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KAKIEZR] (RKEETSI M T2 7L R+ UEBEE
JoEER. LT PSI B9 ) (X, 1 O DY 721w b (PsaA~PsaM)
NoBESISNZIBEREIOCNIBEEEARTHZ, HHEHES >V D
Synechococcus elongatus i S BBt 7= PST # BT, 4ADSHEREET X
BESREERITATHONR (KrauBs, 1996) . aU v o I PEBEDIERE
BREFEESMINEAS IS iz, TDL S RIEEETEHS L. PSI OEE
CHBEDRREZHONIT B EHICFEDOT 721y FOANRIELE
EESKOEREFORBEOEITIEETH S, BEXTIZIS VIO
PSI 2B 20712y NOEBGEFOTRTHEEICEB I A, Psak &
PsaM Z R LD I R TDEEFOEZLIZDOVT . ZOWREMIMER S H
TW3, RIFETIL. Psak & PsaM OEBEFIRIEMEFER L. FO45F
B AR MR 1T T 1oy NOHRBEEBIFT 32 812 4&

D&Y 721y bOHEBEPERBIZEONITEIZEEBME Lk, @,

PsaK & PsaM (TR 3 2MARIEIBEEIZEZ L, ZDFER. Psak DEEFIHIE
BROERUZATIN L=, COMEETIE AXBEEZMXTEEH LD B
MEEITIRIRERTP TH B, Psak &MifT LT PsaM OEEFIRIEEDIFER
LEATEN. KEBETICE->TUARWL, T, FFERALREF(L Psal @
Bz FiEiE# (1993, J. Biol. Chem. 268, 11678~11684) > Psal &
EFRIEEBELLEN. COMBERERIPIZ Psal TEKORIRE
DB EITUVRXREERETo>7/ (1995, Plant Cell Physiol. 36, 1579
N1587) o)

ERDOLSIC . ZLOPSI T2 w NRIEEEKIMMMER I TE =N
PsaA.PsaB.PsaC O & 5 [CBF 2B MAZF /=% L) Accessory subunit(PsaD,
PsaE, PsaF, Psal, PsaJ, PsaK, PsalL, PsaM) |&. PsaD &M =. ¥I¥8ir
RELBTOHARICHDBEOEDTIERWI ENMBRESNTEEZ. ZADD
Accessory subunit OEBHREEMIZDODWTIEEASMNIEN TR,
4 (£ Synechocystis sp. PCC 6803 M 4% d PSI Accessory subunit

(PsaD. PsaE. PsaF. Psal) RIEZEMEB LT, BEDLRBENAIALD
EEROEE - £SO - BHEICRIEIEEEANTEE, F



DFER. PsaD RIEEEGNNBZIMETEH D . 100uE/m?/s L EDOHFEET
(IR RBEBNZLRICEEIND T &X0, PsaE EE/K)RIZB S 3 v Y
JLEE (42°C. 1B5R1) [T K BEMMEEFENEFTLIEW EhEH&BESH
(2L 2 5D Accessory subunit (. BHCPEEEOEEI ML XK
HTTEELRBIAEZRLLTVWBZENTEIAE, |

in vitroDEEBRERMN S, PsaDlET7 =L KF 2 &EALL F/F gD
57zl RFIUOANDEFEZECHEBEDEDTH S Z ENTRINL AR
RKREBSIL, BATTIE PsaD RIEBEEGENABIRBEEEZITS 2 &
EU.ZOZEEMNBTEKRBROASREEZBT A SN ILE,
ChoDER(L. PsaD IEHELET TEH NP OBTRENTHONAS>2 2 &%
BER/TEIEDTHD, 7L KFUn 6 NADPHZEBFNIEZEETNS
e s, invivoTlE. PsaD FEELGRLCEE T L KFSOADEF
EEITEIDSDZEHEEINS, ULIALEDS. 7L FF2 D HUANDE
FEAEN NP DETRIGICEASE L TWBZEEFTZ6NE, 2D &
BIESHZTBEI—DODHEIE. 7L R+ UEEFE PsaD BEFOME
FHBEIh TR EMER L. COEEKDNBRET A ES &SR
RBZETHD, COMBEXRIBEPRIC. 7L FFIUBEEFDO/ O
-=> 7%‘??9 7:'20
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AR ¥ $HKEF: FEEEHES >/ Synechocystis sp. PCC
6803 R UMFEMES >\ 5 Synechococcus vulcanus D7 = L KF
SUBEFOI/O-Z2S  BRENEEER 1 99 5FEEFEER
UEIS5EI VRIS L (BIRKE) FRA7TEIHA28H~30H

AR ¥ BBIMAHE. BUEX . Synechocystis sp. PCC 6803
LR 1 ERRY Ty NREEEMEZRBVLEME (2) 1 H
FEYMEBFEL 109 5FEFARUVEISEI VRIUL(EIR
KZE) ER7TE3R288H~30H

- EANHE fhA % :  Synechocystis sp. PCC 6803 & PsaK
EBEFRIESOERER UK O DA EMERS$ES 1997
EEFSRUEITEI VDRI DL (R#XE) EFROE3H27
H~29H

c$AKREBF . (thA H£:  Synechocystis sp. PCC 6803 @ CP43 %
U757 R+ U BEFRIENOERRURIRE OENT  BARED
BP0 9 7TEEFARUEITEI VRI DL (REBXFE)
TRk 9EI3HF27H~29H

CfhAR HE e bR 1 HAED Accessory subunit (. BBEX ML
AMBSUYYEBHTZEERY 71y bTHS  BFREME
B | QQ T EEFARUEITEHY VRY Y L (EHPKXE) F
O9E3IHR27H~298
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EKPsak 721w hEXRIELES VY DER
MRODIEE & FDHERFFE DT

ZZIZHE L EARRRIE. IRARENMEELERBIA EDELTHX (FEXRF
RFRIBTFHAABETIHRRECFERER 8 FEELTHRX) O—8& LTEEZ
BRI TWLBH, BE. FiFwRXE LTRBERTTH S,



FF &

SFEYCS ENTO AERBARMKSIE. FHIEER| (PS1) &kERI
(PSI1) oM EN, KIRNF—E2ATPELUETAICERT S, PS I,
10BULEDRIRTF RO SBRENZIERIONIVEESHKTHY ., KICK
BLETSA P75 7zV RFOUADEFEERILEMIET 5{4,5],
INHYTaAy bO—KRBEIL. SEEVPIOSEREYDS VEICESETR
HERFEZNTWBZE {4,510, ERGOEREIIIEASHMAERICEELES VE
THBDEVWSIEHRMLS. SUBRSHEYPHBOETNELTERATHSEEAON
3o

Synechocystis sp. PCC6803 % Synechococcus sp. PCC79427iE DS
VEER, NEKEGCTFOBEABETSTHY. HEEBRZ CLHZERKOERD AT HE
THd. CNETICPS lOY 7=y FOBEEERASHICT B0, TNHDFE
BB SVEREZAVWT, OV 71y FOBEGFEREH L UZEEHED
BEZN. TOXRRBEOBABITONTE{4,5}.

PsaKRUPsaMDREZERMIIKREBEEZNTVAL, PsaKIcDWWTIE.
NETESFHEMPS VET, TO7 I /BEIIRVCEGFOEREEIINRENT
WBDB., TOWEICDODVLWTRERL<BHZINTWEWL {45}, KRHRTHE.
Synechocystis sp. PCC6803 ZRAWT. BEFI—I T4 »FEkICEYpsaK
BEFERRBRICUCERKEERL., TORRBVEFEH LLURTEIEICKY.
PsaK O&MRICEIT BIBEEEMSHICT B LEAMELE,

HERVFE

[ KAETRHWES VERRUVKEE ]

- SVE

S & Synechocystis sp. PCC6803 O BERBIZIERAS HhHNBELXLEL
UEYR(Tk,

- KiaE
MI09%% ZETSRIRRIY—-DBEEELTRHIVE,

[ BEFRUT I/ BEFIOER ]
GENETYX BEIEHLEBY 7 b0 27 Ver9.04 ( V7 PO T 7R &SR
EZRWTHEFLE,

[ BEHDIEE )

- SUE
HAEKRRUBRZERKOEEIL BG- 11 &EiEH {13} 2BV TiT o7/, FEUEE
7520 ( BEREIZ70ml. $HSB0E500 ml Y)ZALY., #HIT ( National
KIby g 10W, 28K ) TEEMICKBHL. BRLANS30CTIEE LE,
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EEKOIBRICBAFA2 (25 ng/ml ) ZHRMUERERE,

- KB

KEEDOIZEC(IL., LBigGthEHA\E={15}, EFPICEIVHECNLLCTHTIA Y
%40 ug/ml ERBBESITHTEMUL,

[ A2 RRICEATS5HE ]

- FIREERICLADNADYIEG. UH—EICLBEE. 7HO—-XTIEKKEIC
LEDNADOSBEVEE (B ). Sy 7 ICLBRBEMSDTSRZ
KDNASEEL, N TUFAE—ar. /—YonNaTUF(tE—2 32,
BRUDNATO—T7 O#%ESEIL. " Molecular Cloning, a Laboratory Manual,
2nd ed. " {15} RUTMF OBV FWRBEICKE > TITo /.

- BB DFREY
Synechocystis sp. PCC6803 E?E"“#ﬁk&UPsaKkgeﬂimb@’f/ ALADNADSE
BIWilliamsDAE {17} IC. /—YFINATUVEA ¥~ 3 (ICBW=EER
EOOHRIIAbasDFHEE {1} ICH-> T2 7=

- Nakamoto® A% {11} ICiE> T, PCREfT- /=,

[ &Mt )

-PS | BROAH
BEHLEEKNORABLAEF S 24 RIEEERE%2dodecyl - B-D-maltoside
[CLYUABLE. PaEEEARERL EZTVPS | EREFARL~{3].

- P7TOODEE
FRERFNRBE EZOP700DNELICHE D 430 nm [CHIFTRRAELE(ILEZBAT
Mz L7 {6},

- SDS=ARUTFT L VUIT I R IVESRkE ( SDS-PAGE )
lkeuchi 5D A% {8} ICHE> TITo7=. GBS IVIL 16-22% (W/Vv) TH B MT
22% (w/v) T. 1.33% (w/v) C ORERES . BT VT 5% (w/Vv) T,
2.6%W/v)CT. Wb 75 MIREZELHBODERVE, EEE(IOCakley
S5DAEE {12} K-> THI- 7=,

- NRFT = / BES 9
SDS-PAGE THEiEn/=4 > /O EEZPVDFERICERMICEKEER. 73 I~77 /
s TREL. BMOSZ U NIEONY REBaZIVEBL. £B8S NNV E—
BENHEEPSQ-2 ( 5REFE ) TNRRT = / BRESIERE L.

- BEORARYS MILVOBIE
BREIEZEEREEBE (0D.,;) 750145 L5ICBG-11THIR L. HiL 5578
BRESEAEHZERWTIRNARYS MVEAE L.

AEBEA AR MIVOAIE

s007 4 VEEN3 ng/ml LHEBEDICHEAFKTHRRLUEPS | Em
100 ul ZRRAY—ILERy MIERL., REEEHhTREEREZ 8. BER
440 nmO IR ZERVT B850 NN EANEF THARNRS FNEAEL
7<o
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1. PsaKIZD W T DEHR

"Cyanobase" ( http://www kazusa.or.jp/cyano/cyano.html ) ZR VT
psaKEGEFERRENDOIERESB = {9}, PsaKOEEENZR1IC. ZOERL
NEYEEENDT7 I /BERIEZEFOTHICELE. BETHLIIC. FHART
BEINEpsaGEEGFHIERIE. 4.6 kDaORURTFEREZREKLTEY. #
EHOFSa4 REEREBVWTIORYRTF R, BIEEAREPsaK ONK &
73 BENERE LEE ZAPsaKONKERIO7 7 /B TRt 5%
ZITTWBR I EMBELMICIEDE . ’

ERES L UBFEINBIEAEPsaKD 7 = /BESICEDE, B0y
FETo7/ER. PsakKEW Bk ERIFLTWS I EMBALMITE o 7(
2), 7=, pl EO10.3)n5PsaKI3ERE MY /NI BETHBD EPALMITED
7=o
2. PsaKR &k DIESRL

PsaKREHDBEOHESE, R3ICKT. £7. psakKe ELDNAB K (956
bp )%. Synechocystis sp. PCC6803m %"/ ADNAZ &R [CL TPCRIXIC &K
UBIELE . SOB. S'HoSSA4T—(T54~7—1) &ELUTA0EE N 560
BEFET 3'AD0TS54v—(T547—2) ELTI7THERNSIISIEREET
DRBE T Z. "GENETYX"ZRWTERLE(ET). 5 Nh~PCRE R Z
pGEM-T Vector( Promega® Y#RWWTo/O—=45 L. Gon/-{H#ZDNA
(Ll#%. pGEM-K &Y ) DiERETIEZREL T, PCREMICERSEL TV
WS &SR L=, pUKAK (Pharmacia®l ) ZEcoR I TiEifELTEShEhF
IA U UTMEEGEF Ay FOFEKE ZKlenowBEZAWVTERBEL. ThzE
Msc | CiE{b U/=pGEM-KICIEA L=, TDHR. hF A2 VEEEREFDO B
ty bhpsaKBEFERAR. HD NI, FARAICHEASh2EEOBEBRZ
DNABSB oI, COLKSICUTHBELE, psaKEWIELU - ZDNAZ
Synechocystis sp. PCC6803 ICEA L7z, HBRABKRAICK STEGRREZE.
HhFRAEEUBG-11EXRIEHERNVTERLE,
3.YYINATYIA(E-3>

Synechocystis sp. PCC6803 HEMRUVERHK N ST/ ADNAZREL .
FhEFh%&Hincll, Hind!l1l, Sma | TYE L%, psaKiBzFE2E$956 bpd
PCREF Z P THEIHERL. NATUFIE-a>DTA—TELTHL
2o ZEEBDETOY / ADNALDpsaKB&EFMB. hF <A 2 VREEEFS
BASNEZEREREGT (i) EBRULTWSIEEZHERL.

4. )= NATVEA¥—- 3>

BAEHTII480 basel[CE—D/N Y R#®Eh (B4) | psaKDEEEMIS

monocistronic MRNATH B Z EMBALMITAE o7, —A. EEKTIEZODER
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EEMIIREEShEI o .
5. £ 5 IR

LITOE{LZHFIRICE. 2DDEEKD DS, K6 ( A4 o UithEGF
#ZpsaKERARICIEAL ERM ) ERWVE, JNA—RERMLEZH0 L&
AMOBGI BB E#RWT. BEKRUVEEKOETEZMBIAL AL (RS ), *t
HUIBTER DB ZRS ITRUE. EiPADS IV I RNOFEICE D 5
9. ENESEICEELSERIBREIh AN ., BRKINAMIIRERGFTTE
BRI ThHD &M RENE,
6. v aEEEDERRLNEEICLSPS | ERORAH

Chit nis5MAE {3} ICHEL.. MIUREXH T CEELUAFE/RRUPsaKR
KHEMSRBUAEFS A RES /Y EEdodecyl - B-D-maltosidelCk U
AIAkE, L aEREARRLNEET LIS BEREEEKTREDON
v Ri2ExEHEhE (E6 ).
7. aBEEARRLOEICLY SBENCEROERELANS ML

FEKRRUEEKICBWT  aBEEAREICLYESNE. LERUTED
ERICOVWTOEERHEARY MVEAELE (R7 ). PSI [CESLALS AN
T4 IVHAFDRELBEBKIEZ725-730 nmftiEIC. PSIT HERDE—2-(3685-695
nMfHRICTEET 5 {14}, B4k, EEKLEBIC. TEROEATIIPS| BHkROE—
s 0HBBRBEINELS, LBOERTEPS I AkRDEVEN L, PS | HED
FUEESBREINE, BERENI LIS, ZEEMKTIIPS IIBARDEXSED U
TV,
8. BEMBRUZERYPSIDS /X BHAK

HWIREFHTCEEUAFEMRUZEEGKZERAWT, kRO aEEEIR
EOSERICKYRAEUELPS | &R (TEBOREER) . PST +PS I #m

(EB) 0% /o BEKESDS-PAGEICK VEHRL A= (K8 )., TDHR.
4.6 kDaDN\N Y EBZERKTIEIRELTHBY., TOYUNRIBEONKRHT =/ B
BSERE LIEEZD, PsaKTHB I EMPELMITAE>7 (A1) - > T,
EEKICETBPsaKn Rk pSwER SN, LrL. PsaKeER<hDH /R H
CDOVWTRERSEFEKREOBICEREIBREZNAM o, k. COERK
ZPsakKR&#k EFES,
9. HAEM LPsaKREMKICHITBP700BETTF RT 4 U ADLLE

TMPDE 7 ROIE VEETEE FTP7002 R Lk, FERNAXERE L.
430 nm [CBIFTEHAEEERFEAATUET S EP700DXEMEICH D BAXED
B E. FRICE<BATOBEERTICLY. BREESERHRZROTHEET S
OBBRIND. Zhik. P7TO0OOEFMHRXICK URIERENT, P7T00M5E
FEZBEA,. A Fx ZBHUTF,/F, i'("‘ﬁj{i%é NnT. BUP700NRH &
[CH¥ET 35,6}, MIFREXGET CEEUAFEKRRUPsaKREMKMSHE L
7=PS | ERZRANT. FENALBEEOP700DERNAEL(LEFBRMITHEL T
KO- EFHE, FEHEPsaKREBROBAICDIVTET1 msecTH > 7=( K9 ),

-5-



10. FEKRUPsaKRE#DEERRANRS M
HWIREFUHTTEELEFESRRUPsaKREHRZR VT, BEOBRPRAR
IRIVEBELE . B4, PsaKREMK EHIT440 nm, 625 nm,. 680 nm
fHEICRRBANSEFEE U=(E10 ), 440 nm, 680 nmfHEDE—2(3/A80
TabalcHRL. 625 nmiBEDHDIZT 4 AT LB BDTHS {7} .
BAEMELEE LT, PsaKREH TR, ChOoTRTOREENFED LTIV,

EE8

Synechocystis sp. PCC6803(CH(F DHFAEIPsaK TIINKIR7 7 = / BEIR &
DREDBHOEN F=(E1 ). ChDDT7 I /B, Leu-Leu- AlafgSIZF TH K
KRB EBR L TVE, 2T SONFKBRURTFRE, a-ANUvIR
EERLUTFIVETIE LTHEIEET S EEZONS,

BkE7Oy b5, PsaKh2D DEEEFEEZR > TOWS I ENREE N
7=. ‘positive-inside rule’ . EIGHBRERICIIESFHEFOTI /B
(Lys. Arg) BBEEL TS EWSH {16} ICRAIE. 2D DEKiEMFEEDREIC.
LysRUArgBRENBEET S 00, COBRHSR FOBICHEL. ZDK
SBEBRT S /BERESEETHACKBIN—AMICFEETIEHEEN
3.

PsaKDEEEL BN T 578 . PsaKR &% DERER A=, psaKiBGEFICH
FIA L UTHEBEEFEBALULZREICIE. COBBFOGEEMHEREY
bigichizh-o (B4 RUS8) .

PsaKREBRDSHMIIRERGE T TEBRETHY., TOETEEBFLEHK, S
ZIER U THoi &S (B5 ). PsaK{xSynechocystis sp. PCC6803M
KT REET ICHADSBDTIIHENZ EMNBESMIAR> 1,

FEMRBRUPsaKRE(|OEEEZ B, dodecyl- B-D-maltosidelcdk o
TS RVBEAAEEL. P aEEEQERODEET > EEZA. BEKR
UPsaKREMEBI2DODBREERMBE SN (H6 ), Chitniss(d, 2DDF
GD56, EEBIEIPS I RUVEEMEDPS |, TRESE&XZHEAKLTWAPSIT
HBEMANTIVS {3}, > T, PsaKAHESERDY T1=y b THSBPsal
EIIRAY {3}, PsaKIIPS IOZE&EAICBEE LA EBREBEI N,

FEMBL UPsaKREH N STARL PSS |ERZRA VW THAERNXRBHEZED
P7TO0BERTTFRT A VR EUELELEZ S, BHEOER (K BB
&, PsaKP700p oF /FETOEFEEICHAS L TWRWI EMHL I
[ClE-o7e,

FAEHRUPsaKREBROBFIRRRARSY ML S, PsaKRE#Do/ OO 7 4
W74 3EYBBLUTWBZESHASL N> (K10 ), > T,
PsaKIcZOAZ 4 UBEELTNWEZ &, R, PsaKS 74 AEUY—~ADF

-6-
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10 20 30 40 50 60
AAGCCCTAGC CCAGGCGATC GCCGCTGGGT TTACTTCCGA CCGTATCATT GCTTTGCGCC)

70 80 90 100 110 120
CCCCCGTAGC CGAACCATTG GAAAAAGCCC TGTGGCAACA ATGGCAAATT CAAGGGGTGG
130 140 150 160 170 180
TAACTAAAGC CTCCGGTGCC CAGGGGGGAG AATTGGTTAA GCAAAAAGTG GCGGAAGCGT
190 200 210 220 230 240
TGGGGGTAAA TCTGATCAGA ATTGCCCGTC CCCAGACTAT TCCAGGGCAA ATAACTGACG
250 260 270 280 290 300
ATTTAAGCCA GATCAACCAA TTTTGCCAAA GACATTTGCC AAGCTAAAAA CGAAAATTTG
310 320 330 340 350 360
TAAGTATTG CAACGGTGGT TTCCCAGGGG CAGAGCGTCC CCGTAAGATG AGATTTTTAA
370 380 390 400 410 420
AGACCCCCAT TAGCGTGGGG CTATCCCTTT AAAAACCGTC TTTATTCTGG AGAATCTCAA
M

430 (Mscl)a40 450 460 470 480

TGCATAGCTT TTTGTTGGCC ACCGCCGTTC CCGCCACCCT GTCCTGGAGC CCTAAAGTTG
H SF LLA T AVP ATL S WS P KV A

490 500 510 520 530 540
CTGGGGTGAT GATTGCTTGC AACATTTTGG CGATCGCCTT TGGTAAATTG ACCATCAAAC
G VM I ACNITLA I' AF GKL TT1KAQ
550 560 570 580 590 600

AACAAAATGT GGGCACCCCC ATGCCTTCCT CTAACTTCTT TGGCGGCTTT GGTTTAGGGG
Q NV GTP MPSS NFF GGF GL G A

610 620 (Mscl )630 640 650 660
CTGTGCTGGG CACCGCTAGC TTTGGCCACA TCCTCGGCGC TGGAGTAATT CTGGGGCTAG
VLG TAS FGHI LGA GV I L GL A
670 680 690 700 710 720

CCAATATGGG AGTACTTTAA GGCTCGATTC TGAATGGACT AGCTTTTATC CTTTGGGAAA
N MG V L =*

730 740 750 760 770 780
ATATCAAAGG CGATCGGGCA ATTGAAAGAA AAGCCTGGTC GCTTTTTTGT TAGGGATTAG
790 800 810 820 830 840

GGAAAATGCG AAAACGCACC AAGGTGGTAA TTATGGCTCC GATGACGGCA AGAATCAACG
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Abstract

Genes encoding ferredoxins from the transformable unicellular cyanobacterium
Synechocystis sp. PCC 6803 and the thermophilic unicellular cyanobacterium
Synechococcus vulcanus were cloned and sequenced. Southern blot hybridization
detected a single copy of the ferredoxin sequences in both cyanobacterial genomes.
Northern blot hybridization analyses indicated RNA transcripts of approximately 440
bases long for Synechocystis sp. PCC 6803, and 460 bases long for Synechococcus
vulcanus, respectively. The accumulation of transcripts of the two cyanobacteria was
three to four times greater in cells grown in iron-rich medium than in cells grown in
iron-deficient medium.
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Introduction

Ferredoxin which contains a [2Fe-2S] cluster functions as the central molecule for
distributing electrons derived from the photosynthetic oxidation of water to a number of
ferredoxin-dependent enzymes in the chloroplasts of higher plants, algae and
cyanobacteria (Knaff and Hirasawa 1991). There are multiple forms of ferredoxin which
show a difference in biochemical properties (Morand et al. 1994). It is not clear that each
of the multiple forms is involved in one or more specific enzymatic processes.

Targeted mutagenesis with several species of cyanobacteria to inactivate a specific
gene has opened the door to advanced studies on the function of the gene product. The
ferredoxin gene (petF) was cloned from the transformable cyanobacterium,
Synechococcus sp. PCC 7942 and the construction of a petF deletion mutant by
exploiting homologous recombination was attempted (van der Plas et al. 1988). However,
no deletion mutants of Synechococcus sp. PCC 7942 lacking the petF gene on all the
copies of the chromosome were recovered both in the presence and absence of iron in
which condition flavodoxin might be expected to replace ferredoxin (van der Plas et al.
1988). It suggests that the ferredoxin is indispensable at least for the cyanobacterial
photoautotrophic growth. Unlike the obligatory photoautotrophic cyanobacterium
Synechococcus sp. PCC 7942, Synechocystis sp. PCC 6803 can grow heterotrophically
with glucose (Anderson and Mclntosh 1991). Symechocystis sp. PCC 6803 is
naturally competent and incorporates foreign DNA into the genomes by homologous
recombination, thus enabling one to mutate a specific gene. Therefore, it has been used
extensively for mutational analysis in photosynthesis. We isolated the petF gene from
Synechocystis sp. PCC 6803 by using a probe derived from the carboxyl-terminal amino
acid sequence of the ferredoxin.

Ferredoxins from mesophilic organisms are generally heat-labile (Hase et al. 1983,
Koike and Katoh 1979), but, those from thermophilic cyanobacteria such as
Mastigocladus laminosus and Synechococcus sp. were shown to be heat-stable (Hase et
al. 1978, Koike and Katoh 1979). The reason for the thermostability of the ferredoxins is
not clear. In order to elucidate the molecular mechanism of thermotolerance, we isolated
the petF gene from the thermophilic cyanobacterium, Synechococcus vulcanus by using a
probe prepared from the petF gene of Synechocystis sp. PCC 6803. As far as we know,
this is the first report about the cloning of the perF gene from a thermophilic
cyanobacterium.

A part of this work was presented at the Annual Meeting of the Japanese Society of
Plant Physiologists, Matsue, March, 1995 (Nakamoto and Suzuki 1995).

Abbreviations — b, base(s); bp, base pair(s); PCR, polymerase chain reaction; TES, N-
Tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid.

The sequence data reported in this paper have been submitted to the
DDBJ/EMBL/GenBank DNA databases under the accession numbers D835607 for
Synechocystis sp. PCC 6803 ferredoxin gene and D85608 for Synechococcus vulcanus
ferredoxin gene.



Materials and methods

Growth conditions for the cyanobacteria

Synechocystis sp. PCC 6803 was grown at 30°C in BG11 (Rippka et al. 1979) liquid
medium (with the addition of 5 mM TES-NaOH (pH 8.0) and the modification of the
concentration of Na,CO; to 50 mg I'") under a light intensity of 40 umol m? s™. The
culture was aerated with air. The thermophilic unicellular cyanobacterium,
Synechococcus vulcanus (Koike and Inoue 1983) was cultured at 50°C with a light
intensity of 40 pmol m™ s™ in the medium used for another thermophilic cyanobacterium,
Synechococcus sp. (Katoh 1988). The culture was aerated with air supplemented with
5% CO,. The optimal temperature for the growth of Synechococcus vulcanus is about
55°C. Cultures containing different concentrations of iron were prepared as follows. Cells
were harvested from logarithmic-phase culture (15 ml) by centrifugation at 3 500 x g and
20°C for 10 min and washed with 10 ml of the culture medium containing no iron. After
repeating the centrifugation and resuspension procedure four times, the washed cells
were centrifuged once more and resuspended in 2.5 ml of the culture medium containing
no iron and used to inoculate 60 ml of the culture medium containing various
concentrations of iron. The cultures were started with an initial optical density at 730 nm
of 0.05.

Cloning and sequence analysis of the Synechocystis sp. PCC 6803 petF

An oligonucleotide with the sequence,
S’CTTCTTCTTTGTGTGTTTCGATTGTGCAGTC3’, was synthesized according to the
reverse complement of the carboxyl-terminal amino acid sequence of the ferredoxin
isolated from Synechocystis sp. PCC 6803 (Nelson, N., unpublished data). It was end
labeled with [ 7 -**PJATP and T4 polynucleotide kinase and used to screen a genomic
DNA library of Synechocystis sp. PCC 6803 in pBluescript SK (Stratagene). Plasmid
DNA was isolated from positive colonies by the alkaline lysis method and screened
further by dot blot and Southern blots using the probe described above (Sambrook et al.
1989). Sequencing double stranded plasmid DNA was carried out by the dideoxy-
mediated chain-termination method (Sanger et al. 1977) with Sequenase DNA
Polymerase, version 2.0 (United States Biochemicals), and [ & -*>S] dATP (Amersham).
T3 primer was used for the first sequencing. Further sequencing was carried out using
primers synthesized successively according to the sequences already determined.
Nucleotide sequences were analyzed by DNAstar software (Reilly et al. 1988). All the
positive clones lacked the 5’-region of the Synechocystis sp. PCC 6803 petF. A 250-bp
Sau3 Al fragment (containing 3’ half of the perF) obtained from one of the positive
clones was radiolabeled and used as a probe for further screening of a genomic DNA
library of Synechocystis sp. PCC 6803 in YPN1 (Reilly et al. 1988), a yeast-Escherichia
coli shuttle vector. Two positive clones which have the complete petF gene were
obtained.

Cloning and sequence analysis of the Synechococcus vulcanus petF

A 440-bp fragment containing the Synechocystis sp. PCC 6803 petF (see Fig. 1)
amplified by polymerase chain reaction (PCR) was labeled with **P by random primer
labeling method and used as a probe to screen a genomic DNA library of Synechococcus
vulcanus in A DASH bacteriophage. Bacteriophage DNA from the positive plaques was
prepared by the liquid culture method (Sambrook et al. 1989), and further screening was
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performed by Southern blots (Sambrook et al. 1989) after digestion of the DNA by
EcoR1. A 2.4-kbp fragment which was hybridized with the probe described above was
subcloned into pBluescript Il KS+. A 960-bp Ps/I fragment was generated by digestion
of the 2.4-kbp EcoRIl fragment, and subcloned into pBluescript I KS+ The
overlapping deletions were obtained by digestion of the Ps7I fragment (subcloned in both
orientations) with exonuclease III (Henikoff 1984). With M13K07 as a helper phage,
single stranded templates from both strands were generated and sequenced using an
AutoRead Sequencing Kit (Pharmacia) and a DNA sequencer (DSQ-1, Shimadzu). The
nucleotide sequences thus obtained were aligned and analyzed with Genetyx software
(Version 8.0, Software Developing Co., Tokyo).

Southern blot analysis of genomic DNAs from Synechocystis sp. PCC 6803 and
Synechococcus vulcanus

Chromosomal DNAs were extracted and purified from Synechocystis sp. PCC 6803 and
Synechococcus vulcanus as described previously (Williams 1988) . The DNA which was
digested with restriction endonucleases and electrophoresed on an agarose gel was
transferred from the agarose gel to a BA-S 83 nitrocellulose membrane (Schleicher and
Schuell) and hybridized with a radiolabeled probe as described (Sambrook et al. 1989).

Northern blot analysis of total RNAs from Synechocystis sp. PCC 6803 and
Synechococcus vulcanus

Total RNAs were isolated from Synechocystis sp. PCC 6803 and Symechococcus
vulcanus cells which were harvested in mid-exponential growth (Aiba et al. 1981) and 10
ng was electrophoresed on a 1.5% (w/v) agarose gel containing 6.6% (W/v)
formaldehyde. Transfer of RNA from the agarose gel to a BA-S 83 nitrocellulose
membrane (Schleicher and Schuell) and hybridization with a radiolabeled probe were
carried out as described (Sambrook et al. 1989).

Additional procedures

PCR with AmpliTaq polymerase (Perkin Elmer Cetus Instruments, Norwalk, CT, USA)
was carried out as previously described (Nakamoto 1995). DNA fragments were labeled
with [**P]dCTP by random primer labeling method as directed by the manufacturer
(Amersham life Sciences), and used as probes for genomic library screening, Southern
and Northern hybridization analyses. The hybridization signals were detected and
quantified with a BAS1000 Mac bio-imaging analyzer (Fuji Photo Film).

Results and discussion

Sequence analysis of the petF genes from Synechocystis sp. PCC 6803 and
Synechococcus vulcanus
DNA sequence analysis of the Synechocystis sp. PCC 6803 petF (Fig. 1) revealed the
presence of a 291-bp open reading frame with a deduced amino acid sequence in
complete agreement with that of the previously reported ferredoxin polypeptide from this
cyanobacterium (Bottin and Lagoutte 1992). The initial methionine of the primary
translation product is posttranslationally processed since the initiator methionine residue
is absent in the mature protein (Bottin and Lagoutte 1992). Ferredoxin contains 96
amino acids with a calculated molecular weight of 10 232 and an estimated pI of 3.56.
DNA sequence analysis of the Synechococcus vulcanus petF (Fig. 2) revealed the
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presence of a 294-bp open reading frame. The deduced amino acid sequence happened
to be the same as the amino acid sequence of Synechococcus sp. ferredoxin, another
thermophilic cyanobacterium (Hase et al. 1983). Recently, ferredoxin was purified from
Synechococcus vulcanus and its complete amino acid sequence was determined (Suzuki ,
K. and Hiyama, T., unpublished data). The sequence coincided with the deduced
sequence of the petF gene. The initial methionine of the primary translation product is
posttranslationally processed since the initiator methionine residue is absent in the mature
protein of Synechococcus vulcanus. Synechococcus vulcanus ferredoxin contains 97
amino acids with a calculated molecular weight of 10 716 and an estimated pI of 3.75.
The numbers of acidic amino acids (Asp and Glu) and basic amino acids (Lys and Arg)
are 22 and 7, respectively, which are higher than those of Synechocystis sp. PCC 6803
ferredoxin (20 and 4). The GC content of the coding region of Synechococcus vulcanus
petF is 50.5%, not much different from that of Synechocystis sp. PCC 6803 petF, 49.5%.

In ordinary algae, ferredoxin is heat-labile (Hase et al. 1983, Koike and Katoh 1979).
However, Synechococcus sp. ferredoxin is heat-stable as indicated by the fact that
bleaching and decrease in activity did not occur up to 60°C (Koike and Katoh 1979).
Comparing the amino acid sequence of Synechococcus sp. ferredoxin with those of
ferredoxins from mesophilic cyanobacteria, Hase et al. (1983) predicted on the basis of
the three-dimensional structure for Spirulina platensis ferredoxin that additional salt
bridges were formed in Symechococcus sp. ferredoxin between Arg-10 and Glu-97,
between Lys-75 and Glu-74 or the carboxyl group of the C-terminus, and between Arg-
86 and Glu-23 or Asp-61. They suggested that Synmechococcus sp. ferredoxin was
stabilized by those salt bridges.The amino acid sequence of Syrechococcus vulcanus
ferredoxin is the same as that of Synechococcus sp. ferredoxin. Therefore, the isolation
and sequencing of the Synechococcus vulcanus petF gene may provide a way to prove
the hypothesis explaining the mechanism of thermotolerance by producing mutated
Synechococcus vulcanus ferredoxins in which the amino acids proposed to be involved
in the salt bridges are changed through site-directed mutagenesis.

Comparison of the upstream region of the petF genes from Synechocystis sp. PCC
6803 and Synechococcus vulcanus

Reith et al. (1986) pointed out that the apparent promoter region of the Syrechococcus
sp. PCC 7942 petF gene resembled the Escherichia coli promoter only in the -10 region.
The -35 region showed no homology to either the Escherichia coli consensus promoter
or to other cyanobacterial promoters. While the nucleotide sequence in the -10 region
of the Synechococcus sp. PCC 7942 petF gene, TAGTAT, is also found in petF genes
from Synechocystis sp. PCC 6803, Synechococcus vulcanus (Figs. 1 and 2), Anabaena sp.
PCC 7937 (van der Plas et al. 1988) and Anabaena sp. PCC 7120 (Alam et al. 1986),
there is no similarity in the -35 region of the cyanobacterial petF genes .

Southern Blot Analysis

Southern blot analysis revealed that a 440-bp DNA fragment containing the
Synechocystis sp. PCC 6803 petF (see Fig. 1) hybridized to a single major band in all
restriction digests of the cyanobacterial genomic DNA except Hincll digest (Fig. 3A),
indicating that the petF is present as a single gene in the genome of Synechocystis sp.
PCC 6803. The probe is expected to hybridize with two fragments when the DNA is
digested with Hincll which recognizes a site in the gene. However, there were more than
two bands detected in the Hincll digest (Fig. 3A). Minor bands were also apparent in the
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HindIll digest. Therefore, there may be other genes which have sequences similar to the
petF isolated in this study. Recently, the entire genome of Syrechocystis sp. PCC 6803
has been sequenced by Tabata’s group in Kazusa DNA Research Institute (Kaneko et al.
1996). They reported four ORFs whose sequences are homologous to pefF. One of
them has the same sequence as that determined by us. Thus, the minor bands described
above may be due to other petF genes.

Southern blot analysis with an Apal/Sau3 Al fragment (Fig. 2) containing a 5’ region
of the Synechococcus vulcanus ferredoxin gene revealed a single band hybridized with
the probe in all restriction digests (Fig. 4B), indicating that the petF is present as a single
gene in the cyanobacterial genome.

Transcript analysis

The size of the petF transcript was determined by hybridizing each petF’ probe to
Northern blots of Syrechocystis sp. PCC 6803 and Synechococcus vulcanus total RNA
extracted from cyanobacterial cells grown at different concentrations of iron added to the
culture media. In each strain a single mRNA of the same size was detected irrespective
of iron concentration. While the petFF mRNA of Synechocystis sp. PCC 6803 was
approximately 440 bases long (Fig. 4A), that of Synechococcus vulcanus was 460 bases
long (Fig. 4B).

The concentration of iron added to the culture medium affected the petF” mRNA level
in both cyanobacteria (Fig. 5). The level of mRNA was three to four times greater in cells
grown in iron-rich media (containing more than 10 uM iron) than in cells grown in iron-
deficient media (containing less than 102 uM iron) (Fig. SA, B). The reduction of
mRNA level occurred regardiess of the differences in the cyanobacterial species and the
iron source (ferric ammonium citrate versus ferric chloride).

Contradictory results have been obtained concerning the size and abundance of the
petF mRNA in iron-deficient and iron-rich media. The sizes of the transcripts have been
reported to be 450 (Reith et al. 1986), 520 (Bovy et al. 1993) and 630 bases long (van der
Plas et al. 1988), though the size of the coding region is almost the same among different
cyanobacteria. The cyanobacterial petFF mRNA levels have been observed to be
unaffected (Laudenbach et al. 1988, Leonhardt and Straus 1992), only slightly affected
(van der Plas et al. 1988) or strongly affected (Bovy et al. 1993) by the availability of
iron.

Bottin and Lagoutte (1992) reported that ferredoxin is not detectable in
Synechocystis sp. PCC 6803 cells grown under iron deficiency. It appears that the level of
ferredoxin protein does not correlate well with that of ferredoxin transcript. The same
phenomenon was observed with Synechococcus sp. PCC 7942 (van der Plas et al. 1988).
As van der Plas et al. (1988) indicated, the decrease in the amount of ferredoxin
transcript under iron limitation does not account for the strong reduction in ferredoxin
protein. These data suggest that ferredoxin content is regulated posttranscriptionally.
Bovy et al. (1993) showed that in Synechococcus sp. PCC 7942 and Anabaena sp. PCC
7937 the ferredoxin transcript is much more stable in iron-supplemented cells than in
iron-limited cells and concluded that the ferredoxin gene is regulated by iron at the level
of differential mRNA stability.

Iron-stress not only affects the expression of petF, but also induces a number of
changes in the photosynthetic apparatus of cyanobacteria (Oquist 1971, 1974, Guikema
and Sherman 1983). Further transcript analysis with genes involved in photosynthesis is
in progress in order to understand the mechanism of cyanobacterial acclimation to iron-
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stress at a molecular level.
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Figure legends

Fig.1. Nucleotide sequence of the ferredoxin gene from Synechocystis sp. PCC 6803.
Promoter regions are underlined. The ribosome-binding-site sequence is double
underlined.

Fig.2. Nucleotide' sequence of the ferredoxin gene from Symechococcus vulcanus.
Promoter regions are underlined. The ribosome-binding-site sequence is double
underlined. Possible stem-forming bases of a putative transcription terminator are
indicated by the arrows. Restriction sites, Apal and Sau3 Al, are indicated in parentheses
above the sequence.

Fig.3. Southern blot analysis of genomic DNAs from Synechocystis sp. PCC 6803 (A)
and Synechococcus vulcanus (B). A. Synechocystis sp. PCC 6803 chromosomal DNA
(5 ng) was digested with EcoRV (lane 1), Xhol (lane 2), Clal (lane 3), HindlIl (lane 4),
Hincll (lane 5), Clal/HindU1 (lane 6), and EcoRV/Xhol (lane 7). Restricted genomic
DNAs were electrophoresed on a 0.75% (w/v) agarose gel. Southern transfer and
hybridization were carried out as described in Materials and methods. A 440-bp DNA
fragment which extends from 281 to 720 (see Fig. 1) was amplified by PCR, radiolabeled,
and used as a probe. B. Synechococcus vulcanus chromosomal DNA (3 ug) was
digested with EcoRI (lane 1), PstI (lane 2), Kpnl (lane 3), Xhol (lane 4), HincII (lane 5),
Hindlll (lane 6), and Sall (lane 7). Restricted genomic DNAs were electrophoresed on a
0.8% (w/v) agarose gel. An Apal/Sau3 Al DNA fragment (see Fig. 2) was radiolabeled
and used as a probe. The sizes of DNA indicated along the side were determined by using
DNA fragments produced by digestion of A DNA with Hindlll and ¢ X174 DNA with
Haelll (New England Biolabs, Beverly, MA, USA).

Fig.4. Northern blot analysis of total RNAs from Synechocystis sp. PCC 6803 (A) and
Synechococcus vulcanus cells (B) grown in media containing various concentrations of
added iron probed with the same DNA fragments used for Southern blot analysis. A.
Iron (ferric ammonium citrate) concentrations. Lanes 1, 5, 6 and 9, 19 uM; lane 2, 1.9 x
10 pM:; lane 3, 1.9 x 10”° uM; lane 4, none; lane7, 9.5 x 107 uM; lane 8, 9.5 x 107 uM.
Data from two separate experiments are presented. Experiment 1, from lane 1 to 5;
Experiment 2, from lane 6 to 9.  B. Iron (ferric chloride) concentrations. Lanes I, 8
and 9, 68 uM; lane 2, 6.8 uM; lane 3, 6.8 x 10! uM; lanes 4, 5 and 7, 6.8 x 10 uM; lane
6, 6.8 x 10° pM. Data from two separate experiments are presented. Experiment 1,
from lane 1 to 5 and lane 9; Experiment 2, from lane 6 to 8. The uppermost band (G)
was due to contaminating genomic DNA as confirmed separately by deoxyribonuclease
digestion. The sizes of mRNA indicated along the side were determined by using the 0.16
- 1.77-kb RNA ladder (GIBCO BRL, Gaithersburg, MD, USA).

Fig.5. Variation in the petFF mRNAs from Synechocystis sp. PCC 6803 (A) and
Synechococcus vulcanus (B) with iron level. Data are taken from Fig. 4A and B. The
relative mRNA level was quantified by a BAS 1000 Mac bio-imaging analyzer (Fuji
Photo Film). The two different symbols represent data from two different experiments
(see Fig. 4).

10



Fig. 1.

Fig. 2.

GCAGCCGGTTCGGAGGGTTATTTCAGCATGATTAGACAATCTATCGTCAAACCCGAGGAA 60
GATTAATCTTTCCATCTTTTGCCTCCCGGTCCTTAAAACTCCCTTAATTCCTAGGGTTCT 120
AGCCTTTCCTTAATTTTATAATTGCCAGGCCGAGGGGCAAAAACACTCTGGGCAAAAACA 180
TAAGTAAAGGTATCCGATTAAGCCTAGCCATTCATTGCTAATGCTTCCTTGTCAATTCAA 240
GATTTTCCCGTAGTATCAGAACAGTTAAGTTTTTTGAAGTAGCTCGATCTGGATATAGTT 300
GTCCCGATGGAGGCTTCATGAGGCAATCTCTCTACTGTTTTTTTGAGAAGAGGAAACATC 360
TATGGCATCCTATACCGTTAAATTGATCACCCCCRATGATGAAAGTTCCATCGAATGCTC 420
MASYTVKLI!I TPDGESST!'tIETCS

TGACGATACCTATATCCTCGATGCTGCGGAAGAAGCTGGCCTAGACCTGCCCTATTCCTG 480
DDTY I LDAAEEAGLDLPYSG

CCGTGCTGGGGCfTGCTCCACCTGTGCCGGTAAGATCACCGCTGGTAGTGTTGACCAATC 540
RAGAGSTCAGKITAGSVDAQS

CGATCAGTCTTTCTTGGATGATGACCAAATTGAAGCTGGTTATGTTTTGACCTGTGTAGC 600
DQ SFLDDDOQIEAGYVLTTCVA

TTATCCCACCTCCGATTGCACCATTGAAACCCACAAAGAAGAAGACCTCTACTAAGGGTA 660
YPTSDCTI!ETHKEEDLYS
ATAATGCTGGCCATGGGCTAGTGAGTTTGATAGTTTCATAATTGCCACGGCAGGGTTTAA 720
GCCTCTTTTTTGTTGCCCATTGGCAAACTCCAAGACAGCCTGGGCGCTCGCTCACATACC 780
CCCGGTTCCCCTAATGCTTCCCTTAATTCTTGGTAATCCTGGGCAATTTTTGCTTGGCGT 840
ACGCGTTTAGAAGCAATTCCAATCCAGCTTGGGCAATGTGCTGGCGTGCTGTTCTGTGAG 900

TTCGGCACCGAACCAGAGCTGCGGCGGCAAGTCAGTTGGAAGCTGCGCCAAGCCAAACGC 60
CACGCTCCCCTGTGGAGTCCCCACCGCTTTAGCCGCCAGATGGAGCAAGCCCTAAGGGCG 120
ATGGTCAATCGGTATCGGACAGGGGAGTGGGTTGTGCCTGCGGGCCATCGAGTCGGAGAA 180
TAGAACCAGTCATCGAGTTTGCTTAATTTTCTCCATAGGGTTCAATGTCTATAAﬁZﬁﬁyT 24Q
CAGATACCTTAGGGGCCTCAAATTACGAAAACGATACAAAAAGGGCCTTGAATGGGCCCA 300
TCAAGGCTGAGGTTTTCCCCCCTAGTATCTAAATTGGAGCGTGATGGCTCCCTGCCCTTT 360
TCCCATACATGAGAGGACAAGATTCATGGCAACCTACAAAGTAACGCTAGTGCGTCCTGA 430
MATYKVTLVRPD

TGGAAGCGAAACAACAATTGACGTGCCCGAAGATGAGTACATTCTGGATGTGGCCGAAGA 480
6GSETTIDVPEDEYIILDVAETE

ACAAGGCCTAGACTTGCCCTTCTCCTGCCGTGCTGGTGCTTGCTCCACCTGTGCCGGTAA 540
Q@ GLDLPFSCRAGACSTT CAS®GEK

( SaudAl)

GCTCCTGGAAGGAGAAGTGGATCAGTCGGATCAGTCCTTCTTGGATGATGACCAAATTGA 600
LLEGEVDQSDQSFLDDDO QTIE

GAAGGGCTTTGTGCTTACCTGTGTAGCCTATCCCCGTTCTGACTGCAAAATCCTCACCAA 660
K&GFVLTCVAYPRSD CKILTN

CCAAGAGGAAGAGCTTTACTAAGGCGATTTTGTACAATTTATATTGTTGGGGCGATTGTT 720
Q EEELY
GTGGGGCATCGCCCCTTTATTTTGGGGCTGGAGTCCTTAAGATGGAAGTAGTAATTGGTG 780
CCCGCTGATGATTTCCGACTTGCCCCCCACTGGTGATTTGATGATTCGTCCCTTGGCCTA 840
TCGGGATGTGGAGGTGGTGGAACAGTGCTGCGCCATCAAGGGGTGCATGATCAACCCTTT 900
GGTCTACCGTCCTTGGCGGGTGGACCGATGACCTCACCGCTGCATTTACT 950
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