluded from the original. 

All six mutants could produce 七he PSI-C pro七ein

E.co7i in vivo as efficien七1y as w i 1 d 七ype PSI-C 

pro七ein ( Figure 7-2). However， the grow七h of a 

mu七an七百 15G is suppressed af七er the gene expres一

sion was ini七iated by an IPTG ( da七a not shown ). 

Because 1 could not examine 七he flash induced 

kine七ic analysis of P700 as described in 七he

chap七er 6，七 is indispensable 七o isolate the 

PSI-C holo pro七ein from a E.co7i inclusion body 

frac七ion using a me七hod similar 七o 七ha七 of Oh-oka 

θt a7.(1987)， or recons七itu七e 七he pho七osys七em 1 

in vitro wi七h purified PSI-C pro七ei n by i n v i t ro 

recons七itution manner， as demonstrated by Zhao et 

a7. (1990). 

Fur七her work is needed 七o i den七ify 七he iron-

sulfur clus七ers binding si七e of PSI-C pro七ein and 

the order of elec七ron 七ransfer by 七he recons七1七u-

七ion analysis. 
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The predicted three dimensional structure of the 
S.vulcanus PSI-C protein， drawn by a computer. Each 
pictures demonstrate (A) wire models and (8) space filling 
models of deduced structure with different angles. Each 
colors correspond to: (A) red -αcarbons， yellow -su Ifu r， 
purple - iron， green 一 αcarbonsof cysteine (8) red -
oxygen， purple - iron， white - hydrogen， yellow - sulfur， 
green - carbon， blue - nitrogen. The photos were kindly 
offered from Prof.Rachel Nechushtai， the institute of life 
science， the Hebrew university of Jerusalem. 
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MAHTVKIYDTCIGC-TQCVRACPTDVLEMVPWDGCKAGQIASSPRTEDCVGCKR-CETACPTDFLSIRVYLGAETTRSMGLAY 

C17L • • • • • • • • • • • • • .一.. !L. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .一... 

C21S ..............一...... ~............................... .-.. 

C34T ..............一....................................τ.................................... ..一... 

C48I ..............一.................................IL....一........ 

O15G ..............由................................................................................ .. 

O53S ••••••••••••• .-...................................... . ~ .... 

F苛霊)M!:r(@ (l=~ 0 

The amino acid sequences of the wild type， and the 
mutants of the PSI-C proteins. Bars(一) indicate the insert-

ed positions for the mutants回15Gand O53S. All con-
served amino acid residues were represented by dots(.). 
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A(CBB) 
wild C34 T C48L C17L C21S ~15G ~53S -control 

SPSP  S PSP  SPSP  SPSP  

B(EIA) 

SPSPSP  S P  S P  SPSPSP  

F苛勾(l，J)a-~ γ-"'~r ... 

The SDS-PAGE analysis of the mutated PSI-C protein produc-

tion by (A) CBB-staining and (B) immunostaining. Each P 

and S represent the precipitated and soluble fractions of 

centrifugation after cell disrしJption. Arrows indicate the 

PSI-C and mutant proteins. 
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In this thesis， I have revealed the structure， function 

and reconstitution of cyanobacterial photosystem 1 as 

descri bed below: 

(1) The psaC gene of photosystem 1 which encodes the 9kDa 

subunit containing the iron-sulfur centers A/s was isolated 

from thermophilic cyanobacterium Synechococcus vulcanus. 

The deduced amino acid sequence was well agreed to the 

formerly determined amino acid sequence except for cys-

teine and tryptophan residues. 

(2) The psaA-psaB genes of photosystem I which encode the 

large subunit of the photosystem I core complex ( PSI-A 

and PSI-s ) were also isolated from the cyanobacterium. 
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(3) The nucleotide sequences of these isolated genes 

( 5，945bp for the psaA-psaB genes and 2，702bp for the psaC 

gene ) were both determined. 

(4) The structure of the psaA-psaB operon was quite similar 

to those of the higher plants， in contrast to those of 

cyanobacteria. The deduced amino acid sequences were 

also homologous to those of the higher plants. 

(5) Although the nucleotide sequence of the psaC gene 

resembled those of higher plants， the nucleotide sequence 

around the psaC gene was not homologous to those of the 

higher plants. 

(6) 1 have found an ORF which exhibits a characteristic 

distribution of cysteine residues. Since the deduced amino 

acid sequence of the found ORF was homologous to those of 

the other cyanobacterial metallothineins， the ORF was 

presumed the to be gene encoding a metallothionein ( mtnA ). 

(7) A¥I these cloned genes， psaC， mtnA and psaA-psaB， were 

found to exist as a single copy gene by genomic southern 

hybridization analysis， respectively. 

(8) The cloned psac gene was inserted into an expression 
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vector of E.co/i and expressed in vivo under the regulation 

by IPTG， The produced PSI-C protein has an identical mass 

on the electrophoresis gel to the native PSI-C protein， and 

cross-reacted to the PSI-C protein specific antibody. The 

sequence analysis of the amino acid residues of the pro-

duced PSI-C protein revealed that the methionine residue 

at the N-terminus was removed and the PSI-C protein was 

completely identical to those of the higher plants. 

(9) Cytoplasmic inclusion bodies were present in the psaC 

gene expressed cells when observed by an electron micros-

copy. It was likely that produced PSI-C proteins were 

accumulated in cells as cytoplasmic inclusion bodies. No 

membranes or layers which surround the inclusion bodies 

could not be found. 

(10) The cytoplasmic inclusion bodies were isolated after the 

cell disruption through a French pressure cell and solubi-

lized by Triton X-100 under nitrogen atmosphere. After 

low speed centrifugation， the solubilized inclusion bodies 

were mixed with a photosystem 1 core complex of spinach. 

The low temperature EPR spectrum of this mixture showed 

typical ordinary signals due to centers A and B just like 

those in chloroplasts. The solubilized cytoplasmic inclusion 

bodies showed a characteristic EPR spectrum which did not 
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resemble those of centers A and B but that for the isolated 

holo PSI-C protein from spinach. 

(11) These observations strongly indicated the production of 

the PSI-C protein with intact iron-sulfur clusters， centers 

A and B， in E.coli to which the S. vulcanus psaC gene had 

been introduced. 

(12) 1 have also constructed six psaC mutants， each of 

which was replaced amino acid residues around the ligand 

of iron-sulfur cluster binding sites. These mutants could 

be used for the further study of the iron-sulfur centers A 

and B. 

This is a first observation of the production of the PSI-

C protein with functional iron-sulfur clusters in E.coli， and 

the restoration of the photosynthetic EPR signals of iron-

sulfur clusters center A and center B without other lower 

molecular mass subunits of photosystem 1， such as PSI-D. 
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