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ABC: ATP-binding cassctic

CBB: coomassic brilliant blue

CCCP: carbonyleyanide m-chlorophenylhydrazone
DCCD: N, N’-dicyclohexylcarbodiimide

DTT: dithiothreitol

EDTA: ethylencdiamine-N, N, N’, N’-lctraacelic acid
FCCP: carbonylcyanide p-(trifluoromethoxy)phenylhydrazone
GST: glutathione S-transfcrase '
IM: inner membrane

IPTG: isopropyl-fi-D-thiogalactopyranoside

OD: optical density

ORF: open reading frame

OM: outer membranc

PBS: phosphate-buttered saline

PEG: poly (ethylene glycol)

PP: periplasmic space

PS I: Photosystem 1

PS 1I: Photosystem 11

rFutAl: recombinant FutAl

RT-PCR: reverse transcription-polymerase chain reaction
SDS: sodium dodecyl sullate

SDS-PAGE: SDS-polyacrylamide gel clectropharesis
TES: N-tris(hydroxymecthyl)methyl-2-aminoethancsultonic acid

Tris: Tris(hydroxymethyl)aminomethanc
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B 1 E M

ETOMKEE XL THBENNGERIFERZ 4 L TARPS 2 TSR TV S,
MDA ET 2 -DICF O E N L AMEOERD B < M EIRNIC AT
bhizlFhidi s v, MEOBIEMICE, HIZREDDOIND AH & LMD
HEDAICE EE S TRAREHINTOITERGEEN S, HARREFIIEL

TUHEBEFEMBIROWTAE TR0, 377 ) PHIERIRR 488
ZWDAAZ AL ERSDEPINTZ 2N ER>TW A LIRS IR
T&ES, Ihid, FIZIEANBRICBWTEEE P 7 3/ EHHEE T hIE,
EITHRWEAIIARTIDRILEFEFTEFLI LSO TH S, Tb
b, REGEAMEZHOSART LD EHARADPLWMO AT I EDHHLRLF
—MIZ T > EFRRDTH D, 2 A B AF Y DEHRIZE 41 43D ATP
DI TH BD. M~ RF DU 2% d 23 bTh 1, 2 237D ATP
THRILEDZDTH D (Ames, 1986) FND N7 T 1) L L R e Bk
FEOTVRZEIIELIH R0, BEMY) - 2 THoOGERMXICITZ
nEHSICHARATNERENLZY UV -OGELEDLMTH B, TDLD
7y N DEDEE Y FOAMBEEHSSE I OBEDRIHIC T A2 BEWEITRSE
COMEBILL>THbh &R, ZOHRINSLEOMRMERIE DL

PIN—ZHHTELZZ Aok TRENDT7 731 ) —DHPTED A
IS=E T X/ BESB K RO TR IC B LT EBHEWICHEMLTE D,
HEACMICE—RBIFEER >TW3EEZ N TWA, Mk 7 7» 3 ) —Iid, &
S AF 2 UmEARD LD ITHEOHEXIZE L ATP KM= IV F
—&%ﬁt?%A&:@ﬂwWMgwmm)E%%ﬁ??iu—&ﬁuw\m

BODPDOHDHBRHIENT WS, AN E LBl ATHONS 12
[EIfEEEAN ) w7 ABRERT 7 ) —iZkk 2 e FREEE L. FOMBE L
ABC HBIEAA L B TFOHPMEZ R THEXO T I F—EIEZE ML AERIL
FRIAEE = Xt o+ & OEE/ Sl Kb it hd, Thdz 12
MIBELE Y v 7 ARkl ABC Btk e h . ZOBE 2 LB

LTDELSMA~HEHM LTS, /2. PTS (phosphotransierase) > A7 Al
JEERE IS L FOMED ) VI L TR F D E b, COET
i <MEE 7 7 IV - FCEBLTZOFEROMBEICRERINTNS




(Lengeler, et al., 1990}, & 2 A TABIFEICB O TEE—OWHED ABC Bk
12 RIBEE A w7 AR AR THNE S N A HIDHIS T Wh DD,
SO X >THIEE AN SR> TELLDHMEERELS DML R
NWHF AR R P ERINTZHEEZ5NTWD, LAEL—HNIEEZ
12 ISR w2 ZREE AL Y 7 B 2 D O dE I K E 0D
IS AT AREUEAHC . AN Ml 6 KEREIEARIEYS -
7= ""f”gi'@ﬂ-‘"'ilklf"J-’\szx'&*ﬁﬂi[*]:"}ﬁf'f‘EF)Z) (Hengge and Boos, 1983) ZTHIASH LT
ABC B ARl U XN X WD IS Wt 2R > 2V A F LT H
Do EWEHEARUCH LT IR 2 WM 5 BHTHETH S SLEIICHT 5,
BRWEEFHCY A OPINOBUI TR L 2 38 TH S (Silver, et al., 1989),
ABC BUELAD BHIOMKIE. 72 ABEMAIFHIC BT 2808 2 /87 Bk
ARSI T 23D TH o 1. T OHEEEEART 7 I U —DREULRE
Ay IS THDB I TH B (Berger, 1973, Berger and Heppel, 1974)0 #%iE
Hova w7 Ci3AINE % o a B b T RUBE B B . HARDK T A
TRT 2/ TH D, LTS EDTA & b ) ZREFWGA T TITH> 2 &
THIFaAREAZ D UETHE < L. RO K DKD & HE R MBNA~DH AL &
o TR AICHIEN D, COREL Y avICED, Whdd ) 7S
ZLE IS BEEEEND—BEDY 87 DI~ L T h B, <) 7
Z ALY T PUEF D X0 D RO SR & Mo IIC s T 5 ) 72 X
LANIZHFLLTWAEEZLNT WS, $BAAR)TIXLANDRETDY >~
ORI OMAETHINTNARTIE R, W THIREATHLS Y o328
DN d85EeH 5. 277 LABMHAIEICEWTERESY 237 "G
B & 5 THUCHIE I M T B0 Bl &8RSN RN RIS L D, <~ TS
AL TR INAESTHEEBRICHELRMEERTH A Z EHHIPDHS
Nizo N T ZALE /37 HIRILROTICRTUDTRET. »O%RICHE
LTWBEENFEL, FERMREDLE L JLETZOHATIRBIED ME L
B s, T EDONT ER, TheDy >R T HIT T RB
X% 25 kDa »5 56 kDa DF /X —¥ L7 & UTHIE L, x&%’Db’ODw“EJOD
FHIZH LU THLETH B, $OIEH L R 2EEWITHNT B BHIMEDE <,
LB T 22Ty 74 A= aretbdd, ohosy /)\M’Ui*n,
b SN ZD 3 Yok D PUE S N (Adams and Oxender, 1989y, 1) 75 X



LY UITEE 2 DO RAL D EZREDERT ZHMP SN Rt
AL UHBTHOGINTWS, ZORADMPCEANEGTH L
T 74 A= avhEbb, 2O 74 A= 3tk JLEHS
IR EETIERD ABC BUMEARDIY 3 EE OB T[RRI T
Bo NNITFT ) TDOWDIAHARD ABC BEEAKIEIRTI D) TS5 X LE N
DEBHEAET LD, MSICE L THHETERVWESDHA SN TS (Tam and
Saicr, 1993), BEHHFR D ABC WENXKTRY TS ZLY oV ELBEET S
HDIFH SN T Wiz,

ABC MR ADHD Y NN T EP SRS TV Z ARSI hDiE,
b AF Y UHREROE LRSS VT EES DO ML S T A F Y ik
I E R R WERMDRONEZ D5 TH > (Ames and Lever, 1970), %
DB AF I ENME, IV —RPaREHT I R, AV IRTF FED
BOERMEDELTMGERT P S, —RICNA T U 7 OBERERT <Y 7>
ALFEEREGY 7 HE 4 DOBRES B SMEENTWS I &
DHHS R0 2D 4 DOEY PO S B 2 DiIERT iz yd: »
WVOIZAT L, D 2 DIEZFNIZEBUKMEDSEIWS DO TEHIRW I & oo o T,
AN TRWEY 722w MIBLF 200 BIEOT7 I JBETHRSIhTED,
7 3 B RECHIHUTIE % D ISHEERE F IR T IR I RAAYE O I B3 al 71
FRDFAE LT W Be Zh 6 OFIIEZ DX 7 7 2 1) —IZ Ho@m o (4R &
ELRBLTWAERESS LEZ S5 N/=, Higgins 5 (1985) & Z DHAAEDEND
BEHDO—MHB70 by bR —F 4 7 ATP 7—ED o BLU B ¥
Tazw bR, IAVY, PFZL—FFF =¥, RecA ¥RV EHREICHR
Eﬂézﬂp%nﬁutﬁgﬁmﬁﬁ%houtéﬁﬂbt(WMmelm
1982), EFRZ D ATP $5&HAIC ATP BLUZ D70 7 Ghssiad
T L HSEERITIC A& Ny (Hobson, et al., 1984), & {5 L7= ATP 7b>}Jn7J<ﬁ}ﬁief-
I3 EHEBEOMEICLATH 2 LHIEHE W (Bishop, ¢ al, 1989,
Dean, ¢t al,, 1989)c TN S DA & HLEF G RN 72 X LEF 0 HIREED
BEEAERIE ABC BIIBAREIHEINZ 2L 2 oD TH D, ATP $EG55
37 H (ABC 7 30 H) IR OMBBEMORNICHFELTEHE O, #@ER
EHLINWEATOREEREEL T, &Y 2 DOBY 37 HIXEICE
ARz KD ITE L BN NWZ EPRBTH S, LoDy 20 E



EZO7 I B OIAERET H8EED a-) v 7T ADGE>TWE L
HRMENTWD, —DOMEESY 87 B %E 6 A>T
BHN KWBIT C AMIEMOHFIEMIZHEAEL TV R EHEALN TV S,
F7/- 2 DOMEMY A EEBRANT ZRAKZIERLTEL, GHhET—7
DEERIZDE 12 KOMEBHFIRAGHEL TWd, 2D 2 DOE 37
MHIEE 2 ER T 22BN L. POoMESh2EOR S MHEERE L T
ZEEZLNTWD, T, IREEY > /37 BT HLKIN T 2 AUT ZEY) A8
RrahTidunizi,

ABC Bl kDY 72 2w MEFFHCHEEEMICE TR 2O ) T F
RELTI—RENTWBIEMLZWH, W20 72w FHFELZOHIAR
LEZEESTOEDDRIARTF RELTA—-RINTWBEAE LR IRN,
R#IN e ABC BEAADY 72— » PHKE Fig 1-1 {27239, Fig. 1-1,A, B
X ZN 2N Salmonella typhimurium DY ZF 2 o #nlfkr ) 7 F Fifik
KTHh, Thold 3 HiHLZWE 4 HoRY 732y bR TS ALY -
ISP ZICT— RENTWA, Fig 1-1, C & Escherichia coli D) H— 2
ERTHO, 2 DO ABC # 37 EHB—AKDRYRTF R LTa—-Fah
T, HUL E coli DIALAWELIA FhuB (Fig. 1-1, Dy ELE S 2737
BMYP—DDR)ARATFRELTI—-FERATWHD. B FATF FEEKF
RING 4 & RING 11 @ 2 DORY)ARTF RHELE->THH, ZhbidFn2
N RANZBOKME O LS B E b, C R ABC WIEMHFET 5 (Fig
1-1, E}o ¥/, bt bOZHIHE (Mdry P B85 232 B (Fig. 1-1, F) 0D 5 fatk
SR MBI A > /37 B CFTR (Fig. 1-1, G) o BWTIE, 4 2D 3P
MUUED— KDY ATF FLLTI—FThTWD (Higgins. 1992).

A, B hEEULSHELTIOA X FXFOREE KBRS 2. B4 R4
DEY J LAEREFIBRESNTESTWAM, ABC MK &, K.
N F )P EMNODTSEBWICHFEELTED, B RERY U IVHAT7 73—
D—DEER D KB} E. coli % Bachillus subtilis [ZHBWTIEE ORF D 1~2%
FREEHS ABC BIELEAZ 72 ) —T LN TWB ETREN TV (Holland
and Blight, 1999) 7. & FOEEHORNKNEEFOKEOIPBIDT7 73) —
WL TWA 8, KR REEE»S S EIN TS, UL LREEY
LRAT D S WIS DT » AR (B T 0% <Id. KEZ DM aET &b




A: B: C: D:
Histidine Origopeptide Ribose Fe-hydroxamate
S. typhimurium permease E. coli E. coli

S. typhimurium

E: F: G:
RING4-RING11 Multidrug Resistance Cystic Fibrosis
Peptide Transporter P-glycoprotein

(Man)

Fig. 1-1. Domain organization of ABC transporters. A typical ABC transporter consists
of four domains, two highly hydrophobic membrane-spanning domains (shaded), which
form the translocation pathway, and two peripheral membrane domains (shaded) which
couple ATP hydrolysis 10 the transport process. The domains are often encoded as
separate polypeptide; howcever, they may also be fused together in one ol several

alternative combinations. See text for further details.



HIFXINEZHENMTHEZPPSOTHEVWEEDEL (., SRIEZNSDER
LR D E OV E DML TN S EBERICTETH D, 22 THhIK
BEIC A ) LERTDYSET LT W3 2 ¥ Synechocystis sp. strain PCC 6803 (2B W
T HGEARH DA LT ORI 2 ik T 2 08 7/ N7 ) 7))
KERTI SR E LTI R IR T 2 Y)/BANONGHETD 7o LIEMR
MAMTHE. MEMICRIGELEF 34 FIRERSE, JZI0NERDE
HOYARE, TR F -4 BT EFEE28 R 7BHGAPOAX
NTWd, COTN—704MITHIR o o @ 2 4B icAEm L. X
F= KRR DRSS, HE. BESH SO IMILFRINT A —F -5
ZULLAHT AL REITCBVWTRAI LW TES, 7 aidEEHifk s
DR F LN TR 2 EA T 2 T & T#An T O REE 56 51 I A % L B
BT T2 TEDL, £, 708D DIy REBDREITHIA A
LS TEHFCHMAZITHINEEEZOSNTVWE D, EHEMMICEBITS
HEFEMEDEFIVEME LTHESNITE L, FICHMEM S > %8
Synechocystis sp. strain PCC 6803 X, (1) #il25L D DNA %A% ICHIRIMIZED
IAATHRFRZIC L B EEEIR T 5, Q) BT THRBRENIZIETTE S, (3)
7 W SEEA DL d&énfh% EWH KA E D, PCC 6803 FRiZ
Kancko & (1996) I=L h. 4= 3,168 ORF D5 % 158 ORF HE/AL & 2%
7Eﬁ%jU—Kﬁﬁéntﬁb\%@ﬁﬁﬁﬁ;mc@m%%ﬁm%7?:
N—llBT2&EL6N%, W TH ABC ¥ U NV HEIFZD7 3/ BENIDOR
FEMEOE I 5 ABC Bk 722w b THAZ LIFHECECLEWH, —
T ERETDZY LN EZI—FLTW5DPAU% ORF HIETITE <
FARENTVS. ETRIIINSD ABC ¥ /87 HICHE L., flldDR#E
RV DBEP ST A LD D Z LT L,

T WIS BT B REBYORYE S EEGEICE LTI IR E TIRE K Ot d
BRENTETWAD, 7V WERBRNZREICLT, MY OB RISE D
FAB N, FhoOHMBGEX, H5EBYORZIHERI)RIGE &k 2%k
FEPoRZICLaR DA N A, FHCHIHEORED—D2E LT, £
NZNORBERZIGE USROS 7 HOAEI G P EBEE N
TWhe INEHEDH LINPEDS bEOHIEF ORERITFHFILN RMMEATH
b, T OPEIHIORBEKREZ S RAMEETHLII LD




ot

%L DT U HEMII MR E U T L RE L R A 2 & GREIRICED
AAT. ARO 1,000 EREETZOMBAEEA2HOLIENTES
(Kaplan, et al., 1991)o A EDHIR ST v 2 K 5 7 bl % 38 1E T I D SR fx
FOM D IAAENED ST % (Badger and Price, 1990). & U IZ Synechococcus
sp. strain PCC 7942 {2 B W T R A PHIBNZA T 42 kDa OREE > /3 7 B Ak
N3 Z eI s (Omata and Ogawa, 1986)e T 42 kDa # 737 i
(5T DR M2 {HK CO, MASE T TiEE T h 5 MBS IR R DT
LTWaZ 6, HOMESIR R D ARG LRIy 378 h
METH DI LRI NS (Omata, et al, 1987)e ZD¥ 237 BHOBETIE
U= XN empA LA SNRED, ZOBRDODHEIIPS cnpA DT 6
WX 3 DOELET cmpB, cmpC. cmpD DS BEET 7 7 A9 —HFE L.
B FOHEE T 2 BB D S empABCD #1122t ABC RfX{A% I —F
LTWwaEFHEEN~, LI L PCC 7942 BRIHE CO, XM T TiEEEI M
ZHEBOMBIEFERMAERDELEL TWB 2O, cmpABCD A0 D70 E—

B — S % RIS IR~ B RS/ RER A A X AR DT L. # CO, B
ZF R T ompABCD % 5HI3E 8 & 1 7= 4Bk & T 7= SRER 1 R0k i E O gl
W& > T ampABCD #A~11H ABC A A ka3 —F LT3
2 HRERIIZEIM X N (Omata, et al., 1999),

ZHUZHES 5T PCC 7942 Kk TIE ABC BIDEHME/MIREEE A A > kB (1
BERIEZINTWE, 08T 7 T, MR, HMIREZ T TR R#
FEDOHBLEMERFMEE LTRHT 2 EDTE, FAEAPORHELRRE L
TAHEEHONT WA, BRBE LT 7 E7HEALNICHEDON S 2O, B
HHIZ 7 =TT 2 LOEFCAMOR D IAAFRE L TREL I L
IR BEH OO X LT W B (Flores and Herrero, 1994), PCC 7942 BRIZH
WTEHHERE LTHEEOAE MW THEL MR, 727285 EL
LTS LTRSS AW 45 kDa % > /37 O %2 SO ER PHIE
LIRS OS2, ZOY N VHAELETE A Em#Hdh, S HIEFDROD
RIS nnA i anBCD X 12 ABC BIODRHER/MHASES 1 4 >~ #kikE 2 — K
LTWaAIZ LA -7 (Omata, 1991, Omata, et al., 1993)o & 5T nre Eii T
D P IR ER R o L# Bl s T L MR OB R EE A DEA L TWS




Wbt INHDWEET Y 2 A4 —iE mRNA OH5 L ~)LTHE
WHAMHSNTEDL, P2 7HMTOEETRESHMI SNTED, iH
W TR T 22 LI X DEEINAZ EHRI NS (Suzuki, et al., 1992).
TUBCBTAMEORM MO TEBRIFMIIHRIR TS,
Synechococcus MM . F A, > RF714 >, YRAF 2, w@alINEY
FAL. FALT UG M2 OBMEE X UERIMEGMEFIHNETH %
(Schmidt, et al., 1982), #FHADHIYEIZ I W THREEHR L RIF = 2L F - BT
PORIEKEMTH D, F-EES pH L RBEINAZ LG TW3
(Utkilen, et al., 1976, Jeanjean and Broda, 1977) DCCD % CCCP @ L 5 72 GBI
1| N A A 2 S R ek o Aﬁﬁ?ﬁfﬁ@& D IR B A, T A RERE P HMRE IR
W EERLEDIC i e DRINL P~ DR BT %2 2. F MR
ZIZED %H]H’i@{u‘tﬁalﬁl h ﬂﬁ?ﬂ?’fﬁi E IR 9 %, Utkilen 5 DOMGIC XL,
Synechococcus DTN Z T TOMBEERD K, B LT v, filid 42°C
TEhZh 075 1M B LY 0.7 pmol(10° cells Xmin)y' T&H > 7= (Ulkilen, ct al.,
1976)e COEERITREE Y 3 v VIRTMETH LI D6, R TT ALY
INTEORRG PRI N, T ORMFEEE I S E RG-S S 2o
O, WmliE LT 2 5 2 hEIl ST L8R S yphimurium DR
{RfHldE 70— LT, PCC 7942 BK7 / L OBIPLEE A Z K% U2
9h 5 Td o7 (Green, et al., 1989, Laudenbach and Grossman, 1991}, & & T1%
57 DNA Wi icBWnWT, BUICH LW Ao Rz, osd
NBZEGFTH S cysA B FHEMOMT T I/ BREHINIZIE ABC Bkl
773 U—0D ABC ¥ L \7BIZHMN 72 ATP B EF — 7D Lo K
WT cysA B 1O L @BEEDHI S h, ) 72 ALHEHKEGSY NV BE
{1 shbpA, IRESEH 2N EHEBIET cysT. cysW BFESI Nz SN BDEH:
T ODORIEMRDREIRID S | cycA. shpA, cysT. cysW D5 ABC BIFREE A 4 o ik
KOWINBEEFTHEIEWREINz. W, E coli OF AWHELA A L4665
YISV BEIES cysP OMIEEZE-TD PCC 7942 KD cysW D TFHRICHL L
ZOFRICEZENZN cvsT & cysW OHREELTEEZO6NS cysU & cysV
DEFELBREIN=. TDELEDRS opsP. cysU, cysV BEFDBF A WHEEA A >
MDY 7y bEI-FLTWd eIz, T2 TS 4 @
EARD ABC & 237 H CysA OMIRLES-FIEFEI N> b, o



MR EERP 5. PCC 7942 FRIZHEWT CysA ¥ 2237 BIRER A A ik
F AL A A L HubEDIi ST ATP #5547 7 EORHER > TWEEA
S EHEES TS (Grossman, et al., 1994),

TUH T CEOREGKII BN TR RBRBIRER K TH B,
Synechocystis sp. strain PCC 6803 iZBWTIE, Dl & d 3 DO Ak
LZOEEDMRZINT WD, 2D bDORHICERETAREENEZDEF /€
WA—F—D U H L BETREADPFELEINTL S ABC v H U #HNEKRT,
I muCAB A3 22— FENTW 3 (Bartsevich and Pakrasi, 1995), Z
NEFEMIC~Y A P DTN - =D 2 Y EETOLEFIZIE TR MO
BWE DOV UHVMRERNBEEL T D, JORERDELEE mu HinF
SRR DRSO B WY A U EEME R o T WA Z E S RENED, B
ETDOBEREICIEE > TR\, & 6 2 2 Bk ahit o S smtsihr 7 5 5
“OTUHUVMEROGFADTRINEDS, ThiEY AU ICHT 2 8HPEIE
WHDTH 27z ABC BV U H U HnkkiZd & & ENBHTEHDOE T L2
BWHDRAD )~ Tl sTHIGERIEENEZEDTH S, FRFHN mua H
ABC # )3V 8%, muB DIRERY X7 EE, muC DHEBEREY 30
% 3— F LTW3 (Bartsevich and Pakrasi, 1996, Bartsevich and Pakrasi, 1999)

LLETHiRAZ LS. ZoEICB T 2MAERE., LNEBELHRICTHEL TE
Do EBROLWTR SN TW3 . Synechococcus ICHEWTIEE 3 DD o Eg
BRRDFEED RN TS, ZFEOBINIIAE A Tty (Grillo and
Gibson, 1979)e — AERFEILHKOHE XL DWWTE, ¥ 4 V#iEA MnlABC
PAAMZ A R D> T DI -l S S h TR, FICEPHICE
LTiE. N6 ORZICHT 2O S Hiiash TE . #iR

SR TERSBSHNONEFEFHORNBETHE 7L FEFV I, %25
FRWIZIHRFSTEESHZINS 2 (Laudenbach, ¢t al, 1988, Bottin and
Lagoutte, 1992), $RZIZX LS L BIEH 2 ZAENNOGUETHERSY VBT
FRAMNY TV DEBNEANLEEGAEY N OL ¢ THEHZ 5T EHNHE
INTWD (Briggs, et al, 1990) TN 6DH 30 B OIERHEEHIE mRNA O
EL OV THEEZIT TS, LELID 2 DOIRFEIVWTNIRBEER
ZEMAETFTTHIRORBZEOURE AR FIEZ DT, KlZiiFNnb® DK
ZAMVZAFTORBEEGOFHEHOTWRIIASZEEL D, SRZIZEL



TS XD LR T2 2 & Bl EEES o7 HEARSY >~
IO ERT A S HBIRINED., o8BI AHREHICBIT SR
AU EEEED MR E L TH S (Scanlan, et al., 1989,

AW TCIE. F 3 Synechocystis sp. strain PCC 6803 DHEEA WD ABC W
MR 722w MED-RTBEELIOND 35 MOEEFICERHLE, €
F—TRBEOEEL, TNHDHHE ATP $5E5ETF —7 2F52H DT 32 Mfrdr
LEe 20 32 HOBEGEFICDWTENZNRIGLRMKEARIL, B ORE
FRE R LT OEERHEZ MRS L U 2o F ORERAGHERIE Sk - T4
THRNERME AuC (AslT1878) Z 187, X6 EfRE ZOLEYERE W T,
MR D SR ETTHE ORI 21T o 72 (5 2 B)e WIS, 7 HOEMILHEMN TG
H L. {thtoEHoikmsiiizT L flEbo &y PCC 6803 OHEEE L2 Z
NENRELZZRKEFER U, e OREMOBHTH» 5. PCC 6803 I
BiF3 ABC =Mk E A B TEE fuwAl, fwA2, fuB, fuC (sir1295, sir0513,
slr0327, si11878) & . ABC B! (KL A LT feoAB (ssr2333, sir1392) % [A]
EUF. . fut BEFEHIEFIIHEHMLTWAZ &, ZhICH L feoAB &
EFEHRZA ML AL D REFPFEEINAZEEZHENICLE G 3 8.
50, S{IERHEIA (Fut %K) OB ORI EHEI—-RFLTWS
ETREND fuirl Bl KIGEICHIAAA, ¥ 237 A RRHEHET 82,
WRILAEU IV EF > b FulAl 7 287 (rFuAl) & & N0 72 00 50 g
6, FutAl 287 EHZHMOfkA A > TV 10 1 THRAET S I &,
THbH Fut MKk QRTINS AL THBI L RN LE (5 4 50, &
B, AW B WV TE, Kancko 5 (1996) I L b g & huf= ORF Z U L#
Gfehlzwse U, #ET1$E LT ORF &5 ( : siri234) 2wk, £/E
CFOHEEHIEY 2R3 HIZIE ORF BEE QUM FE R TELE (#) :
SIr1234).

10




58 2 B Synechocystis sp. strain PCC 6803 DA {AE L -f D#EEE

AT

Li

52

L.
i

p=1

T EIERERN SOmIERE R WIS R CTREM 0T, MY
RRBHEDORZICHNT 2IBOIEE E LT, Ao miEl e, MimigT
DRFBLDI ., NHEHOR TFRrEMETONDS, ZHICHLT, HHKRE
FIFMRIGE L LT, ZORBEICHNT BREM R ENHEROCHIID Z DR
BREEZHMMLOPTVWEGMAENRBMT L -DOMEDRRBLENSH D
(Grossman, ¢t al., 1994),

AR, 7 L #E Synechococcus sp. strain PCC 7942 %2 Synechocystis sp. strain PCC
6803 I BN T BEULAIC B U = 2B R AR D L D DRl &
NaEH kot IKEE CO, T THEMFEGI N 2 SNk A
R empABCD BEETFICL D I—RFEIN T3 (Omata and Ogawa, 1986,
Omata, et al., 1999), FH&RJPi & U THMEE & O THEE U = il nrABCD it
(RTHEYTH DA A XA ERB LTV AN, ThE7 L7 EER
JRE LTHEHELAAMBETIEEATL TVl (Omata, ¢t al., 1989, Omala, et al.,
1993), M /RZ T TCREADFELEINS cys BIET 7 7 AP —DWPITIEIHEEA
A A AR O — R T 2EET opsA, onsT, cvsW, shpA DZFNT WA
(Laudcnbach and Grossman, 1991), 2 S i3 W I & B OIS FE LT ATP A
KT ANF—Z 0L ETSH ABC BEATH »lze VIV =207
I BOMEAEGETICOWT O HREDSH S (Schmetterer, 1990, Montesinos, ct
al., 1997) F /= HABGHEDILT Ul LYk DBE LT WA 25 ABC B~
> H O EEAREE T mCAB PRl E /e (Bartsevich and Pakrasi, 1995), FFiZ
WRERA A L OEMIH, ¥ DEEICECII L T 2 )b F -G T
HBHZEHRETNT WA (Utkilen, ct al., 1976, Ogawa, ct al., 1985, Bartsevich, ct
al., 1996),

Synechocystis sp. strain PCC 6803 IZHEIC Y/ A RIBH&YIASRE X, E s
- REUROHERE DT ON Iz, & 5ICHES W4 3,168 HOD ORF IZZ D7
BB E S ISR T T — A == LRI s it s e, &
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DESR PCC 6803 KRS ZEDOMEAMEEAB LA DHETET 5 2 LhmREhi
(Kaneko, et al., 1996)o Kaneko 512X DENEARMEESY VRNV ERFT V-0
Jixhi- ORF i 158 [HTHH., ThiFBUEETOBELE 5% DT,

TDZ B PCC 6803 FRPIICEMRMERERZEESETE LI L
AHICHHETESE, 25D ORF @56 123 f{IZ2W TIEES OHILME H
SIEIZBT B 6 O RPBHEE W T WA DS, — /T ABC RldmXk e 7
SF—=a I NTWAREITTIEIZHET ARSI TWRY ORF M
I[BHEEEN TS, ZhiZaic, Fh5OEETMIEND ABC ik
KD ABC # VT HDHEEICIE. 7 OEE L DOHlF D o ISR ARE IS
BT a8 lMAESATVWRENWI EHENWEDHEZFI NS, THIC ABC ¥ 8
PETHNESTWNICLT ATP $EGHEZR D2, BV ROADP LT
HELBWIEOZOHHD—DTH A D, €I T THEHIBARE D%
KD ATP &% oV BY 712y +23I—FLTWBETMENS ORF
EE L, SRBANSEE(FRUTERBERZZAPLATIBT2RHM 2
AT g 52 iC LD HHAKE ST EYOBEDOHN & kA iz 610, &
I THOENZEREREDEWD L DD LKL AsllI878 & INWT, AIEO k0
EEEERIE L. B DB ET > 1,

12



MR DT

2-1. T EORERM

T 2 HlE 7N —RED Synechocystis sp. strain PCC 6803 % il 7=, PCC
6803 DEFANK (GT FK) MUFREEFKIZ 20 mM TES-KOH (pH 8.0) D&%l %
=3 BG-11 KT, 3% (volivol) CO, (48504C CO, H R EA L T COo,
L% 3% [volivol] & LEHD, LU 3% CO, LT 2L, 30°C. H
(6 (BT 60 uEm’ s"y MR R TH#E L7 (Swiner, et al,, 1971)0 [HIERS
Hild Fid BG-11 Ky 12 mM FAMBEF M) o AL 1.5% JEXR (Bacto-
agar, Difco) ZMA THEL 7=,

2-2. JEEEH 75 2 2 RORE

HEE7 3 BRECHINIC ATP 58 EF— 7 %282 32 OB s+ (Table 2-2)
ZFNEFNIZDONWT, UTFOAETHERILMRME TS 2 I FOMEET -2,

A& T 3EEFO -l P-fCENEFNMYT S 500~700 bp D
DNA Wifr% PCR ICXDRERL =. 5-D DNA Wil & KR4 2 BRICiE ) /N
— 2T I7AX—0 5-KinlIHREHRY A L 3 DO AR > 75 1
v—& Mz, FHIC, 3D DNA Wi OEEICIEZ7 A7 — K724 —0
S-A UG ICHIREERY A P& 3 DO ER > 7S v—&2H Wiz, i
FOBERY A MBI AU 2 A EE T (Elhai and Wolk, 1988) D
SDEERY A FEFL D%, BEOHATESRMM GO 3RO
YA MERDLDIZRGI L. FERMHEE s pUCI8 72 XA I FDOTILF
70— 7H A4 MA® Hine I 4 MIZ70—=20 7 0LE0DEANWE, B
PO (TSI A D 2 FR¥D DNA Wik & RIS T & 7 h 2 h R A
IR ETUIMN L, 08% PHO-ZAT NVESRKEBIZ L DR LE, P ud
5@ DNA Bl Oki%HZIE QlAquick Gel Extraction Kit (QIAGEN) Z W/,
IR S U 7= 3 Fili> DNA Wikt % pGEM-T X7 # — (Promega, WI) £
FAT—var L., TOEMEMWTABEE DHSa HEEHEBRE 2, 1
57z AT A R D &, AT 8 2 O Mg (2 5 1) ez R B %
F>/#~72 23 K DNA #7)LAh)-SDS iEIC K bRRIL &=,
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2-3. T U EOBLTHIRER O

MAB RS 2.2 THEELEZZ X3 F DNA ZAWT PCC 6803 BF/-kk
FHIALAHR Z P & IR EE# U 7= (Williams and Szalay, 1983)e X EUHAI
DU EFRHIRE % 50 (1,600X g, 30°C, 8 43y LTHESD, #E 730 nm DMK
B (OD 730 nm) A 2.0 (2724 LD BG-11 BRI U -0 Z OHIRINE Eik
100 uL WJEBEEMHO 72 2 3 K DNA % 100 ng AT 1 M, 30°C, Wi
T U=, BG-11 [BPIE IS8 Uz 1 BB, VILVEKND S V@I K
DRI DI LD ZATHEYGRHUEMEZ 7 IVKHIZHML, &512
o2 BREEREST. FRMM S o #O2 D 2 —F BRI, 30—
EHAEME A SSH LY BG-11 BERMTAEFEE. 7/ A LOBRE T
B THRATM G ETE2IFA LSO L EE ML 2 F TRULL 2. TEERIA
DTV = asid, MEE ik 2-4 OFETHEELZY /7 A DNA % 8§
BIZ PCR BB Z TV, EIREER TR D PCR IO i Kb kL
o HIEWMHEZENZN AT VA2 r (BB 10 ngmL), AT F /A&
v (20 ug/mL), A a4y (50 ugmL), 707 L7 x=3—)b (30
ug/ml), TV A0OYA > (15ug/mL) ZMHni,

2-4. /7' J I» DNA DHij

Z EHIf A L (1,600X g, 30°C, 8 Jr) UL THR L. 200 ul. @ TE &k
(10 mM Tris-HCl, 1 mM EDTA, pH8.0) iZ# & L7 SHIC M) M7 =/ —
JV (pH 8.0) (FFi&). 10% (w/v) SDS (25 nL). 2 A E—X (Acid-Washed, Rif¥
150-212 um & 100 mg) ZHMU B <BO LU 2aablri (15,000X g, 4°C,
3 oriE) #. L@ EMNOF2-7ICB L. BE7 ./ —Jb (200 1Ly ZHNLT
HEEL O (15000Xg,4°C 3 2r) LT LEEZNOF 2 -TIZH L,
COEMEL D RO BE LR, 72/ —NVERET SO KENZ—F )L
(LS E5E) 2N THU < H#E#E, &0 (15000Xg, 4°C, 1 42 L. 1)E
ERELRZ. =—F )Vl A 3 hifg bR LA#E. 50°C T 10 srEMEALLC—
FNERELE. 5Bl 1I0M BiE7E=0 40 (1/5 ), £ /-
V2 15R) ZIMATERALUEE, BL (15000Xg, 4°C, 15 /) LTH 2 A
DNA Z [ L 7z,

14



2-5. REHNZ BG-11 D8l L £ Mk DA H R DR

BG-11 BitD#HRERZ S F R WINEEOMARIE Table 2-1 IZ/RTLH I
BRBREBAFAEDE., ThESETRVEAMTEHSHZ 22 L THho X
BREODZTEERNELLZ DI LR R U WK D0 T & RIS
Lizo SRICDWTIE, MBIRUHE 3-1 106V Chelex 100 B A A > s fakd s
(FANAZZw FoHZ MY =X Ryl TUHL R (iR IhE8kkZ
i WAy MW, 2 e OiEH ETEAMAREMERU N 2-1 ITH W
ORI T T Bz, B, REORZICIMAFED BG-11 Hiih#z
ML. 3% CO, DAL HIZZRAEIMEA LTz, FHRBRRZMIER M LT
I ERICBWT, 1 KA )= T T WAk E DRSS
ngkiE, THCAEEH LLREEXRZERBICEL O AT, 2 kX 7V —=
T BT,

2-6. 7 @A kiR TEIE O

e WX BRI (OD 730 nm = 1~1.3) QM B (1,600X g, 30°C, 8 73]
LT, FfiD Chelex 100 LML 7= 20 mM TES-KOH (pH 8.0) ARSI
SRE L. S E LR L ze & 5 —EYE R R 1T o 2 &, Ao OD 730 nm A% 7 (Hll
FOEGR 1Xx10° mL' ICAEY) &2 KD ICERZEICERE L. MR
(250 uLy Z4ri L, SR Z ISR D TSI 2 X S5 IC PFe BURFRER
At §% 59, (Amersham Pharmacia Biotech, Buckingham, UK) % ¥ U 7= FRaikhs
Huimw 2 IR M E B IS HMA R CEAGT 5 LT Hillgic X 3280
DIARZBMGE B o D IAABGIE 30°C, YN (600 W NOF w5
7, Cabin Co., Tokyo, Japan, 700 pEm’s™") & % WIS Tir o7z ZOED
WHIAAEDAZWMET S, ROSHFICEEHERO 100 {580 gk
il —4—TH5 7z 02506 UHMA M~ (Ecker and Emery,
1983) R DIAAIGEEILZ® 228, B 7NV EK L L. @& (11,000
Xg, 4°C, 1 73]y &, LEEID RO E, MEA2%ER (500 uly DYEEHRE
(20 mM TES-KOH, pH 8.0, 10 mM EDTA) (288 L. ST S5 sr Ml U 7=,
HL (11,000X g, 4°C, 1 47f) L. EilEHROBOE. ZOEAZ2E 5 —EED
WL 7. H v H s H —~ (model ARC-380, Aloka, Tokyo, Japan) % Tl
HRD PFe o5 T 2 vy BiiEIEL .

15



FIN D IAATHEITEE L, BBICIGUTEHRZ A ML A5 5 2 =HIld % (i 1]
L. Thbb, HMilax ik, SRZERTH 20 Rl Eklr g g
52 LT, B OMEEREHD 2 WIZMRRANO ke B2 MM
itk 3-1 2.

2-7. ZDOMD T
AR BT 2 2 2 il o & E RS OD 730 nm Z#IE L.
B LIRS A AR L, BT E oo = —BE2 B %
ZEDHE. ROGRELA»LFIL .
WmM1mL4%D@MMM:ODBmm><1sx1w
R SEIE DM ZE AT AL EEAN AT RO HCICHERT V=550 (Jasco, Tokyo, Japan) & fH] L 7=
FRCE A U TR W R T — AR 72 2B B IS W17 > 72 (Sambrook, et al.,
1989), HRHLEHIDEEATY 7 F o x 7IZiX DNASIS (F3/v 7 hox7) %, €
F— 7 MR#FITIE MOTIF (Gf RSB ZeAr) &2 L. BICHIRC L Tz
WA 2 LI ERE, W XN—=U A= L, RS TIhE
AL, FOMOMECDODWTIEIDERMEDISMALZSDEMBH L,

16
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Table 2-2. Growth characteristics of Syrechocystis mutants on various
nutrient-deficient BG-11 media under 3% CO.,

ORF

Segregation BG-11

Air

N

I)

2]

Na

Mg

Ca

Wild type
sHoi182
sHo240
SI0385
sHo415
sl0484
sti489
sHO739
sH0759
SHO778
sH00I2
stHIo0d
sttio4l
sH1276
sitio23
shi1725
sHI870
sHIR78
075
sir25]1
slri)354
slri544
stroels
sfrodod
sir)982
strlll3
sirl 149
slri488
sliri494
sirl1735
slr1901
slr2019
slr2044

X

+
+
+

T T T T e T e S S S S S S

+
+
+

N T T T T T e S S S S T S e e

+

+ 4+ +

T T T o e T S e

+ + +

I T T T T T S e S S S S S S S I T A i

+

+ + +

|

T T T o i S S S S S S R T T o

+ 4+ +

. T T T T e T S S o i S S S S A o

+ o+ 4+

[

N T T T T e e e S S s

+ + +

T T T T e o ot S S S S S S

+ + +

o T T

T T T S e e S A o

++ 4+ 1+ + +H|>

R TE T T T T T e S S S S R R

Air means that cultures were arcated with 3% (v/v) CO..

The symbol of cach element represents deficiency of that in culture medium (sce Table 2-1).
X represents the gene that could not be inactivated completely.

+ means that the mutant grew as last as wild-type cells.

— means that the mutam grew slowly than wild-1ype cells.
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fli SR

0 o (AR o2 T B SRRk OD (R 1

Synechocystis sp. strain PCC 6803 M4/ LIGHES & & 210, SAERE T O
AR G- OHEL 7 3 7 BRI DT F— 7 2R U2 UL, Table 2-2 127380
f= 32 {H@D ORF H ATP/GTP #i&EF—7 (323 RES ; |AG]-x(4)-G-
K-{ST]) &> T (Walker, et al,, 1982) TH 6 Q#GT &R T 2 /- HIE
HHLEM O 72 23 F #FZFAMEL. 2hs 20 TIHESROIE Hiia
BB FORE. 24 ORG-S DWTT J AN R ET D 4T
HAMMERETEFALEZLDOIEEMb s ANNKER LI EDBTEL
(Table 2-2)s 58D D 8 {HIZDWTIE, WA AL T4 T AR B 51 %
AU DIC W E b - &Y RG2Sl Hah >k (Table 2-2, X TR
L)

LA {1 WG SRR D A 3 R E

iR AT I S s LRd 32 BRE. EREhiicE, ®BE ) 0 pil,
FHRUBDA, RTFLT L AN A, BMEKER A, ZROVERIER;
Wl TthEESE, TOEEMMIZBTEM B UL, BHRTH RO EDR
MERERZIRLEEMTS, WEO BG-11 i I RRIEICEFLE, Th
(X, BG-11 Hihid B ARRANO A B ol X ORBERS BRICZATED,
PP MR S A R R Z B e s b T IR - (RIS DR E ISR F
T&EAIE, HHNE, AADOIESTLES S CAdBHGETH 5
EFRPRLTVD, ZEAEDENPRII AR BRICHEH LD, 4 DOANE
FEDERERR & M B EEHME AR Uizo Table 2-2 ICBWT, SRBERRZI
LT HEI AR E RIS A E LS e B, — IR IERTAEE DY -
Il ERLTWD, ThRbb, sll1878 wikk (LU AsllI878 il . o
ORF I DWW B RIEE) B 2R 1T Asli0739 & Aslr2044 13 A, RZLS
Mt F/o AslO385 FHERICH WA T OREMT, WARRE LTS
PICETDIEDP e & 510, ASI0385 LIAND 3 DO RIS R K

TR TR ARE E RIS AEE T B2 E IRE N, Fig 2-1 12 AslI878 Dk
RZIEM | TOEEIRER RS, MOL MM LR U T HIS PICAE AN

19



Fig. 2-1. Growth of the wild-type and mutants on solid iron-deficient BG-11 medium.
Wild-type (WT) and mutants cells of Synechocystis were spread on agar plate
containing iron-deficient BG-11 medium at pH 8.0, and plate was incubated under 3%
(vol/vol) CO, in air for 14 days. 1: WT, 2: Asll0240, 3: AsllO415, 4: Asll0484, 5:
Asll0739, 6: Asll0759, 7: Asll1870, 8: Asll1878.
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Fig. 2-2. Time course of PFe™ uptake by iron—deprived wild-type (circles) and Asll1878

(triangles) cells, cither in the dark (filled symbols) or in the light (open symbols).
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J28&, MEOSIRER D IHIHIE L T Z S iz,

PP bR & AsIIS78 FROD ZAli#EE D A AT
SRR ZEH L TAEE DR o F ASIISTS FRICB W T, RERICHIL O §k &

EFHEDMETF LT W AD W, H 5 WENOMINT X 6 kKRB RO %
W oHIZT 2728, BAMKE AsI878 FhE MW T, HkLo gk bt & Wi
Lize BARZA ML ZAFICET BIEEA LT 2720, fIEIEA 20 K, §%
R THER L2 DE MO, WEHENCEHERm OIS % 10 nM IZHEE
L CTHIFEN A~ DEX O BRI DI M AAL & Mz (Fig. 2-2)0 7 OFSR. 1PARLAD
K (O, KIET, @ W) WADEDOW D AAHTIE, 30 rHTHELZE 32
pmals Fe**/10° cells (T2 L2 DIZA L. AsltI878 ¥k (A SCIEHTT, A B T
(F#9 5 pmols Fe™/10% cells TdH o7z WA EBWTE, RIGHIGRE 5 2riE
FRE D A AT DGR R NP RD SNz, FLVTHOKICEWT WS
R AWM IAAGDE TR S Wah 57z,

WA, WHD BG-11 Kl (O, Ay LERZEM (@, A) OIS Thiik;
15 U2 BrARE (O, @) & ASIIS78 #5 (A, &) Z R, TEIE B OfkiE

EE 01 uM D5 20 uM FTLb S . MBEOBI D JA & AT O SR IE &t
AT (Fig 2-3)e HUD A BUGKINE S MBS U e M DRMTFT
FEA U= WP AR 2 - e i . BRE D dA AR ER L 20 uM 'dstfz“lm
CELTWAEDIZH Uy SARZ T 1% U 2 B& TEIREIE T b s
TWighrolk, COZ 6, BAMMBTIES R ZE M ChiEET228T
FERBEE BT E2WMDAAURENKE S LHTHZI DTk, — 5.
AslI878 WA T, SARZHIMTHIEZE T 22 L THOHT IR IAAHEIED |-
SHIED SN ED, FHOBIEETHEAREE TR < WHEERATICBNT
EREETEME DR S IR THE LK P LTV B Z & hRE N,
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20
® WT: grown in iron-deficient
medium.

s
Lh
1

10

WT: grown in complete

© medium,

pmols Fe3+ / 108 cells / 5 min

5 -
A Asll1878: grown in iron-deficient
medium.
1 A Asli1878: grown in complete
0 ! ' medium.
0 5 10 15 20

FeCl; (uM)

Fig. 2-3. Concentration-dependent uptake of “Fe™ by wild-type (circles) and As/{I878
(triangles) cells grown in complete medium (open symbols) or in iron-deficient BG-11

medium (filled symbols) during a 5 min incubation in the light.
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HE

N7 FUTZIIBIT S ABC BELA KT /IS, N 72 X LICHEL TIE
BT AR N VE, NIREEET RS 0B BXU ATP #it
B SR EIN TS (Ames, 1986, Linton and Higgins, 1998), KiET
&, Synechocystis sp. strain PCC 6803 7"/ LA ORSRIHG Ik - Z B OH
BAREELAEETOWD S ATP #5577 H Y 712y b &#3— KT
LI NS ORF 5 L, @fn ik Z (B L T 2 h o ORFEL RN
1720 32 RMDOUETHIAD N T 4 DORICEWT, WA & LR
DFE7 AW E RN e BT EL,

AslI878 KRR Z Rl b THPAAR L LI LT 6 T EME S M
oo =Algks i & TIE T L TWAEZ &5, PCC 6803 I2B1F 5 ABC
RIZ({gXELAD ATP $5G 7 VN VBEY 722w P23 —FLTWAEHEZ
Sz, X510, MO MgkHXICE LA X2 T ANV F—DMHGIEnET
e <L M@ SRAOHIHMA TR MO EIGIZ X5 ATP O T -4
ThHhdeHEI6NE, ThiFRICHMEBEEEICETHLI YL A OEEGEKRKEL
e > TW3 (Bartsevich, et al., 1996). A% BG-11 ik L = Bi&.
BPAbkIE Asll1878 KL D S &W ISR D IAATEM 2R Lz T hid. si1878
ERF D DRERENE FTH B, Z OBFRE Sl SE I B0 T
BELTWAZ ERLTWS. BWEKEZRRZEMTRIET R T 2 & $ikh
B ER T DS, BAEKTIEERZ A b LRI U TR0 #EHXS
MESDIEBMDEALATHIELDEIOND, SOLIATIDRA ML ALEH
REDIRIZ sll1878 BT HEY % SAZHEAOEHOGRRENINZ L2 D,
HE3NEFNLUADEKZ R L REMEGFOH BRI L2 DD
PSP TRV WTNIZU T, AsllI878 HRIZBWT Ao ki X5 i
DHEL NI A SR LTWB I 6, sl878 HinTHHREmE SAF
ABC B =ik R LIS S S B DS R DEA L TWA I LIILTH 5,

Asli2044 Bk Y Asll0739 FRIX A, BEEHZ R\ BG-11 il ETHEHE
W EMRENTZ. A, MEBHRICET DR, YA, B 8. €V 77
Y. ANNWIDEENRT VS, ERFRIIBOTEBZELIASOMIGEE
DWISNBOMEZOBENMET L TWE 0 LHZN 5, PCC 6803 7/

24



L FT sir2044 Ein-OE LIS shi2043 a0, B TFICE slr2045 BIGT
DEhZNGHELTED, IhbidARpDo iz >T0WBEEILND,
sir2043 HEEBERIEDIZ PCC 6803 D v AV IEAIZ B BB G >3
78 MntC (S111598) MM H b, F=AROMEMEIZRES LTndEn
SEE (Pakrasi, 2000) B35 2 L H 56, slr2044 13 ABC BUAlFH#mEARD ATP
Y NI EY Ty bEI-FLTWAAREENSVWEFLI LGNS,
sl0739 WO T & LRICHER T 2 sll0738 OHEERITRPEMIL Escherichia coli
@ ABC BEV 7F Mt AROEEEA Y /37 H ModA EIEFTIZHENE
@y (Reeh, et al, 1995), 2D &5 sl0739 E{ET-1E PCC 6803 IZH1T 5
ABC BE) 75 oHNEAD ATP #GY o\ 721 2y bEI-FLTWD
AfREE S E L 5N D,

Asll0385 #RIZEERIZH W T O T Ad Lah o ke TOMIK
ThHmE D LR, EFC LB REEREZBRICZALZWED BG-11 K
MTEEFHEEDSEL REILDES, O FEMZIMBOLEOEODY
REDIEHFIZEWEFELZ OGNS, CORETOLFEICIEINT I UEGHRD
B TOREOVHBEETEZIEDS, 0385 BIEEMIEMGERI /L b
DELIZESE L TWADRE L,

PR 4 FMOLEMKLNT 20 BhOBLTE2MBERBf o NN Th
ST EETORMGTE LM EBRIEICEF LR LS, SXAOLEDRIE
CHES e TOHHOVEDICE, A—REHLWER KEHXEZR
ATERE % DAL B & ik T & 5 O ME ARSI AT 2 T EM DT S
hd, ZU08ICBLTI, SR ECDELCEY. M LEHOBMEICHED
R ADE GBI E XN T WD (Grossman, et al., 1994), Thb b, EE %
A DL DBE LT 39 ORI L 2 kSt chalcfiestscaE sz
O, KWL LTRNRr >R eBEZILIENTEDL, /-, HOHEBE LT,
ABETIHARRET E LD o nE ARG, RITHEECEHM. 7 I B
NT7F FEOMEAZEI—-FLTED, FRTHW ., IR ERETTE
EHCLEOLWEIETHTH LA LE I o5,

BOHO 8 DO T D0 TE. BIE1 %54 I KRG E 7 Tl
ZTERMEZRLIILDTERP >, ThEDELEFIEX. D 20 DEET
AL, MR ERA T THOHOBRER TV a L TE 5, &2 5
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T, MRS ODMBEDI D AAFRFEIT TR, ST IVRAFITLR
& OIS % 77 T P E ORI 2 Bl RS % K> TV B (Silver, ct al, 1989)0
ALBRTHEEEH T TE Do 28 HOBIZTORNICIK. MEEARO
BEANHELT 2% KEZ I - RLTWA2LDDHEHES YKEZSNhE, Y55
ICLTH, 6 RHERTHEMATZTT D O, HBOET % R
WT B2 8, WWRABRMTTTORRAMER~ZZ &, LFRMIZ AR DR
BEOFEREEZ{GTHE, HHVWEEHLETZ AR RA S TR ZH
NREZEREVLBTHDLHEE L 5o
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% 3 Synechocystis  sp. strain  PCC 6803 D FkEiX (K &L T &

SRENSHENS

FERICE >TRHERICKETHO, ELHIRET 4 FEICEERNUKT
HBo A A ETA (Fe™; ferrous) F X =AM (Fe™; ferric) DA A L BT
T BD, WH OB KRB T MO LIS Z i Dk~ & B
. HERMR pH (pH 7 f11D) TE N EMOKRIEERE LT T %, ZDi
HENIFHEITHRZDOIRMIZET T2 (Boyer, et al., 1987, Straus, 1994), 5
INOIE, BHEAB L Vo AR AL 2 7 N T EDE
HETE LTALPHEFHN Y SRS — R0 T 5, ULh UEEEBOR M
REDWEITAD TR O, LYNISRNEEE R 2 1 DR 2 I
ZHEL OB TIHEZ BT E- (Guerinot and Yi, 1994, Straus, 1994),
ﬁﬁﬁ?.%@ﬁﬁﬁiﬁ&ﬁﬁli:hi'@kﬁ‘ééﬁ%ﬁé[i%'ﬂ@6}‘(Jl%3'[§§-i*?°#ﬁi)§iﬁﬂ‘0%
HBI3NE MBEEERAVTEMICHAZINATETE D, #E Ok
Kl FE 70— 73NTWd, N7Z77 ) 7HREHITIE, () >¥7Fno7
ATOEREERM., 2) NA, FITURAT7z) ., VT ) Uiy, KR
FOFAEEMORH., (3) ZiiDgkD 6 MDA~ DE L & Mgk Dk, &
WD 3 MEHIOKEEREZ TN TR ET A LICLD, SMRZAML R
YR LT &/ (Braun, et al, 1998), 70747 &= fifkxZ*L—bMLT
n[FLT 2R TEREAMORIT. £ ON7 5 1) 70 BB R Z 244
FT#EHEMICHRACI AL 0, s DG % Ak LS~
W9 % (Crosa, 1989, Neilands, 1995) 1A { & AL 7= 8113 7 DR SO B A KIS
L DHIIENICH ST NS 72 LABEMMEICBW TS 7B 7 7-ERE ORI,
FTHIKEANSICFR T AR RNRL e 7y -4 LB LA L. o8
SAEFERFT vk btiiehbd oz aF—2 AW THEEZBHET 52, X
WL F 07 F P SEASEREAN) T X LB WTREN LIRSS v 0’
EREGT L. 6. MfMIC A T RS N H-ATP #5057 S 7 B8t
REMBEMT I LD, HIREAA~NLEZNS (Braun, et al., 1998)0
Escherichia coli T2 707 7-#EAEAKDL 7 —dET & LT flua,
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JhuE, inA DS INT WS, BRRICIVERS G S NV EEE T & LT fhuD 75,
MEE@ Y N B2 LT fhuB T, ATP 5G4 37 B & LT
fhuC BIEEMEEZ N (Braun, o al, 1983). §bHE S 7T 07 4 7-Fkill 5K
i ABC Bk @ L THIBNABMEXINLDTH L, 7T U MREFKAA >
XL —MT DD, L coli 37 UBBAGROL T H -4 NI FecA
Y ABC W7 o EBBKUREIK FecBCDE & Hf->TW 3 (Pressler, et al, 1988,
Staudenmaicer, ¢t al., 1989), TN HIZHNA T, ZTilifks 2R ABC it
(LT feoAB DREHHEZ N TS (Hantke, 1987, Kammler, ct al., 1993)0 /7
PEIS 2 ) 7T B Serratia marcescens 2 Neisseria gonorrhocae \ZFH N T,
RN T ZALEHEETEZ 7Ok 4 2R~ EET S5 0 H
# & 1A StuABC % FbpABC DEAMMEE N T A (Angerer, ot al, 1990,
Berish, ct al., 1990, Adhikari, et al., 1996)o 2 & IXIERT)% ABC RIEEATH
D, sfud/fppA BURT- DS S S >\ P %, sfuB, CifbpB, C i THEATH
JEEmS VB E ATP #5657 230 AZ3—FLTWa,

T EOMHIERIC B W TEH D BERZ X ML RITH T 0B AR DT
ENTELICSEDLS T, EOHRMAEMCBIT 28MLO T THMIIZEAY
BRIIX T W, 5 3 Synechocystis sp. strain PCC 6803 D7 J LfRET DS
B PCC 6803 FKiZiE, MDA MTEEIXAE I — F T 2 & BT L HIEHEDE N
ORF DS@EAGAT 2 Z L A& iz (Kaneko, et al, 1996), & HIZHiEIZEH
WT. ABC BURERD ATP 857 37 B R I— RT3 Lz E D sll1878
BILT-D PCC 6803 FLD =(HiDFkfLIC LT H A I RSz, 22 TK
BT PCC 6803 #HhOSEHHEARMFEETICHB L, THRZA ML R
T 2% mRNA OFRBSY — 2 2N L. RICEEE T OB B RK 2 7§
WUT, $RZHH I TOEERE MO =gk & gk kit % i~

o FHBANICRIT 2 EE RGN O M RO 2 AAR ISRV F—
{ﬁ%A—? BLUEESI N ZHLBEORMPEIC DOWT T L Tz,
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ME RO T &

3-1. T B0 EEM

Synechocystis sp. strain PCC 6803 OW4RE (GT ) B L TR LEKIE. M
RUFiik 241 ZHE0 BG-11 Wi Uz £EITIG U TERRZ BG-11 K
AW, SERZEMIZUATOLISICERLUE. Ay ZiEm 1 6D
TUBBETTUEBST OEZ T LEEAML. A by ZiEHk 2 MY T2
D LAORDYICHBEA ) YL E@H L, 2ho% 20 mM TES-KOH (pH 8.0) £
B RO U8, Chelex 100 BiA A o 32lbdls (AN A A5 KRS b
=X, WE) 27 ULAHZ AU T, 8, HSomEaEmEa2REiL
7o Chelex 100 YLIEHE, @iILOBIL~Y VAT T L (99.9%) LBEAN S T L
(99.99%) (GmfifE b oeri. BE). BLW A, BWZE2LEBMA THRZ
BG-11 iz R L7z, Mo E MRS THRZ A ML RICHEILS D120
Tl LU OB EEREM U (2 OREER SR Z LI L 015, xRS OM
fa % it (1,600 X g, 30°C, 8 43fi) U TS, EHD Chelex 100 ML= 20
mM TES-KOH (pH 8.0) fEEMICHER L. Mz Uiz, &5 — BT
S, fiE OD 730 nm A 0.2~03 &2 LS IR ZHEHIER L, X
W, 3% CO, #wRARNTTHLZE 20 KN %3 2 2 L ¢, Ko

&k & MR Rk A s,

3-2. 5 MR S D4 RNA OFRR

PCC 6803 B4R SRy b7 x / —)ViE (Aiba, ct al, 1981) 2L b4 RNA
AR Lz ABUERIHICH 2 7 2 EfilaE &G (1,600Xg, 4°C, 8 41y LT
£, RNA FHRLASEEIM (50 mM Tris-HCI (pH 8.0), S mM EDTA, 0.5% SDS) #*
RIBHE U< LE, CORBIZHLEP LS 65°C ITMEALTHWERT R
fIM 7 =/ —IVERFBRMUTENLULZE, 65°C T 10 2HFEL Lo Bk
(15,000X g, 4°C, 10 2 #., L@EEHLWF2—-TIBLE, BT/ —
V- 70 0R)V A EREEE DKL, SRP DS L7 A A B THE
Lizo BilRETY / —JVIBIC X DR L 28, WR/KICER L7z DNA %
frZ&=9 5726 10 M LICl % 14 S L THEU RA L. KB 1 Bkl
Lo B8 (15000X g, 4°C, 20 47 &, PHET Y /- W ikBRDEA: % &
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DAL T4E RNA ZHHRL &,

3-3. Riverse transcription - PCR

MERTS A 3-2 T4 RNA BHHIZERA L DNA 22T 57128,
% RNA 2 ug % RNasc-frcc DNase [ (BOEHRINGER MANNHEIM) T 25°C, 30
SRME L, 7=/ - 70OV AL =48 /=L K DR L
WFEAIEM L 2o 20 RNA & 100 ng 595 1 81 cDNA A7 51 <
— 2 pmols ZRAEL. WEKZNMZTALZ 125 pl. £ L, 70°C T 10 41
BELEERKEICBELTE% UL, RNA OZTRMERZ4M X8, B 1 815K
M7o74 7=l dZhZhoEETO mRNA &M 2E S 2R D oA )
TX7VLAF REMOE, 221 RNA B 5 RRIEOB 1 SHE NIRRT
Z 4 uL. 0.1 M DTT % 2 uL. 2.5 mM dNTP mixture % 1 pL. #8555 %%
SuperSeript I1 (GIBCO BRL) % 0.5 uL, #NEFNMMZA T 42°C T 50 HGEHLE
KIGZETO. 95 1 81 cDNA OOKE Uik, WWT. BSHERE AEb
B 578.70°CT 15 7RALE Uz Sl E T OGN OB O =0 05 1§
B cDNA Z§ L U, 1Taq polymerase (G515 (24 h PCR RIGZEIT- 2,
77 I DNA HIKEOD PCR EWIBIRI N TWRWI 2R T 20, I3~
PO —JVEERE LT 1 BEHAAUR S WES R 2 R L D o alk &2 b
TEMEDOBRNETT >, 3607 PCR Fi¥%E 08% PHD =27 IV TER
KEBL., =FToLTOVS FTRELTHRINLE, F2F54 702 b0—)L
LT, APV AR TFEBOWTEFREEREBHESH LEAVWEEZIOSND
RNuse P BT % 7= (Agustin, 1992)0

3-4. T UWIEHENRIEIN 72 X 3 FOREE L SR TRk O 1R

Hew 7 2 RSN D & oL ThE S N gk Ak e —RRFIC B
WTAHIEREDEIW 13 IDEE T (Table 3-1) 2DV, MEIRTAE 2-2, 2-3
CREWEREER 75 A FEMEL, ZhZHWT PCC 6803 D {n-rin
BFREARL

3-5. T LA NRD B RHE DM
MERUS 31 ITREVERRZILER U 7= HIl % 3l (1,600X g, 30°C, 8 431H)
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LTHESD, IS 730 nm OWEIED 0.1, 0.01, 0.001 &4 5 k5 IC#rZ i
B LE. 22N OMITEER 2 ul 2802 BG-11 K B2 2Ry b L.
7 HREE S U TAEERN &2 LB U (HHATy bkEFR),

3-6. 7 > EAINNEO KR AT O B E
A O FRm L TEE QM I MBI R T i 2-6 IZREWT 5720 HUD IAF SRR
B SERED 100 (Gt o7 20y &2 MAS I TEIOFHDI D A
. S00 SEMED T ANV E L EEMNMATHEEICT 52 & T hiDEKDIRD
A% W5 L7 (Ecker and Emery, 1983, Kammler, ct al., 1993), &7z, XKD
AASEOLELTRIZ BN TE. H 5 D U HANERE IS FCCP (#8314 10 uM),
IEON%@“lmmM)%%ﬂ%h%lBUﬁ%%%ChM#b@%&Jbto
HHEEIC L B0 AANEERTIE. WD AABRILPHARTERIZ 100 M D
2 EIE ALY & MR T N A . BB (CACRAE SR (RS 1 uM) BIA T
WMEEIT > 7o

3-7. F DD Sk

FRICE R LTV LGS LUERE A, MR RLRT A 2-7 TRtz #
(T FEMORIFIMIRARIZIE BLASTP2 %, HEFIOTIVFIINT 4 A2 P
I CLUSTAL X (Thompson, ct al., 1997)& {liJ{l L 7z,
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fifi 2R

T 2 O SR AR AL & SR IR O HEE

Synechocystis sp. strain PCC 6803 IZB W TifikAY 71w b 23 —-FT5 &
TME Nz ORF DHEw 7 3/ BEES % v 48T IR & S h iz S ik
—RESNIC B O THLMME O E W ORF MBI E VAT 7 P 2T
BLASTP 2 ZfliJl L THIBHL &R L 2R, 15 il ORF BRI Zh %
(Kancko, ct al., 1996, See CyanoBasc: hitp://www.kazusa.or.jp/cyano/cyano.html)o

N F ) FZIIHIT A BOME SRS 4 RS ST EDES LT
5, DB (1) MBI GHET LTy —F 00 HE, ) RV T5X
DS T BTGB Y > /32 B, 3) Ml 0% > /s 7 E, (4) ATP L&53
T5%5 ABC # U NNVB THd. DT EHZIUIHNT 15 iD PCC 6803 D
ORF D41¥i% BLASTP {2 X MM ORI IOTRD LS o T,
(1) 51206, sl11406, 5111409, slr1490 OHEEFFPEYNZ. E. coli @ FhuA. FhuE 3
Bt Alcaligenes eutrophus @ TwA MDD 7 (Fig.3-1, A, B)o FhuA,
FhuE, IwtA FWThd 707 4 7- S KREMEADAINL 75 —TH D
(Coulton, ct al., 1983, Saucr, ct al., 1987, Gilis, ¢t al., 1996), Thbh, 64 D
DBETE. HIROMBICHET 2T 7+ 7Pk L7y —% a3—F
LTWa EHEEE N, (2) si1202, slr1319, sir1491, siri492 HEBHREEMIL E.
coli @ FecB, FepB. FhuD & MIEMED D - 7 (Fig. 3-1, C)o FeeB &7 T U1
PR L ADILEEESG Y N2 AT H S (Staudenmaicr, ¢t al., 1989). FepB &
FD iFFh 2N 707 5 7-Fal GAMEARDIEARG Y VN 7EHTH S
(Elkins, and Earhan, 1989, Coulton, 1987). #£> TIN5 4 DOUEETFIE<) T
T X LA T 28NS IO 2AEF G VAV HAE - FLTWS L
SNt str0513, sir1205 HEEBIERPEMNIL S, marcescens Dk A A& L ik -~
D72 X LAY 878 StuA & RIERE A < (Angerer, et al., 1990), Wi {1 &
H RN T X LCEET AL EM G OV HEI-F LTV A L
XN (Fig. 3-1, Dyo (3) slr1316, slri317 HEEBIREMIE E. coli DV T
XL AR I Y > )82 B FeeC B LY FeeD & HIANE AV (Staudenmaier,
ctal., 1989) T L h 5, Thaid PCC6RO3 ICHBWTH 7 Ak ko il
A Y VY 722w EI—-FLTWANEMSHEE S
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5111406
5111409
S81r1490
FhuA_E.coli

5111406
5111409
S1r1490
FhuA E.coli

5111406
S111409
51r149%0
FhuhA E.coli

5111406
5111409
Slr1490
FhuA E.colil

§111406
5111409
S1r1490
FhuA E.coli

5111406
5111409
51r1490
FhuA_E.coli

5111406
5111409
S1rl490
Fhud E.coli

5111406
5111409
81r1490
FhuA E.coli

5111406
$111409
S1rl499
FhuA_E.coli

5111406
S111409
S1r1490
FhuA E.coli

(1}

(33)
(56)
(58)

(87)
(116)
(117)

(146)
(175)
(176)
(46)

(205)
(232)
(233)
(90)

(260)
(291)
(287)
(150)

(319)
(350)
(346)
(210)

(378)
(408)
(404)
(267)

(430)
(462)
(458)
(327)

(473)
(504)
(501)
(387)

T e s T T T S S o T 7T R o T T T W A T o e s o e i A e AL AR e e L e o e

AQTKIQ-===—~— AQVGSILVTGVNLEKSTERGLELELANNSPIPVQPLIYPQGNLLIIELT
ANVKIENWOQOQOISQAQIKEVIQIELKDTQTGIELILKTADQSQLIPLIISEDNILIIDIL
VATTVDEWITQIAQASIIEIKEARINLTEAGLELTLATTGR~LSTPTTSVVGNALIVDIP

DALLDIPGGE-FNQENPSPQIAAIAITQGENNIVRITVIGVDNNLPEVIVSSVDQNLVLS
DAVLRLPDGENFIVENPSEQISQITAVOTSSNSLRITVTGNG-TVPAAQVIPSSENLILS
NAILATLPDSDGLQQENPTEEIALVSVTALPDNIVRIAITGVN-VPPTVEVNATDOSLVLG
----- MARSKTAQPKHSLRRIAVVVAT ~~= - =ww-AVSGMS-VYAQAAVEPKEDTITVT

I TER.] ¥ 2 _ s e

. ea . + e * sesen e

t*; 3 N
LTSSSTAIAPENPESEIEVVATQEG-QGEASYFVPSASTATGLDTPLLDIPQSIQVVPQQ
LTPPINTVESEE---EIEIVATREEEAAVQEFFVPNTSVATGTDTPIMDTPFSAQVVSEE
LSPGRGVADEEDGNDAIQVVVTGEQ---DEGYAVDDATTATLTDTPLRDIPQSIQVVPQQ
AAPAPQESAWGP ~~~—r—~—r—————~-AATTAARQSATGTKTDTP IQKVPQSISVVTAE

t. . *  hkkg * Kk _kh_

.w
P - -

VLODRNVTELGPALQTVPGVSPAGGRG-~TSVFGPGFLIRGFPVNNSIFRDGIPY(QS ==~
VIRSQQAITLEDVLTNVSSVTFGGTTGGRETIFGIRGFGNQFSDTVPILRDGFRLYGGF ~
VLEDRQIIRASEALQNVSGVQRGNTVGGTSEIFNIR-~---GFQQFGGTLRDGFKFRDN-~
EMALHQPRKSVRKEALSYTPGVSVGTRGASNTYDHLIIRGFAAEGQSQNNYLNGLEKLQGNFY

T 2 * *

s W
- .o - . . : e

-LAPLNTTDIEQIEVLEGPSSIVFGAGEPGGSINLISKEKPLDEPYYNAAVSLGNYNDYRL
-QGITEVSHLQQVEVLKGPSSILYGQIEPGGVINLNSKKPLNEPFAEVEVOLGNQGLVRP
~-FSIPDTANLQRIEVLKGPASVLYGNLDPGGVINYITKQPLSEPFYEVAMQAGNFGLVRP
NDAVIDPYMLERAEIMRGPVSVLYGESSPGGLLNMVSKRPTTEPLRKEVQFRKAGTDSLFQT

kygakk dhaxagh *kk gk sk sk * % - * .
H . 1

DVDLSGPLLPEAIDTVNYRLNVSYETSGSFRDFVYG-DLWVVSPTLTWNIGPDTRLNIYG
RFDISGGLNPS--GNLRYRLNGVYSNEASFRDFNQPLERFAYAPIVTYAITDDTDLSLAV
TIDLSGPLNSQ--RTALYRLNAAYEGGGNFRDFDTEVARFFISPVVIWQISDOQTDLRFEW
GFDFSDSLDDD--GVYSYRLTGLAR-SANAQQRKGSEEQRYATAPAFTWRPDDEKTNFTFLS

N T *hk es £12 : HAL B Y
OYTTNRETLDEGIPAP--NIADLPSNR====~— FLGERFSKFEQDQYLIGYTFNHDFNEN
EYINDTNPADFGLSSFGDGVAPVPRSR——====- VINDPSDIVNENFISAGYNLEHRFNEN
DYLYDRRPFDRGIVAFGTGIADIPFDR-===== VLGELDDFDARTNFSAGYRLEHRFSDN
YFONEPETGYYGWLPRKEGTVEPLPNGKRLPTDFNEGAKNNTYSRNEKMVGYSFDHEFNDT

T 0t .. L HE LS . . H R S I
LELRHAMOYIAYAP -~ ccccccmcccaaaa VRYAPLFDFFDEDTGELNRFEYYGGGNY()
WEKLRNAFRYMSYN--cmcm e e YDYNVIALPTIVNGPTVTRFFADQDGQOG
WELRNRFRFSYLDQ-=—c——e—memmmm e AAEQTELVRLDETTGNLSRQFSRNEQQIR
FTVRONLRFAENKTSONSVYGYGVCSDPANAYSKQCAALAPADKGHYLARKYVVDDERLQ

sk a
.

I'EE] s ® s
. s . . . . » H

RFFTNAELIGEFYTGPVKHRVLFGLEYR--NDTETPEFQFSNTFAP INVFNPVYTNTFPF -
SYSFYTNAVGKFSTGSVKHELLAGIDYN~-WSEESILTLFGGPTS~INVFDPDYNAIPEK-
NYELQTDLIGRFSTGPIQHTLLFGVDLS-~WOQSAPFIFRGGVAAPTINTFNPVYGTVAR-
NFSVDTQLQSKFATGDIDHTLLTGVDFMRMRND INAWFGYDDSVPLLNLYNPVNTDFDFN

H T3 L% Rk g ok gk ko

: thsaw
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5111406
5111409
Sir1490
FhuA_E.colil

5111406
5111409
S1r1490
FhuA E.coli

S111406
8111409
S1rl490
FhuA_E.coli

5111406
5111409
S1rid4s0
FhuA_E.coli

8111406
5111409
51r14%0
FhuhA _E.coli

5111406
5111409
51r1490
FhudA E.coli

(530)
(560)
(558)
(447)

(585)
(620)
(612)
(502)

(645)
(678)
(670)
(560)

(704)
(738)
(730)
(620)

(763)
(798)
(789)
(678)

(818)
(853)
(843)
(737)

PIAP-~-EFFRD--DQVNRFAVYLOQDOMDLFDNLELLVGLRYDSATONRS-TQSITDPREE
PNRSDLPLFGDTFTSSNRLGIYLODQVSLLENLILVAGLRYDTITQNTNNLOTDFNQGGN

PSINDFPDVFSSEGQTNTLGI FLQDQVTLTDNLELLMGGRFDTIDQSSS~m—~—— SNGES
AKDPANSGPYRILNEQRQTGVYVQDQA-QWDKVLVTLGGRYDWADQESLN=-~---RVAGTT
. s s kRN t2s 2 K Egk *

FNQTDNQLTPRVGIIYQPIPTVSLYGSYTTSFNPSFAASLNADGSTFDPQTGRQFEVGVE
TOOTDSAVTPRIGLLYRPIPEISFFSNYSQSFTP--NSGIDISGNPLEPERGEGFEIGVK
DERYDQAFSPRLGIVYQPIEPVSLYASFSRSFQP--NFGTRFDGSLLEPVFGTQYEVGVR
DERDDRQFTWRGGVNYLFDNGVTPYFSYSESFEP--SSQVGKDGNIFAPSKGRQYEVGVK

HE T T £ 2 .t: ¥E X U N L
ADITDK-LSVTFSAFDIRKONVPTIDPANLLFTIQTGEQTSRGVELYLGGEILPGWNIVT
AELFEQQLLTTLTYFNISKNNVAVSDPVNPLFLSTIGTQQSQGIELDIVGEILPGWRIIG
GEFLDGRLIANLAAYEITVSNLAVTDPENFNFSIPSGEQRSEGVEFDIAGEILPGWNIIA
YVPEDRPIVVTGAVYNLTKTNNLMADPEGSFFSVEGGEIRARGVEIEAKAALSASVNVVG

HE * *x * * AR A

. - -
- . e =

GYSYLDAFVSQD-NTDIVDNTLSNVPSNQFSLWITYEIQSGNLOGLGFGLGLFYVDQREG
NYSYINARVTEDTDPNFVDNRLFGIPYNMANLWITYEIQSGALQGLGFGIGFNYVGDREFG
SYAYTDARVTRD-DNLEPGNLLEGVPFNSASLWSTYEIQAGDLOGLGFGLGLFYVGERQG

SYTYTDAEYTTD--TTYKGNTPAQVPRHMASLWADYTFFDGPLSGLTLGTGGRYTGSSYG

JEzk 2% : % .'l' :* H .**z & : * *_*l’ :* * * L. *
DLDNTFVLPSYFRTDAATFYRRE-~==- NWELQLNIENLFNTQYLAESNDFDLSVYPGAP
DLANTYTVGDYIIGNAAIFYQRD=~——— KYRVALNLRNFTNANYVRAVSGNQTGIEPGEP
DLNNSFQIPSYLRTDISVFYRRN-——~- NWRAAINVNNLFNIDYIEATQR-RTRVDPAAP

DPANSFEVGSYTVVDALVRYDLARVGMAGSNVALHVNNLFDREYVASCFN-~-TYGCFWGAE

* 22 2 * . «

aes Ha =
- H H . . LI H

=K e
. & 27

FTVVGKIGVTF
FIIIGSFSVQF
LTVRGTISVEF
RQVVATATFRF

. *

. -

Fig. 3-1, A. Sequence alignment of the Synechocystis ORFs (S111406, S111409, and

S1r1490) with ferrichrome-iron receptor FhuA in E. coli. Identical amino acids are

marked with asterisk; conservative substitutions are marked with colons or dots as

defined by CLUSTAL X.
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JutA A.
5111206

TutA A.
§111206

TutA_A.
§111206

TutA_A.
5111206

IutA_A.
5111206

IutaA_A.
S111206

TutA A.
§111206

IutA_A.
$111206

IutA A.
$111206

IutA A.
5111206

IutA_A.
5111206

Iuta_A.
5111206

IutA_A.
5111206

IutA_A.
5111206

Iuta A.
5111206

el

eu

eu

eu

eu

eu

eu

eu

eu

eu

eu

eu

eu

eu

eu

(1)

(43)
(61)

(103)
(121)

(163)
(181)

(216)
(241)

(276)
(301)

(336)
(361)

(396)
(421)

(456)
(481)

(516)
(541)

(576)
(596)

(636)
(655)

(696)
(713)

(755)
(772)

(815}
(830)

------------------ MTHSYSTTGNRVGAAARDYGRRGSMAALARAVILMSVAVAPVA
MGGRDMKTRLVRFGWTIALGIVMETMAMPLGAQEIISEPSPSVIVELDQGTSLVQVQEVR

- * FA * s * * *

M . L] Y

AQTPRGDVPIHIEAQPLADALLQLGRQTSLOLYFPPELVAGKRAPAVNGTMRPEAALDSL
LEPSGPGLEIILVTAGGATASPNLOTVGNALIIDLPNTLMALPGGOQGFEEVSPTADIAFV

x* e« = * sk - *as = = * % .
: H

- .
.. . « = - - - - - H . [

LEGSGIQYQRSGNQGFVLRPVSGTSRSTAGATIRYAPRHGPAHHRAGPGGSHRVTDIERSG
SVTOMTDNQVRLAITGVNGPPEAEVEPNSQGLOLLIRPGVAGTTAEIEESEALQIVVSAT

. W * W * * & * * » .

. H .o Sesld 3% - 3 : H

PPDAAID=====~= VLERTELEELKTGSDSLATVLSKVIPGMADSSHTVIDFGOQTLRGRG
RTEEEIANIPRSVTVIERAEIEQQTQVYSSLADILGQLVPGLAPSTGSASQFGQALRGRN

.3 ol Rl Tt B JEEE pk pprhhedh Ky g ARk phhAN,

MLVLLDGIPLNTNRDSARNLANIDPALVERVEVLRGSSAIYGGGPTGGIVSITTRPAGGE
VLVLIDGVPQTTNRNAFRDLQTIAPSAIERIEVIQGPTAIYGDGATGGVINIITRGPAPE

:**t:*t:* _***:: *:* _* *: :**:**::i_:t**t_*_*t*zg_* ** .. *
PRADTTVTMSTPLSRLRRGRLERQRAAALFGOQQRDARLCVRPRRAPYRQSYDARGHALRR
PFLASTRLAINTDFDSVSNSLGRMVEQYVGGTLDYADYAFTASYESVGGFFDALGNRIPP
* HA .e . *x T * L. . . ol L T

SOQARATCSTRTTTTSAASSASFAPDQRIQLASSAILTPSRTRAGRRIRAWPNCRRAACPR
DPNGQGGVSDTDSFNVLGELGINMTDEQRLOITINHFQATQNTDFTVDPSITAIAGRQRS

s k

. . 'R . -
. H @ se e+ e ¢ &

RALDGLQLADONQIRNTLVNLEYEHRDLLGSQLSAQFYYRNYYSRFTPFDARAVPVRGGN
QAIDGLDLDTPQTSNNTVVSLDYSHSNVLNGNLEKGOIYYRDYLTRFFPFDGRASVSLGNS
:t:***:* H .**:*.*=*'* ::* -*__*:*i*:t :** ***'i* i_.
VDQAMQDSEVFGSRLTVRKTPLGRDKRTRVIWGMDFEQETSDMPIDIFDLEKAYDASGGRIF
IFQSEIDSTEWGGRLQLDTPLTGEENLRLLWGADYNNESTAQPVNIFDPVTFDSSGGLSY
. *: * & :*.** =.*** :*. *::** *:g:*:: *::*** ::*:*** .
NEIGTLTYMPPITTRSIGALPSCRHRFNEQWSTEGGLRYQYARASFSDFVPLSQSRVTNP
RNTGRRTWVPSLNQDSLGLFGOLNWRANDWLTLLGGIRHEQVGLSVDDFTTLGGN ==~~~
a3 *, Kook g, Wk 3, 3 hp 3 KEghgo | ok Wk K, .,
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EAQRVNNYEIGVRGNWONLRFSLAGFYNSSDLG--TTFTAPGE ILRAPERVYGVEATMDA

2, s REEE:K k% o * EEE RE g khEN ¥, s ks ksskkEkkks &
LSTDERWGAGGTFTWMQGRETPQGR-DSQOMTGYRIPPLELTGYVQYRPVPQWNNRLQAT
R-VGESWQLGGTFSLSAGEIDRLNTGNYTPLDGFRIAPVRLTAYVQHOTTPGWONRLQLL

se¥ K WAEN * : g FakW Kokkh hkkss Kk Kphkhk

- - - .

FFAGYDYRLNGVTSFGRRDVSSYTTLDLISSYQVTERDTVTVGIQNLLNRYYYPLYSQLL
YSGDRDVFSN-NTVFGQLPVSSYVTLDYISRINVGP-GRLEIGIANLLNTDYFPVVSQLQ

. * * * ks *hdkhk dhkk dh =% e shkk hkkkh kake Hhk
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Fig. 3-1, B. Sequence alignment of the S111206 with ferric aerobactin receptor [utA in A.
eutrophus. Identical amino acids are marked with asterisk; conservative substitutions

are marked with colons or dots as defined by CLUSTAL X.
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S1ri1491
S1ri452
51r1319
FecB E.coli
5111202

Slr1491
Slrl492
s1rl1319
FecB_E.coli
sllizo2

S1rl491
Ssirl492
sirl319
FecB _E.coli
s111202

S1rl491
S§1ri1492
S1r1319
FecB_E.coli
s1l1202

S51r1491
S1r1492
slr1319
FecB_E.coli
sl11202

Slrl491
51lr1492
81r1319
FecB E.coli
sl11202

51r1491
S1r1492
51r1319
FecB_E.coli
8111202

(1)

(1)

(61)
(39)
(55)
(39)
(39)

(107)
(89)
(106)
(90)
(119)

(165)
(146)
(163)
(150)
(173)

(223)
(204)
(219)
(205)
(233)

(272)
(258)
(263)
(242)
(289)

(330)

(299)

MHRSGRRFRLFTLTILTIVFFSACVGSTSQNLDQSTELLSVDCRIVEHSLGETCVPLEPR
------------------ MLVVACQONPSQREAVENSE~—---DCVIVNQPEDQACVFPRTID
----- MESELIIFTFCLVLFGCAKQVPVEFSPGETIQSN-LTQRTIAHAMGVTAVEPNEPQ
——————————— MLAFIRFLFAGLLLVISHAFAA===========TVODEHGTFTLEKTPQ
MEEYKINYFSTLMIFMTSLLTSCNTNIDRSSHLQQSDRK~--GCRIIEBERMGETEICGIPQ

RVVALDGATVGNLLALGMMPAG-VASNL---—-==~—= LPEITRLIP-~---NVPRLGQSSQ
RLVTLDGAAFEYATALGLEPIATVPSNF === == m— == QAQLPALMTNA-ENIQNIGRGEQ
RIVVLTNEATDMVLALGVTPVGAVRKSWSG—=~—~wm== DPYYEYLARDM-LGVPIVGDEMQ
RIVVLELSFADALAAVDVSPIGIADDNDA-~—=~—== KRILPEVRAHL-KPWQOSVGTRAQ
RVVVLGPYLLEPLLALNIQPIAYADHIAFHKEDYDHPTEQIPYLGOYINKPIANVGIAYM
k¥ *r. * . . H H

INLETLAVLQPDLIIGAVWEMKGIYNKLSAIAPTVAFEMQTP~~ADWQRPFRFDGQVLGL
PNLEAILGTNPDLIVG-LDSHQSIYPQLSQIGPTVLFPFEHS--GOWKEVFASVGNALHR
PNLERIVALOPDLIIGSRLROGOIYEKSLSAIAPTVFSETIG-~-~-ESWODNLRLYGQALDR
PSLEAIAALKPDLIIADSSRHAGVYIALQOIAPVLLLEKSRNETYAENLOSAAI IGEMVGK
PSLEGIFRAKPDLILSPDHNE-NEYQRKFSOLAPTLMLSWNEP~~——~ TENLERIAQAVKQ

Tk e sk e L} - . % _» + =
. * - .

ETQAERVLEQYQOMRVNELRAQVSD--SPLOISLVRIRAESGOMSLYLKNCFGGAILADLG
QAATQSALAAYQARSTDFRTQMGDRLDNLQVSVIRLYPDG--INLYLRDSFAGTVLQODAG
EAEAEQLLNDWDTRVAQMRQKLSA--KDLTISLVRFMPRG-~-ARIYLONSFPGOILQAVG
FREMQARLEQHRERMAQWASQLPK---GTRVAFGTSREQQ--FNLATQETWTGSVLASLG
EERVEQLLQETQQEIERKAKQEFSKIVAGYPKMLLLHAQNLOQELSIANNEDLCSSLIEELG

. . * . -

: H (- . H . : L . 832 *

FARPPSQDQGTPDQP~~——— PFAKSISRESMTEADGDVIFLFTFGHTPQIAAAA-~~—~-~
LARPPSQNISAVEAQQKFGNPIQTRISREVLEQADGDVIFLWTGENTPQGNEEA~ -~~~
LERPASQANHG========u= FAEHVSFEQIPQMEADALFYFIYTGDSGDQTPG-~———-
LNVPARMAGAS ——~———=———- MPSIGLEQLLAVNPAWLLVAHYREES-———————————

FELVSLPGAGTSTNSR~----LPLSLESLPRLNNANSIIILGYNFQEFNESKSRONFTEHQ

3 - - ..
- . H . .

-EAQLERLDTDPLWOSLGAVOENRVYSVG-HYWGAGNS PLAADWVLDDVEQYLLEVPGNG
=KERLOQLOODPLWGQLRAVRAGRVYEVP-SYW-IGSGPIAANAILDDLYKYLLGEN-~-~
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LSNLQQQWSENATITQSMEASRENRVYYIPTYLCTGLPGFFGTRLYLNELERQLLTNQRP -

- - - .« =
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.
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Fig. 3-1, C. Sequence alignment of the Synechocystis ORFs (Sir1491, SIr1492, Sir1319,

and S111202) with ferric-dicitrate-binding protein FecB in E. coli. Identical amino acids

are marked with asterisk; conservative substitutions are marked with colons or dots as

defined by CLUSTAL X.
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Slr1295
S1r0513
SfuA S.ma

51r1295
S1r0es513
SfuA S.ma

51rl1295
Sir0513
SfuA_S.ma

S1lrl295
51r0513
SfuA S.ma

S1rl1295
51r0513
SfuA_S.ma

51r1295
51r0513
Sfua S.ma

§1rl1295
51ro0513
SfuA S.ma

(1}
(1}
(1}

(61)
(50)
(47)

(121)
(105)
(107)

(180)
(164)
(166)

(240)
(224)
(223)

(298)
(284)
(277)

(357)
(343)
(335)

MVQELSRRLFLS IGTAFTVVVGSQLLSSCGOSPDAPIADTPGEQQEINLYSSRHYNTDNE

MTTRKISRRTFFVGGTALTALVVANLPRRAS === == == ==—- AQSRTINLYSSRHYNTDDA
MELRISSLGPVALLASSMMLAFGAQAASAD----c-—we—e——— QGIVIYNAQHENLVES
* sz k . s * :* e ak *

.e
a LR L - - .ea .

LYAKFTAETGIKVNLIEGKADELLERIKSEGANSPADVLLTVDLARLWRAEEDGIFQPVQ

LYDAFG==m=- EVNLIEASARELIERIQSEGANSPGDILFTVDAGMLWRAEQAGLFQPVR
WVYDGFTEDTGIRVTLRNGGDSELGNQLVQEGSASPADVFLTENSPAMVLVDNAKLFAPLD
* sk * 2, JHEF g  hkp Kk hpgph g T .8t 3% g

SEILETNVPEYLRSPDGMWFGFTEKRARVIMYNKGKVKPEELS~-TYEELADPRWKGRVIIR
SGKLNERIPENLRHPDGLWYGFTQRARVLYYSRDRVNPADLS-TYEALADPOWRGEILVR
AATLAQVEPQYRPS-HGRWIGIAARSTVFVYNPARKLSDAQLPRSLLDLARPEWKGRWAAS

] * * 2 K ok e K Fas ¥ [ *hk _Kkskeky

+ X .
11 . T e =

SSSNEYNQSLVASLVVADGEESTLAWAKGFVSNFAREPQGNDTAQIEAVSSGEADLTLAN
PSSNVYNLSLTASRIAIHGEPETRRWLQGLVGNFARQPEGNDTAQIRAIAAGIGDVAIAN
PSGADF-QAIVSALLELEGERATLAWLKAMKTNFTAYK--GNSTVMEAVNAGOVDSGVIY

* . . X +* * *k

s s we s + Fs 2Nk * -
LI : T reas e @ ] s 3

TYYMGRLLESEDPAQKATAENVGVFFPNQEG--RGTHVNVSGVGVVETAPNREGAVEFIE
SYYYIRLOKSTDPADQEVVERVSLFFPNTGSGERGTHVNVSGAGVLENAPNRDAAIAFLE
HYYP----FVDGAKTGENSNNIRLYYFEHQD--PGAFVSISGGGVLASSKHQQQAQAFIK
Rk kg s ¥

* & . aw
e

v » e k
. - e -

.1 It L
FLVSEPAQAFLAQN-NYEYPVLAGVPLNESVASFGEFKSDTTSLDELGPALAPATEIMNE
YLASDDAQRYFAEG-NNEYPVIPGVPIDPVLAAHGOLRKGDPLNVSNLGRYQPDSARLMNE
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Fig. 3-1, D. Sequence alignment of the Synechocystis ORFs (SIr1295 and slr0513) with

iron-binding periplasmic protein in S. marcescens. ldentical amino acids are marked

with asterisk; conservative substitutions are marked with colons or dots as defined by

CLUSTAL X.

38



FecC_E.
S1ri316

FecC_E.
Slril3le

FecC_E.
S1r1316

FecC_E.
S1ri316

FecC_E.
S1r1316

FecC_E.
S1r131é

coli

coli

coli

coli

coli

coli

(1)

(48)
(61)

(108)
(121)

(168)
(178)

(228)
(238)

(288)
(298)

_____________ MTAIRKHPVLLWGLPVAALIIIFWLSLFCYSAIPVSGADATRALLPGH

MPFLOCIMRSSLYFRAKSPGYLALGLVLGATVLFACLISSILLGAADISPOQTVWOALFQF
P *  kk sk s *

: . t.* 328 ¥ . = Paft. .

TPTLPEALVQNLRLPRSLVAVLIGASLALAGTLLQTLTHNPMASPSLLGINSGAALAMAL
DGSTDBELIIRTVRLPRAILAIVVGASLAVAGAITQGLTRNPLAAPDILGVNVGASLAVVL

t . S i.gtRRhkgosksgahhkhkohboes * Rk akkawok ghEah KAk Ak Kk

TSALSPTPIAGYSLSFIAACGGGVSWLLVMTAGGGFRHTHDRNKLILAGIALSAFCMGLT
ATFIGGDGSNQWAFAFIGAAIAAVVVYGLGTLG---RSGLTPIKLVIAGAALSYFLGSLT

R R * s k * * kheokhk wkdk * *
L .. ) 3

+ e @
ae ae .. -

RITLLLAEDHAYGIFYWLAGGVSHARWQDVWOLLPVVVTAVPVVLLLANQLNLLNLSDST
TGILLLNQRTLDDIRFWLAGSLGGQDWNGLTAVLPY IMVGLVSSLSLGROLTLLTFGEEV

hk o * shkkkdk o *e sk s * ¥ LA R S )
H 1 . .. .

AHTLGVNLTRLRLVINMLVLLLVGACVSVAGPVAFIGLLVPHLARFWAGFDQRNVLPVSM
AQGLGLETAWVELGAATVLVLLAGSAVALAGPIGFVGLIVPHVVRFGVGVDYRWILPYAM
%y kkgs 2 g3k saghk kg Kookhthg hgkkgkkwg Wk _w & k ghk N
LLGATLMLLADVLARATLAFPGDLPAGAVLALIGSPCFVWLVRRRG-
VMGGIFLSVADMAARLLISPOQELPVGIMTALVGAPFFIYLARSQIK

shks RE Kk akk Kk 3 khphghk Fask Kk g

s,

Fig. 3-1, E. Sequence alignment of the Slr1316 with ferric-dicitrate transport system

permease protein FecC in E. coli. 1dentical amino acids are marked with asterisk;

conservative substitutions are marked with colons or dots as defined by CLUSTAL X.
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FecD_E.
S1r1317

FecD_E.
S1r1317

FecD E.
S1rl3l7?

FecD _E.
S1r1317

FecD_E.
S1r1317

FecD_E.
$1r1317

coli

coli

coli

coli

coli

coli

(1}

(36)
(61)

(95)
(121)

(153)
(181)

(212)
(241)

(272)
(301)

---------------------- MKIALVIFITLALAG-CALLSLHMGVIPVPWRALLT-~
MFAPRPWIVVRLRSLPLSFRLDRHVPLVMGLLTALALLLFILNISWGEYPVPPLAMLQAI

L T **k P * *xk LR

-DWQAGHEHYYVLMEYRLPRLLLALFVGAALAVAGVLIQGTIVRNPLASPDILGVNHAASL
FGLSTDADHEFVVRTLRLPRSLVALLVGMGLAIAGGILQGITRNPLAAPEIIGVNAGASL

W ef. ¥ kg Hhkk kokkghk _khghk gpokhkk kWA kohphohkRA _AHR
ASVGALLLMPSLPVMVLPLLAFAGGMAGLILLKMLAKTH--QPMELALTGVALSACWASL
VAVTFIVLLPGISPSLLPVAAFCGGLTAATAIYVLAWNQGSAPVRLILVGIGLAALASSL
ik sakak s ckks ki Khgs ok 3 gphX Rggh W ko kk ok

.
.. -ew H -

TDYLMLS-RPQDVNNALLWLTGSLWGRDWSFVKIAIPLMILFLPLSLSFCRDLDLLALGD
TSLMVTFGEISVVSQALVWLTGSVHEGRGWEHLLPLLPWLALFIPLSLALARELDTLNLGD

* gk ghkhhkhy hx Kk s sk g hhkghhdkkgy kadk & htk

*, 23 .

ARATTLGVSVPHTRFWALLLAVAMTSTGVAACGPISFIGLVVPHMMRS ITGGRHRRLLPV
NLARGLGSRVEWMRGLLLVCSVALAGSCVATAGNIGFVGLMAPHLARHLVGPSHGGMIFPV
*  kk * * ks shktpa, s khg k W dgkdg dkke * gk ok gokk
SALTGALLLVVADLLARITHPPLELPVGVLTAIIGAPWFVWLLVRMR~~
AALTGACITELADLIGRTVFAPIEIPCGVITAIVGAPYFLWLLYRNRNQ

sk kxR o ghhhy h 2 dekehk hhahhkhohAhhshohhk & %

Fig. 3-1, F. Sequence alignment of the Slri317 with ferric-dicitrate transport system

permease protein FecD in E. coli. Identical amino acids are marked with asterisk;

conservative substitutions are marked with colons or dots as defined by CLUSTAL X.



HitB H.
$1r0327

HitB_H.
S1r0327

HitB_H.
$1r0327

HitB_H.
$1r0327

HitB_H.
Slr0327

HitB_H.
S1r0327

HitB_H.
S1ro0327

HitB_H.
§1r0327

HitB_H.
S1r0327

HitB_H.
S1r0327

in

in

in

in

in

in

in

in

in

in

(1)

{31)
{60)

(111)
(120)

(147)
(180)

(207)
(240)

(267)
(299)

(327)
(356)

(371)
(416)

(431)
(476)

(491)
(536)

---------- MPRRPPFWLTLLIILIGLPLCLPFLYVILRATEVGLTRSVELLFRPRMAE
MFNFLTVLPSPPRVLLNFWVLTSLLIAVWIAVPVIFVFLGIFSWQG-EIFSHLWATVLGE

* g . * rhkk . FE IS B s . "

LLSNTMLLMVCVTIGAISLGTFCAFLLERYRFFGEKAFFEVAMTLPLCIPAFVSGFTWISL
YIRNSLAIMLGVGAGVFVLGVGTAWLVIMCRFPGCRWLEWALLLPLSAPAYLLAYGYSNL
H *:; **: * *'= **. *:*: *% * ::* *: ***_ t*:: . ] _*
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LEEVSLSLGESPVYTFWYAISPOQLRPAIGSSILLIALHMLVEFGAVSILNYQTFTTAIFQ
TLEASRSLGCNPWQSFSRVALPLARPAIAAGLALVMMETLNDFGTVQYFGVNTFTTGIYS
*.* * k& .i :* . * :***'=.= *: . * :**:*. t . :****_*:_
EYEMSFNNSTAALLSAVLMAICILIVFGEIFFRGRKQTLYHSGKGVTRPYLVETLSFGEQC
TWFGFGERQGATQLAAFLMIFVFLLVVLERWSRROARFY(QSS-SPHONLPRYQLRGLRATI
: R A L L A T L L O T S e S S : * :
LTFGFFSSIFILSIGVPVIMLIYWLIVGTSLESAGDFSEFLSAFSNSFIISGLGALLTVM
GALAFCLFPFLLGFLIPASYLLYLTVSYAQEVRN---NNFFQLASHSLILSFLTAAIALV
HE I wpk g xh, kek o T, J3hp, Fykpkgk Kk ¥ g2
CALPLVWAAVRYRSYLTIWIDRLPYLLAAVPGLVIALSLVYFS———=—— e I
IGLILVYGORLSRQPLTSFAVEVASMGYATIPGSVIAVGVLIPAGNFDNWLADWWENMWGY
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* AR R L s

Fig. 3-1, G. Sequence alignment of the SIr0327 with iron transport system permease

protein HitB in H. influenzae. ldentical amino acids are marked with asterisk;

conservative substitutions are marked with colons or dots as defined by CLUSTAL X.
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FeoB_E.
§1rl392

FeoB_E.
51r1392

FeoB_E.
§1r1392

FeoB_E.
$1r1392

FeoB_E.
S1r1392

FeoB_E.
S1r1392

FeoB_E.
S1lrl392

FeoB_E.
S1r1392

FeoB_E.
$1r1392

FeoB_E.
$1r1392

FeoB_E.
S1r1392

FeoB_E.
S1rl1392

FeoB_E.
$1r1392

FeoB_E.
§1r1392

coli

coli

coli

coli

coli

coli

coli

coli

coli

coli

coli

coli

coli

coli

(1)

(46)
(61)

(106)
(117)

(166)
(177)

(226)
(183)

(286)
(238)

(346)
(296)

(406)
(356)

(465)
(416)

(525)
(476)

(585)
(529)

(645)
(543)

(704)
(598)

(764)

--------------- MERLTIGLIGNPNSGETTLFNQLTGSRQRVGNWAGVTVEREEGQF
MVSHCQRGSVQSSRPDVEKERVAFIGOPNTGKSTFFNRITEANAAIANWPGLTVDLFRAVV

LA IR R B i B R I A T A S R
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» e
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LOVOQTLGIPAITLLNLADEARRYGVQIDVAALQERLGLPLYPISARYGTGCSRAMDAIGR

L] kkkk *_ khky % Ny gakgy *k_ hdkk ky w2 o * ¥ L I

YRANENVELVHYAQPLLNEADSLAKVMPSDIPLKQRRWL.GLCMLEGDIYSRAYAGEASQH

LDAATARTLRNEMDDPALHIADARYQCIAAICDVVSNTLTAEPSRFTTAVDEIVLNRFLGL
EAYQIPNLVNVLSDHPVAIADMETALAG--~--~ VVQMPSPNARTLTNVIDGVMLHPVFGL

. * & o % s Rk * 2 [ sk grke ek

PIFLFVMYLMFLLAINIGGALQPLFDVGSVALFVHGIQWIGYTLHFPDWLTIFLAQGLGG
PIFFASMFGVEFWVIWHVG~--LPSADPVDAVIGWVOSNILEPLFSPLPTILOQGLLLDGIWT
*hkkg kg sk 3z gk ok * gkg g¥;3, L A 3 A R

GINTVLPLVPQIGMMYLFLSFLEDSGYMARAAFVMDRLMOQALGLPGEKSFVPLIVGFGCNV
GFAALLSFVPLVAIFFIVMGILEGSGYLSRAAYLMDALMGRLGLDGRSFVLOQMMGFGCNV

*e sak _ekk s sess shkk hhheshddaokhk Kk LA N NE & 22 gadkddkk

PSVMGARTLDAPRERLMTIMMAPFMSCGARLAIFAVFAAAFFG-QNGALAVFSLYMLGIV
PAIMGTRVMRSRGMRLLSMLVIPFSLCSARLOQVFVF ILAAVMPGTOGATIALFLLYLMSFV
R R L I *hpzags W ok wkw od L *W g shkghok wkgg ¥

MAVLTGLMLEKYTIMRGEATPFVMELPVYHVPHVRSLIIQTWQRLEGFVLRAGRVIIIVSI
AAFTVAAILSRFHYFQARDPFVLELPPYRLPTFRQVFLRVWGEMREFVARL.SMFMVIGSS

o o.w %, Hhkgkhk kgak K _sega K _gg KK Kk ggd ok
FLSAFNSFSLSGEIVDNINDSALASVSRVITPVFRPIGVHEDNWQATVGLFTGAMAKEVV
LIWFLTSFPQGSTGLETFAG----RIGSVFQPLMNPLGINP-~~FLTISLIFGFVAKEVQ
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Fig. 3-1, H. Sequence alignment of the Slr1392 with ferrous iron transport protein FeoB
in E. coli. Identical amino acids are marked with asterisk; conservative substitutions are

marked with colons or dots as defined by CLUSTAL X.
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FecE_E.
S1r1318

FecE_E.
S1rl3ls

FecE_E.
s1r1318

FecE_E.
S1r131s

FecE_E.
Slrl3ls

coli

coli

coli

coli

coli

(1)

(54)
(61)

(114)
(121)

(174)
(181)

(233)
(241)

------- MTLRTENLTVSYGTDKVLNDVSLSLPTGKITAL IGPNGCGKSTLLNCFSRLLM
MLDVATPIALTTRELSLAYDSHLIIQGLDLAINQGE ITTLVGPNGCGKSTLLRGMARLLK

gk Kk skesak 2 sz, 3. %22 kyhkkpghghrhhhhhbdkhhk ¢ ahhd

PQSGTVFLGDNPINMLSSROLARRLSLLPQHHLTPEGITVQELVSYGRNPWLSLWGRLSA

POGGTVYLEGEAIAHLPTRELARRLGILPQSPPAPEGLTVRELVAQGRYPHONWLQQWSK
dk gk * k ggghkhgkh shkh ghhhkahhshkhks Sk & g *

EDNARVNVAMNQTRINHLAVRRLTELSGGQRORAFLAMVLAQNTPVVLLDEPTTYLDINH
ODELKVEEAIATTDLRQFANRPLDSLSGGQRORAWIAMATAQDTEILLLDEPTTYLDLAH

ske sky ko * grpgh b k  hkkhkhkkkhsohh hhdhak gokhhkkbrikdhs *

QVDLMRLMGEL-RTQGKTVVAVLHDLNQASRYCDQLVVMANGHVMAQGTPEEVMTPGLLR
QIEVLDLLHWLNREAGRTIVMVLHDLNLACRYSHRLIALRDGRLLAQGRPQAIVTEELVR

g ks ok ok kgkgk RRkREE K Kk sy, g gHgpzgRAN kr ok Hak

*is R

TVFSVEAEIHPEPVSGRPMCLMR~ =« -~
QVFGLESRIIADPVIGTPLCVFVSRHLK

*hk aks ¥ shkak kokg

Fig. 3-1, L. Sequence alignment of the Sir1318 with ferric-dicitrate transport system

permease protein FecE in E. coli. Identical amino acids are marked with asterisk;

conservative substitutions are marked with colons or dots as defined by CLUSTAL X.



(Fig. 3-1, E, F)o slr0327 & slr1392 OHEBREWIE Z N Z N Haemophilus
influenzae O Sfu/Fbp BIEKHLKDIE @Y 722w b HiB &, E. coli D~
filigk XA D ATP $iGETF—7 2 FZALFKE®RYT 722w b FeoB & #IF{E
3 < (Sanders, et al., 1994, Kammler, et al., 1993), &5 56 gk iClEb % E
HMZ N7 BEI—RLTWATHAD LHEZTNZ (Fig 3-1, G, H)o (4)
sl1318 HEEBFUEMIL E. coli DU = U BEEKEIEAD ABC 4 /378 FecE
(Staudenmaier, et al., 1989) MMM E P> % (Fig 3-1, Do ST &5
slr1318 1& ABC M7 = U8k A ATP #5549 0V EY 712y b & O
—FLTWB ST hiz,

15 ® 15 D> PCC 6803 D Fk#iEA AR BRI TD D> B siri3l6 &
slr1317 W2DWTE. 7/ L BT slr1316, slr1317, sir1318, sir1319 QT > 5
L©IHFELANOVHMEZE>TWAETFHEZNEZ G, Ths 4 DO
BEFEFNZNAMEGICHEBELTHE - ORBHAMERTIDOLEFELISNE 0,
LUFDEBREREEM LU, Mg, Ihs 13 [Aoisr &8 2 MTREL -
sli1878 \Z&HH L. %5 mRNA OFEH/ Y — > LB IETHEN (M1 - MI0YDF
Bl 2 A& L,

Fig. 3-2 i BLASTP {Z X 2 MEREMIEERICE DWW T AT TR E T 58 HE
ETOMREYMORAEMEZHELZODTH D, P ORBRICH W G-
FE M1 - M10 IZBWTED ORF BEIESINTWADERL TS, HEDKE
BEZENZhOBETZE—T (M1, M2, M3, M4, M7, M10). REDIRENIHT H
> R OBEEFZIFERIZ (MS, M6, M8, M9), AT EFTEfiLE=Z
ERLTWD, Thbb, ML L AslIS78 B gk, M2 13X Aslr0327 H—
Rk, M3 I Aslr1295 BfEERER, M4 IE Aslr0O513 B EEER. MS
AslI878AsIr0327 Z.TEAEEEFR, M6 1E AslrO513Asir1295 —EHEEFL. M7 I
Aslr1318 Bi—RERFK. M8 1 AsllI202Aslr 1319Aslr 1491 Aslr 1492 PYE IR, M9
X AslI206As11406As111409As1r 1490 PYIEREEVE. M10 {3 Asir1392 Wi—Riigek
THb. %edb. Ml IIH 2 BTHER UL AslI878 TdH B, Table 3-1 FHER
FHDORELwil e, 2 I0HALLE{EERMEEETFZ2RLTWS, Zh
5DBEEFETIEONWT, BRICKEAITHEEEF L EESEb > ENNET 2
ZEWTES,
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balfl— M9
i @l@l@l sir 1490} oM

( sir0s13 1) siri295 )
L SR
M6 —P»
futA2 futAl
? * PP
— .
af— M5
feoB
M7 M10

Fig. 3-2. Mutants constructed by inactivating genes presumably involved in iron
acquisition and the possible localization of the gene products that are positioned based
on the localization of their homologues in nonphotosynthetic bacieria; shaded ovals,
putative proteins that were experimentally shown to function in iron transport in
Synechocystis sp. strain PCC 6803. For details see text. Vertical arrows, genes that were
individually inactivated; horizontal arrows, groups of gencs (boxed) that were
inactivated in a single strain. M1: Asll1878 single mutant, M2: Aslr()327 single mutant,
M3: Aslri295 single mutant, M4: Aslr0513 single mutant, M5: Asll1878Asir(327
double mutant, M6: Aslr()513Aslr1295 double mutant, M7: Aslri318 single mutant, M8:
AslI202Aslr 13 19Aslr 1491 Aslr 1492 quadruplicate mutant, M9:
Asll1206Ast 1406 AsIr 1409Aslr 1490 quadruplicate mutant, M10: Aslr1392 single mutant.

OM, outer membrane; PP, periplasmic space; [IM, inncr membranc.
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Table 3-1. Regions ol ORFs amplificd by the RT-PCR method or replaced by drug
resistance casscites in the mutant strains.

Positions” ol

ORF RT-PCR product®  Deleted region” Drug’ Mutant Strain
sli1206 28 368 444 - 458 Kanamycin MY
sit1406 24 - 387 533 - 583 Chloramphenicol MY
slt1409 73 - 439 581 -719 Hygromycin MY

sir 1490 55 -418 418 - 563 Spectinomyein MY
sl1202 84 - 480 454 - 500 Hygromycin M8
sir0513 60 - 483 448 - 530 Kanamycin M4 or M6
slr1295 20 - 427 317-373 Chloramphenicol M3 or M6
slr1319 66 - 441 473 - 477 Kanamycin M3
slrl491 &1 - 435 48] - 511 Chloramphenicol M8
slrid492 15 - 395 166° Spectinomyein MR8
SHIS78 32 - 400 134 - 479 Kanamycin MI or M5
sir)327 75 -434 538 -573 Spectinomycin M2 or M3
slrl318 69 - 422 70 - 518 Spectinomycin M7
slr1392 79 - 430 485 - 553 Hygromycin MI10

“ Regions amplified by RT-PCR (from Fig. 3-3).

Regions replaced by drug resistance cassettes.
 Positions of nucleotides are counted from the first nucleotide of the initiation codon.
d Druy to which the casselte confers resistance.

£ .. - .
Position at which cassclle was inserted.
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FRE LM IFMAGE{E T mRNA DFEB Y — o DT

PCC 6803 O 13 {HOFKHEAMIFIAEL T L0 2 B THE Uz gkEsial
{5 sHI878 122\ T, WiED BG-11 HHTHH LB L., Sz
MUBE U = B ALKk AR & 22 RNA ZAIE L. RT-PCR A (Chelly and
Kahn, 1994) (2 & b %8 {zD mRNA OFERL ~JLEHE L~ (Fig 3-3)% %
HETFIZHBWT RT-PCR (& bR X 2 5880E Table 3-1 (TR L 7zo AAMEL
Y7 —HTI—FTAHEEZIONS 4 DOEE-F. sll1206, sli14006, sll1409,
sir1490 & BG-11 B538 5 FTREME S, SRZAUMIC L hEREN LR T
B EDmaEhi. e, IWHAHKEGSY VIV EZI—-FT5EHL5
N5 sit1202, siri491, slr1492 ZHWT, T/ ATP $iy o7 AEI—FF
Ltaxhnd slr1318, WEEGY O 72D —-FT 5 FHSINS
sirf392 IZBWTBIBahf, —4T, BEEEY NNV EARI—-FTHLH
ZBNB slr0513, siri295, slri319. WE®BY VNV HEI—-Fd5H5Z 6N
% slr0327. ATP $5&Y LISV E%Z2—F32E 21605 1878, D 5 D
DBEIET i BG-11 HiE3M FTUEICH 25 mRNA OFERDHFE S, gk
REZMT A2 LI E/REBRMT I L hRINE, L ELOKRDPS
B ORAET- RO RZ A FL RIZRE L TRRAT 5D L, BHD
BEFEHIEFO BG-11 WERH N THIMEEEZ R LT 2 AR X
niz.

FX A B AR [RIAE {5 T Bk D R

2 T AslIS78 FRIEBRZEM I TEEBBE L RD 2 EWRIhi. #
MOLEFICHIT IO REZ XL ICEE ST T 520, WA S, Fig 3-2
AR L 10 ZEAOHIFEZ SR ZUID U, BeREMICAIR U TEAZ BG-11 14
Jerst FIC AR PL. EERNZLE L (Fig 3-4). EHin Tk M3, M4,
M7, M8, MY, M10 ({ZBF A4k L AFIIRREEE IC4EE L2 DI L M2 (Aslr0327), M5
(AsII878ASIr0327), M6 (Aslr0513Aslr1295) ¥Rik M1 (Asll1878) Fk & RIERIZERRZ
Bt P UL AT, o /20 TS DFED S slr0327 (M2) X8RI A
DIEEM Y LS HY 712w bEIO-FLTWAuhetEdimlg iz, 7z,
PCC 6803 Sh#EKDIVEFG Y /37 Bl slr0513 & slr]1295 O 2 DO R
T FRZFNI—-FINTHED, MADPMKREND Z L TYOHTERZ
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oM PP IM

sI1206 € sH1202 sHIRTS

s111406 § sIr0513 s1r0327 [

slH1409 § slr1295 shrl31K

slr1490 § slri319 slr1392

Control
slrl491

RNase I’

slr1492

RTase &

Fig. 3-3. Expression profiles of putative iron transporter genes in Synechocystis. The
amounts of transcripts in cells grown in normal BG-11 medium (lanes N) or in iron-
deficient BG-11 medium (lanes —Fe) were determined by the RT-PCR method. The
regions of the genes amplified are summarized in Table 3-1. OM, PP, and IM are as
indicated in Fig. 3-2. Absence of contamination of DNA was confirmed by performing

the RT reaction without reverse transcriptase (-RT ase) followed by PCR.
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Wt L THEEDMIELRD (M6), EH 600 EDHE > TWHWhIIFEIEFICYE
HTEBHIEHREINSE (M3, Md)o 51T sll1878 & slr0327 % KT HBIR
Ltk (MS) IZBOLT, T2 —ICHE L 2 BA L S EMEBED 6 Ik
SEZERE, 20 2 DOMEFBENRZENN— OEEXARDOEME S 23
JHY T2y b ATP $iBY N0 BY 722w bEI—FLTWBTGE
MR X iz M7, M8, MY, M10 FRIZEA R Z TR AR ADEE Z L7
Z X6, sir1318, sl1202, slr1319, sir1491, sirl492, sll1206, sil1406, sl1409,
sir1490 OB T YT SO ERICH W ASRZEBTOHEHICE > TEER
RHOTIRARWI EMTREI R,

Fa L AR IE] A (2 TR ERRE D =AM B LR D JA AT

HEEHRHEOMEIZ W M1 - M0 £FERICDWT, ERFHT =gk D amkih
AR AERE & Hel U 7= Fig. 3-5, A J0lH5D BG-11 HBHETRE UMY, Fig.
3-5, B E 8RN L 2= /D = D §k DG M & s LT S, Fig. 3-5,A 1
BT M2 (Asir0327), M5 (AslI878As1r0327), M6 (Aslr0513Aslr1295) ¥kix M1
(Asl11878) ¥k & [RIRHE DR WEKER D IAATHME R Lz T OMOKRITZE Lk E
RIFEIE DI D A A2 > Tz, Fig. 3-5, B IZBWWT, M2, M5, M6 {F%
Eh M1 ERBRISIEROER D IAARTEME 2R U oo AERHE L RIS 51878 &
slr0327 % EIRFCHEIE U720k (M5) ICB W T, Th2PhE— S L -8 (M1,
M2) X D BEMDRLS B idahro. The Do, s11878,
slr0327, slr0513, sir1295 iGFH5 PCC 6803 DOH—D = fligkifkAkot 71
Y REEFNZENI-FLTWAIENEI LN MA (Aslr0513) I ZEFH MR X
[FIFEIE DH D A AIGEE & 7 L= D5, M3 (Aslri295) XSk RZMB LG, =
ML HRLETEME DS LML D 12 BETH -2 L h S slr1295 DS =Mk s h
DOV ERFEEREEY P EY T2y bEI—-FLTHED, slr0513 1THIRE
DEFIMBEIZBNWT slr1295 EEHUEEER O MHEE T EVWHDTH
LT MBI,

SRR X AARE EMAR (o -k OO BRI D A A
KA M1 - M0 Bk A Ekdm e vE M 2 S ARk & LEi U =6 Fig. 3-6, A {338

@ BG-11 HEH TR U2 fIM8, Fig. 3-6, B X8k ZALER U 7= Hikd o —fii D
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OD 730nm

WT M1 M2 M3 M4 M5 M6

0.1

0.01

0.001

0.1

0.01

0.001

Fig. 3-4. Growth of the wild-type and mutants on solid iron-deficient BG-11 medium.
Wild-type (WT) and mutant (M1 to M10 [Fig. 3-2]) cells of Synechocystis were pelleted
by centrifugation and resuspended in iron-deficient BG-11 medium at pH 8.0. Two
microliters each of cell suspensions, with OD 730 nm values of 0.1, 0.01, and 0.001
were spotted on agar plates containing iron-deficient BG-11 medium buffered at pH 8.0,
and the plates were incubated under 3% (vol/vol) CO, in air for 7 days.
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A:Grown in
4 - complete medium.
g 3-
g
vy 2
.
2
IR
)
o0
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~ B: Grown in
_+.
“5 iron-deficient medium.
e
“ 10
o
=
o,
5
0 J

WT Ml M2 M3 M4 M5 M6 M7 M8 M$% MIO

Fig. 3-5. Amounts ot Fc¢' taken up by wild-type (WT) and mutant (M1 1o M10 |Fig. 3-
2]) cells. Cells grown in complete medium (A) and in iron-deficient medium (B) were

incubated with 10 uM “FeCl, for 5 min in the Hght in the presence of 1 mM ferrozine.



PROMEEEE R LT A, BAKICBWT, B D BG-11 THifE L =5HE0
EEDS 11 pmols Fe™'/10° cells/S min FRETH > DXL, SARZABT Z 2
ETWEMD 8 RIS LR Ul STHIEERZ R ML I KD Tk E Fh8
FEINTLBIEERLTVWD, &2 AP, =iikEXHED K14 4 D
DERFK (M1, M2, M5, M6) TILEH O BG-11 THiFE L2 BE WD 4 %
Rt E <. SIRZUHA L THEEDO LRAREFLAYRED S hah -z,
ZOZEDS, IS 4 DOERKE TMMofgkHEXimEiERTH b, ho
BEOERFMTICBVT S ZMEEEEEDEN OISR Z A b L A2 R
CTH Db, kM ROFEBBEINTNWEIDEEF L 5N M3, M4,
M7, M8, M9 FLD Al gk i AN E B o b >k L L MO
(Asir1392y ¥R TIRHBARZNM LT HEHALMTR S iz X5 il kifitk o 5
Rohkholk, 2O LS, sir1392 BETH PCC 6803 D {ifigki kK
P72 bEI—-RLTEBD, SIRZAPM LR L>THRUNZEEINSE D
EmaEni, ZhE Fig 3-3 TARL =z slri392 mRNA OFERI/NY —2 & —
Lo

Z L M RE O BTG E O BT

BPARRIC BT 2 M OB £ i O BREIRTEMEICB LTS 2 SiTHIEL
Fro TIZTIEHIBICTRAIINE VBTAFMITEIT U Bk O Sk it D i
FEARTEE B AR =il R OF AR ERSR LG A 0D SR SR AT & 4T > 7o Fig. 3-7 &
IR M2 BT 28446k (@, O) & AsirI392 (M10) £k (W, V) O fifigki#fiee
EHOBEEKEEZTLTVWS, @, ¥ XSRZUH L=/, O, V L@
O BG-11 BT Ri4E L 28 BT 5 Mgkttt 2 L Tn b, iR
ZALER L F2 Aslr1392 (M10) BRICBWTIE, BUD AAAIEME R &b O BRI
B LTHHEMTRO NS L5 RIVAAMEMD FHIZRD LN RD 5,
TOREEDS B, sir1392 BPRZ A ML R X W RBBHEG XN D gk
EROBIGTTHEEEIBND, KB, WifkE RN T &I L IXIEFR
BROHLD AAAIEMEZ R L 7= (RERE). L 2 BTG MifkEmkintt
DF—F%HHLITHRT T v MECE D ZNZROSKID JAFHBRO R A RIS
BIF3E K, (M) ik v, (pmols Fe/10° cells/5 min ) &K (Table 3-2)e =
fifi DEEDEEEFLD V. HEFRRZUIRST B T 5 (515 Lh, AE
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A:Grown in
complete medium.

B: Grown in
iron-deficient medium,

pmols Fe?* /108 cells / 5 min

wT M1 M2 M3 M4 M5 M6 M7 M8 M9 MIO

Fig. 3-6. Amounts of Fe™ taken up by wild-type (WT) and mutant (M1 to M10 [Fig. 3-
2]) cells. Cells grown in complete medium (A) and in iron-deficient medium (B) were

incubated with 10 uM “FcCl, for § min in the light in the presence of 5 mM ascorbate.
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150 ° ® WT:‘ grown in iron-deficient
medium,
£
v
@
“g 100 =
[
&
o w Asiri392 Grown in iron-deficient
un 50 medium.
Q
g .
- o VT g;)\-avnm complete
P medium.
- Aslr1392 Grown in complete
0y ' I ' ' v medium P
0 5 10 15 20 '

FeCl, (uM)

Fig. 3-7. Concentration-dependent uptake of “Fe™ by wild-type (O, @) and Aslri392
(V, ¥y cells grown in complete medivm (open symbols) or in iron-deticient BG-11

medium (tilled symbols) during 5 min incubation in the light.




A9 A BRI T Uzo BB IC gk o v, i 13 4
B UL BRI MR IR U,

R D IAABOGD T )V XL 250, 70 b/ 77T
%% FCCP. ATP GIKIMEMTdh 2 DCCD. MERHIEMTH 2D KON % BHE
FRATRIZ S L, SRID A & WEME &2 BIZE L 7= (Table 3-3)s FCCP & % W&
DCCD RT3 T & Tk RO gk Ok ifith & il & iR LW BB o
35%~60% FIEITIUF Lz Thprs, Eb6DHIERS ATP DK IE
CEBTAINF—DUGE LB T 52 L HRENE,

PHFNRBES, Wi, A @l 29 bh, Zw b, A RID A, 7O
LAEZNZNYIAHSSHAIZEE D 100 SR U TERD ik iHiM: &2 W
L7 (Fig. 3-8, A, B)o 100 {HREOHERAFET T = MERDIU D AT D 23%
TR L S D IAA X Z IZ E’E P Lo, £ 100 (5381
O F T MK D AAIGHEDS 4% FRIEICE TR LA, Ziligki b A
ATEFICRE I o FER. W2 B ICHE RIS T D AABEE
Mmool (RilAH). 100 FEEOIIVNL MEA R I Y AE =]
TRSREL D IAATEE L $ IS 60% HBWE 15% BREF TFRPRE TSI E,
IHhe 2 DOHEICHITHMBHAE 2R T 28, SRS IC BT A HE LR
FHREDOHEEGICLZIDOTEHRVWEEZ SN,

TR A LT sIr1392 X MREE N B EIRT ORT

PCC 6803 (Z =i DA R AT Atttk & Z Mgk fe i) kA Z s> T %
TR E Nz AslrI392 (M10) MRDRIRT L HEE 7 X/ FEE D & sirl392
DA OFRELEARD ATP #iE9EA ST S LV HEI—FLTWEZ L
MR ENhE. L L E coli O_fligkE@mEERKDODH>VEDOY T2y b &
J— RT3 feoAd BT M9 5L 5% ORF E5DE T A PCC 6803 77/
L ETHREShTUOAW (Kancko, et al., 1996), PCC 6803 ICIX sir1392 OF <
FRIC 9 PO KEY I EEI—-FTELEHLZEIND ORF
ssr2333 DMEET D, ThIE E. coli D feoA BT LD RD S OMIEINED B
DVHEES N ABRUEMO 7 2/ REILED MR TH 5 (Kammler, ot al., 1993),
ZFIT, 2D 5512333 MR T slr1392 L HEEBEXNT WA RE S D %E

56



Table 3-2. The K , and V ,,, values for ferric and ferrous iron transport in wild-type cells.

ferric iron transport ferrous iron transport
Culture condition Normal -Iron Normal -Iron
K. (W) 0.7 2 0.6 1.1
V e (pmols Fe/10° cells/5 min) 5 25 11 147

Table 3-3. Effects of metabolic inhibitors on ferric and ferrous iron uptake.

Addition Fe** uptake (% activity) Fe®* uptake (% activity)
None 100 100
FCCP (10 uM) 61.6 41.1
DCCD (100 uM) 56.2 35.5
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150

Fe3* uptake (% activity)

150

FeZ+ uptake (% activity)

et .:.:._. .:..._. —
0 1 T T T

None Zn2+ Mn2+cul* co?t NiZ+ Cd2t o+

Added cation

Fig. 3-8. Effcect of transition metals on ferric (A) and ferrous (B) iron transport in
Svnechocystis. The amounts of iron taken up by the wild-type cells in the presence of
100 uM of transition metals arc shown in percentages of the control. The cells were
incubated with 1 uM Fe'™ or Fe™* for 5 min in the light in the presence or absence of the

metals.



RT-PCR T~ Too SRR U = B A AKHIRE A 5 42 RNA ZHlH U s1r1392
BRI R GES 2DV N2 75 4 v —TH 1 i cDNA ZHERL.
THEHRIZ LT sr2333 BEFICRRORENZE D7 40— F 7574 ¥ —
ERD striz92 VIN—ATZ A =&MW T PCR RitnaTi-f&l A, T/
INBARKES (647bp) ZHDPCR EMHDRIE N (Fig. 3-9)e THUE 552333
& osir1392 DREGINTWAILERL TS, TDI &5 5512333 Wi
THS E. coli D feoA LT OMBEIKRTH 2 1IHEM DR E Wiz,
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<

feoA
feoBB
leoAB
RNase P
-RTasc

20 — P
10 — [
0.51—

(kbp)

Fig. 3-9. Identification of mRNA of feoAB by using RI[-PCR method. Total RNA was
extracted from wild-type cells cultured in iron-deficient BG-11 medium. First strand
cDNAs were synthesized by using reverse primers for ssr2333 (lane feoA) or for
sir1392 (lane feoB and lane feoAB). The gene products were amplified by using each
reverse primer and forward primers for ssr2333 (lane feoA and lane feoAB) or for
sir1392 (lane feoB). lane M, molecular weight marker; lane RNase P, positive control;

lane —RTase, negative control, see matenals and methods 3-3.



EE

A BWT, T ¥ Svnechocystis sp. strain PCCO803 0D 2 W e § X A it
(1. sllI878, slr0327, slri295, slr0513 HWNETHI LB TS, SIrl2ys &
SIF0513 X S. marcescens 3 D WIE H. influenzae DFKEHEAARD ) 775 X Lk
BUES 7 23 7 7 StuAHIA & HEIVEDSE < (Angerer, et al., 1990, Sanders, ct al.,
1994), IS 2 DOMET ZRBIRFCHIRT 2 2 & TR ZETH L TOAE M
Lz, oMo = Mgk Em I Lz, 2025, sir1295 &
sir0513 7% PCC 6803 O Z(DEKEEARDILEARESY L VEY 712w b &
I—RLTWBIENREINE. £/, sh0513 DA B LD TELE
BLUZELEETTE L B AR E RS TH D, slr1295 OH BB L 8
By AR AR S AT T H o F2 D5, SR I DL TR R Z AL
L 2GS OANE L D RO EAhERE LT %275 L Zhid PCC 6803

SHIEEREEAIS I E B 5DV L DOIEEE Y S B DT TS MGE T
B hH, SI0S13 DS D SIri295 K h iV L E2RBRLT WS,
AsIr1295Aslr0513 i ERR X RIBR DR BLEI DS AslI878, Astr0327 Hi— ks
B LW AslI878Astr0327 HIHIEFRIC B W T L EIE I Nz, SIN8T8 T
IZ ATP $5&EF — 7 DFET o SI0327 (X0 T WIZHS G o o 78 BT 4
ERD NS ISP T ZF v = U, poBukE il »iln 5 12 [0
OB BUIKDFE P TRIE NS (BIRAEK) 28, FhZh PCC 6803 D=
i gL kD ATP 557 VY 72w MEBEMGY V32 T =
Y IEEI-RLTWBEEZONE, ¥R E 4 DOBETEME O BG-11
Wil TR LA TOHAMIERELTEY. SIRZUMT ZZ L T mRNA
DERDIINM Lo 5T AslrI295Asr0513 ZTERK . AsIIST8, Aslr0327
Hi— AR LT AsllI878AsIr0327 Z S ERRRIZ SRR Z LA 2 Ude < TH A
DERDHLIENED D o 2 ThiE. EOMETHlF D BG-11 Fii T
HIZBOLTZMEEXAR @Y 722w b)) ELTHELTED, £/~ 2h
5D OMERMWET 2 &, AIZHHO BG-11 K ToLEHICIEWT
HPRZZA ML AEEL, THIDIGE LTkl 2o girisEahs 2
EEPLTWVWAD, DLEDKEDP S NS 4 DOELETOMHNND PCC 6803
BT —OZ MR AR EZME L TWE EFEL SN F 2 TLUE Sir129s,
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811513, SIr0327, SI1878 % 5 1% % Z{figkéfkfA % Fut (ferric iron uptlake) &4
CIRR, FNFNORULT# fuAl, A2, futB, futC YIEHEZ & 12T 5%,

PCC 6803 X =DM RZIT TR, PRIV EVETEFMICEICL
i EET AR AR S TWAZ LA S iz, kLRI
HREZBHED BG-11 (] 20 uM Fe) it I CHEH X B A ITIEIBEHEL TR
WS B WVIERBIL NV ERICERSMZ 6 NTE D, SRZULHMTZI T
SEMGRE DR B, Alr1392 (X2 O AfigkIERZR > TH 5T, £ SIr1392
& E. coli O {HigkifE AV 72 =w M FeoB EMIFMEDH D (Kammler, et al.,
1993). DD ATP 55 TF -7 &2F>TWB I &5, slr1392 A PCC 6803 {2
BT 2 ZMSkEEAD ATP &Y VS VEY 7212w bEII—-FLTWBE
%ZZ 56Nz, X5 RT-PCR T O DS slri392 O LIZHET 5 ORF
ssr2333 M8 siri392 L IMEHE I TWA I L &Nz TN DRRP S,
PCC 6803 2 B1F 2 Mgk bRE Tt E. coli. LWL LIS/ LW ETH
A VEELTWAZ DS itk £ I T, Ssr2333, SIr1392 %4
IKBEEE X U TR D gk #REAE Feo BIEAK LI, ZNEFNDIIETE feoA,
feoB YWEREZ LIZT B, 2 AT Ful M ROBREZ Rz e W0 AR (M1, M2,
MS, M6) {ZERZAE L = 5 ORad = b O kLt B EkRo 7
HFRE L e > Tz, ThUE SR HARDTEE MRS L b Tl <,
BrzoROHORESINE Lk, B WFABOZOD 7 4 LERD
EKFLEFRTHDLEHEZ SN/ (Sherman and Sherman, 1983), ZDIHA. =
fiigkdmtiEtE2 7 007 4 VY72 Hh O D IAA T TEREIE, Fur £REDNE
XEAEREERE LR FERE,

AEERTHERZ AR LU fir BIT feo UADBETIZDOVWT, Mldoik
GBI D EEFIEMOREERCTAILETERP>E, TNHEDERE
FixZzoftE 7 IV BEFIONIEEDP S, BF S FT0 7+ 7-HMmERS 5
W7 L USRI AAA I —FLTWAHDETRITE S (OM: sll1206, sli1406,
sl1409, sir1490, PP: sl11202, sir1319, slr1491, slr1492, IM: slri316, sir1317, sir1318).
DT BRI OSBIEDSEK T T2 TFO0T7ATEGKT A LN
MEINTWBD, PCC 6803 By FTO7 A7 EBRTHAhEIDPESDE T
A& SN TR (Mahasneh, 1991, Trick and Kerry, 1992). & 7z, 448
77 W7 Morganella morganii ZEMDP 2wl 7027 272 LUTH%Z
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LT BT EHRISNTVS (Kuhn, et al,, 1996) ARFZERIZ I 12 4 5 M@ &4
OFEETEMENESRE T T, 7o) oAy FangFolknwo ks
O7A7H20WE7 T UBEDOHFL — MeEWEMZ TWiRWED, HFElE
THMOBEDND O NP> O Lk, D & RKETHWAE
BREMTF TR IN S OB T OMEIE PCC 6803 DAEFB L UEHIXIIHNT
VT W2 EhRE i,

B AR KRN O = g B 6T A 35 K OF i SRk S O MR M » 5. W
TROFRBIKITH L TIHERFITHOBAM 2 > TW B AN Ik oT,
F =, MR ZNET 2 2 & THHEETE DR ARSI LR Uz, &

D IHDOKIBFEENRZN Fut 5 0L Feo ‘?ﬁ?lﬁ%’iﬁ&iﬁ{"@hé ETHLHN
Rl dZ s, ZMEHERICBNVTIE Fut S AD, MigkELRICH
WTiE Feo AN TNW23DEEFEZL SN S, T, MiEEAE R
D% mRNA DHFREHPHNZZA ML ATTHMT 22 Do b h 3,
EEBDIfEFRD ATP FIkEHE TS EWMMUEMET I 52250 ATP D
KRS LD TR N F—IIRER RN D IAARETH B LRIk, Th
iZ FulC &5 WiE FeoB D ATP §i3EF— 7 2 > TWaA I L& 8T
%o WA O ZAME L O gkt i FIAMIZ B E O i ¢ = il
ShEm kg DS RIS O T Bk iRt DI & 2O B DR 2D
MiE 23 = MohFA4 L OHAE T TRIFEACHEZ N A o2 T4b5 Fu
AR S Feo MIGRIZIERICEWIEEAR MM 2R TwWwbd EeF2 65, &
NEZNZNOHELADILTEEES Y L 37 Y 72 =y b OB X B
EIABKENWBDEEZZIOLNS,
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5 4 B KEIERY LU E FutAl OFRE SRR O REAT
e

N7 F ) 7D ABC kKL, FOEEERENICHEGT2HERGY
NOBY 721y b ESLEE TS (Higgins, et al., 1990, Tam and Saier, 1993)0 Hi
B ¥ TIC. Synechocystis sp. strain PCC 6803 (2B} 5 = (iigk#E M4 (Fut #iiX{k)
Y gk R (Feo MiRiA) ZRAIELAD. TNOEZOHET I/ BE—R
BHl & ATP KR RNV F—{REMED S ABC BIEIXATH % 2 L HIRT
iz, ={HOEKEEITIE SIr1295 (FutAl) & SI0513 (FutA2) BSEmn B R R
EHOSMBEEY VNV ECAY TR0 EHEIRLD, REICINH6D
BEFRIRENDSHEFET 200, HE5VERET 2HOEFEI RO,
HAPRRERIC L AT hTWak o7,

FutAl/A2 &, Neisseria gonorrhoeae %> Haemophilus influenzae ([ZHW TV
TSALIELEL 7 ) DO =MMgkA A LS T D FopAHItA XA % £
>TWV% (Berish, et al., 1990, Sanders, et al., 1994), BILZ N5 DEEEREES /3
IENRKBETRERRI N, ZOHEEEENS LV EERE AWk
FHRERDERY VN 7ED X BEFEICKS 3 ROtEEICE DWW TR
& N7 (Chen, et al, 1993, Nowalk, et al., 1994, Adhikari, et al., 1995, Bruns, et al.,
1997) $kA A2 L$5E L7= FopA (LA Fe™-FopA Licd. fad ¥ L /37 B
DN $ ERE) BEIEHEE 481 nm CE— 7 2EDORHBEIR RN A2 B
NETRL, FEIC Fe-HitA Sl D EE 483 om RO E— I HBEHLET %,
IO DORIRESLEE L TOWRWPZ RS U JEIIBOWTERDB O AR,
FEINSOREEY S ZEORIEN T ZEMME 7 TV EBOZ RO
1,000~10,000 fE5fEE L Exh, L O2OEHITERFHFTTHBLE 1X
100~ PRABL LTS, &5 HitA 2 DWW TITHREERT D o ¥ 3
DESTFRTHEEMNT S 4 D07 I VEREDIFEZN TS (Bruns, et al,
1997)0 %2 T. KEIZHBWVT Fut EEARICEIT 2 FulAl/A2 DERRES Y 28
JBY 71y b LTOBREEZEET 240 FTABRICZAZERD) O
VEFU NS U BRABEREE AL ERAAL. VI EF b FuAl
(LT rFutAl ¥ 227 JokigtEsy v 7B LTHRE WS, BERLTY
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VTR N RRF #1752 VI EF 2 b FuA2 BKERES >~
NROBY LTERIRT Sk >0, FhU LOFTEIThRD> o,

PCC 6803 i Escherichia coli @7 T EEEkEEARDOMEIAEEF fecBCDE
BT A D (Staudenmaier, et al., 1989), AFFETIE I W E TENMWIZHEE
MEREMIC 7 2 BE ANV & THlBOSE AR ERERLE LTS,
ABTIEEFL -V —TH 57T BH PCC 6803 MilBOERENLHEIL LD L
AREERRIFTOMEIET 570, B AAHEEAERSRPIC7 TV 8Ex
WL CiEME A BET AEREIT> 2. TREMKICY T 8D PCC 6803 2
DEBICEYDLIBEERSEZ AP D2V THEN 21TV, —MigkEmsiGtt e
Tl SREEE L DD D AW DNWTER L 2,
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LRSS JOWSR7

4-1. Y22 EF b FulAl (fFutd) ¥ 237 BEORKERE L ER

DaEF b FuAl o83 783 70V FAY S22 0 A7 25 —E
(GST) L DREGESY VNV EHE LTHER LU, fudl BzFOBMEBI KO8R
DRIV AFELE 111 BEOX 7V AF FETAR2E/%L DNA HiH %,
KIRICHITREEE EcoR 1 Y1 MEF -7 fudl BEFIRKEN TS A v —2HNWT
PCR HICLDIEIEL /2o B5 N7 DNA Wili % EcoR1 TiH{E L. pGEX-2T ¥¢
¥~ % — (Amersham Pharmacia Biotech) (Z®IGRFEEDI—E T A LS ITHA L=,
ZDTZRIF (pfutdl-gst) ZFAWTAKEGE DHSa #REEREHE L. §56hN
FREERABE® 100 pg/mL D7 EY ) EET 2 L O 2XYT-G i
T 37°C TH#EL. MEMEKRO OD 600 nm ¥ 0.6 BB >/=KET
IPTG ##EBE 1 mM &RBEDIZHMU. tFwAl ORBEFEL =, 2 K
Bl fEE R B KBEZED 4,500Xg, 4°C, 10 738 LTED KM LE 1
XPBS B L. lZ, EF 10-5Smm OO ANF— 2RKHELEES
WAIRIBE A (No. 5202, KIE®IERr) THT1 20 W THERFL7=o 2 ORI
BlEKETHAL R SIT o MEBEERIC, BEE 1% &R55XDK 20%
Triton X-100 Z#HEAM L. K LT 30 MBS PICTHEIE L 2. alZEC (12,000
Xg 4°C, 10 ) L, EEEHLWF 2 —TITB L kistEE D), FE
1/50 8@ Glutathione-Sepharose 4B (50% X2 J—) Z{HEML. BRT 30 77 M
MO L%, &b (500Xg 4°C, 5 ) LT LEERDERWE. ~L
v h%& 10 2580 1XPBS T 3 EFL . ZFik%E 1 BEDI/NVYFA
VEBHSEETE (10 mM BT 7V FA4 >, 50 mM Tris-HCI [pH 8.0]) (Z8&& L.
FEIRT 1 REECHICHBR LR, 2L (500Xg, 4°C, 5 2f) LT LEZ[E
WL

4-2. rFutAl ¥ > 37 BO#RER LUK

rFutAl ¥ VS B O#RER L UEETINIE. Nowalk & (1994) DA EILHE
FOHREEMATUTDOLIZIT o712, BELE (FutAl B# (6 mg/mL) £
1710 BED 0.1% EEEEZRMN L TEEREBRMHEE L, 22 FwAl # 237 H
D 2,000 fEEEDZ T EF MUY A (pH 8.0) ZMAT 4°C T 1 BiELH
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TR LUE. ABToER 8D T BH S NWE 7 T U BEkE Econo-10DG ¥
A 7084 A A H T L (Bio-Rad) ZRWTHREL, 7F FuAl & 2387
B% 1 NHC THELEHFLWF2—-TICEIR L, 73 rFuAl & 230 H
% 20 mM Tris-HCI (pH 8.0)/200 mM NaCl $E&# P T 4.5 mg/mL (75 uM) & 7%
BLOITHEL, FIAEE 2 HEEOBLHBEREZMNA S Z L TTH rFutAl
W EAIML =,

4-3.rFutAl % >3 7 BO#KEETEE DL E Rt & REEERE

4.2 mg/mL (70 M) D 7R rFwtAl ¥ > /37 EEEIC, SREBED 0-150 WM
iz A LA BB EhENESBRRERINL, BRT 15 oREPHIE
BERE, & VN7 BEIED OD 453 nm (A453 nm) ZEFE L T Fe'-rFutAl D&
EHE L. SmAHERRIZ VI VEF NP LAZHAWTUTOLI T
(Chen, et al., 1993)o 3.9 mg/mL (65 uM) @ Fe**-rFutAl (20 mMTris-HCl [pH
8.0J/200 mM NaCl $E@#H) IC7 = B+ Y DL (pH80) 2 0-130mM &
%D EHICEBENICFRhERRML, ZBT 15 SEECHITEHBPR, /8
7 EEWRD A453nm FPIE L.

4-4. 7 TUEBETE T TOHREOSMEEEDRIE

S L HANE OB EHEE ORI E M R A S 2-6, 3-6 ICREWTo 2, Bl
BOEMY LTI SRZUEE, HF-loghRE BG-11 HHICHKEE 1uM 2
BB ESITEESERML (ThE 1 uM Fe BG-11 Hithtidd). TollLB
U TYZ T VBT P A (REE 100 uM) ZEA LS THREZ K
20 BSRIIE R LU, Sl AARISIE BB D “FeCl, DIREIE 1 oM (ZHE
EL. o7 8P Y A (pHB.O) ZFEED 0-2mM &25LD1C
ZFRZ2NEMHOICHEM L. RO AARIGICERSN T TITok.

4-5. 7 T UBETE T TOMAKERSIIBIT 25 v &OEERHE
PRI L AR B L UERKE. OD 730 nm OUWEEN 0.05 &5
X312 1 uMFe BG-11 HhicHEBE L, B2DREDI T VBT M) U A (pH
8.0) #ZhZhiEM (REE 0 - 2 mM) LT 60 nEm’s' HECHE T, 3%
CO, MEREMT 72 B EZR&HIT =, 12 HEECHRERERD OD 730 nm
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FHEEL 2o MfEOEFERE u (hour') B L UMEMKE ¢ XU TORHEALD
Kbz,
= [In (N/No) )
g =0.693/u

N, :t, D OD 730 nm
N:t EifSl#&0 0D 730 nm

4-6. F DD Kk

o EHREOBRXBIUTFTDOLSICLTIT 72, KIBEBER, KiE
M. BRY o R7BEZENRFNRIC 3XSDS Y2 7IVEEEE (200 mM Tris-HCI
(pH 6.8), 9% (w/v) SDS, 15% (v/v) glycerol, 6% (v/v) 2-mercaptocthanol, 0.009%
(w/v) bromophenol blue) % 1XEEICH 2 XA ITHMUL. 95°C T 5 sriEhiziL
=%, Laemmli M A% (1970) €V SDS-PAGE #%#1T>7=. VILHDHF 1%
DEIE CBB I D#BELE, BRLUE FutAl EHEOEEIEL OD 280 nm @
EH5HE L. rFutAl OIRARE (BN W) & B ATF ko Fo s v
ER)TNT P OBRERDS, LTOALD KD (Yin, et al., 1988),

EM,, = FOUUEAXI1390+ )77 7 UHERERX5800

BB JBEROT 74 AL MIZIiE DNASIS(HIZVZ Mo =77y %,
FutAl @3 27 F)VEFIO F I PSORT 7’10 75 Zv (Nakai and Kanehisa,
1991) ZHERA L7z

rFutAl BHEOAERIN A <7 LB KT OD 453 nm, OD 280 nm, /=2 >
EHIiED OD 730 nm DPIEIIEEN/AEH S NEE V-550 (Jasco, Tokyo,
Japan) AL,

rFulAl B D 75 X I K pfutal-gst DIEABREESIOHEZEDO:-H, EE
LA RBED S 7L A SDS ik b 2 AEHTS A3 F DNA % HE
L7 PEG BRI L D 72 23 F DNA #FE L. DNA Sequencing Kit
(Applied Biosystems) (2L b ¥ —27 TV ARIGHEIT o1 SXHEH I N7z DNA
M D BRIKE & BREOENTICIXEHOEE DNA BITEEE Model 373A DNA
Sequencing Systems Z{HH L 7=,

R D IAHEEBERICBWT I ZVBEE T TOBRRID 7 ) —DE&A 4
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COEBFIL O SHE L,

[F63+]Free = [FCH]TOTALO‘ / Kl([Citram}-]TOTAL B [F63+]TOTM‘)

[Fe:+]Frcc = [Feh]TOTALa /KF:F:HCilm[:([HCitrate}]TOTAL B [Fe:+]TOTAL)

Z 2T,
log a = pK, - pH
pK,. =31
pK,, = 4.7
logK, =44
log K™ ucime = 2.7
TH 5,

ZOM ISR LT RVAERTERIZFRIMBRTLE 2-7 Ko7
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fER

rFutAl % >3\ BOREGE TORE LR

rFutAl # VSV ERERBARI P —TCREGRLEZRBE» S 77 A F
DNA ZHE L, 20O AHEEENZRELEZEZ A, HRNE T 2HEETOR
HHRD futdAl Bt 2 E—DEF 2>/ PCR EIPFRASINEZTZ X IR
THHILHERIN: EREK). COXRKBEEZ PTG Rk 2 KEESE
TEIL T, FERN 60kDa D U7 BOH - RRBENZDHS - (Fg. 4-
1, L—> 1) ThiZ N Kigh o 37 HO7 I /BREZELZZR FutAl ¥
VINVED GST LG LEBBLZORFEE BT 5. COF VBN
v Rz IPTG IS L2FEFICZZOEEMED SN ad -/ (FEREK). ML
DR S Zh%E FutAl & L. rFutAl Zkistt@ia hicEE L (Fig. 4-1,
L —> 2). KiaMEEST#%# Glutathione Sepharose 4B L 2 > T 5 Z &IZ X
b, (ZIFE—DY L7 EL UTHEEENZ (Fig. 41, L—2 3)

7RE L USEIN (FuAl ¥ 287 BOa[HIRI A T MV

Fig. 4-2 13 rFutAl 7 > /37 BEHORRBIBZ <7 LERLTWS. @
FEO7 T UBTOMELE FuAl ¥ V37 EEHIF A JHEE 340 nm — 600
nm OEBETREROY -2 2 Rm& kol THIC FutAl O 2 FE0EEH
M2 HE 453 nm [T — 7 ZHOBENLRRING HERH 5N izrFuAl %
SFERVWHBERTEZIOLORBRESRES NI L6, HE 453 nm CE
— 7 EFORUEIL. (FutAl ¥ V87 BHRSEHEA UEREBERRLTVWS S
DEHEM E o

LB RRMT & rFutAl OFKIXN§ 2 8

Fig. 4-3 i& 70 uM D 77K rFutAl # > 237 B BFERICEREIC RS &
AR RMLTZENZENOBEED A 453 nim Z@EL7O0w FLEZSHD
T#HBo Ad53 nm DEIXFEML ZEKBELSB L Z 70 uM {2745 X TERHIC
FRELU, #RUESHEHFMLTHIFE-ETH o7z INEF—TFH rFutAl
—BFLESTHIEERLTED. D A453 om HEBRHP O Fe'*-rFutAl O
BOHEICHL TVWAEZIELEERL TN,
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Fig. 4-1. SDS-PAGE patterns of rFutA1 expressed in E. coli. Truncated rFutA1l lacking
the presumed signal peptide (37 amino acids on the N-terminal) was expressed in E. coli
as a protein fused to glutathione S-transferase and purified on Glutathione Sepharose 4B
resin. Proteins were separated on a 12.5 % SDS-polyacrylamide gel and stained with
Coomassie Brilliant Blue. Lane 1, lysate of E. coli carrying pfutAl-gst 2 h after addition
of IPTG; lane 2, soluble fraction of the lysate; lane 3, rFutA1 purified on Glutathione
Sepharose 4B resin; M, molecular mass markers (masses are indicated in kilodaltons).

The amounts of proteins loaded were 20 pg in lane 1 and lane 2 and 5 ug in lane 3.
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Fig. 4-2. Absorption spectra of deferrated and iron-saturated rFutAl. The sample
solution contained 75 uM rFutA1 protein and 200 mM NaCl in 20 mM Tris-HCI butter,
pH 8.0.
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Fig. 4-3. Referration of rFutAl. Ferric chloride was added stepwisc to the solution
containing 70 uM deferrated rFutAl to give the final concentrations of 0 to 150 uM and

the absorbance was monitored at 453 nm.
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ZOWWE 453 nm BT BEAEEHNT, rFuAl OMXTRIREHICHT 28
FtERHEE L, KEBABE LT, #FL -9 —THH7 U BEERHLE.
Fig. 4-4 & 65 uM O Fe™-rFutAl # > /37 BEiAmICBRERICEEBEICRZ LD
7L EERRMUTERD A453 mm 2BEL 70O MLELDTH S, &
HWAHD 7 TUBBESE L RHI/N, A 453 nm OETROLERPD Fe™-
rFulAl OENFFELD Lk, Shid 7 T VS rFuAl ¥ V37 BE#ERGLT
WBZEBERLTWD, 2, FutAl @ 2,000 EEDO7 = VBB GEFLET L L
rFutAl HIF LA ETRTCPRBIIA->TWAZ DRI, BEHEOLZD
BRI D Fe'-rFutAl DB 7 T UBAEMZLWEED 12 IZkbe&DI L
VERODEREE 65 mM. Tb b5 rFutAl OF) 100 EOEETH >/, VT
OIS T 22EERIE pH 8.0 (A THEE 1X10Y (Crichton, 1990) L&
LXNTVWBEI DS, rFutAl OFRICHTE2ETEREB L2 1X10° 2
EX N,

FutAl IZBWTEHREENT 57 I /EREDHE

Fe'-rFutAl {2 B & Wz B 2 T RIRIR R ~ 7 b IVIE, N. gonorrhoeae X° H.
influenzae DERFES Y /737 EH FopAHIA IZBWNWT YABCHEIR TV
(Nowalk, et al., 1994, Adhikari, et al., 1995), $$IC HitA (kG MIEDEEAT S
BEEMLTE 4 DO7 I VBERESREEINTNS (Bruns, et al, 1997), £ 2
T. FutAl ®7 X /8E—RESZ HitA OZ N T 52 &I D, FutAl 2
BOTHEAENT 27 I /VEBEREOHEEEZ AL (Fig 3-5). 2B, FutA2 D
Wb FuAl EHIROBMBRCBWTERREERZF>TWS (B 3 8) 2
Yt HETIBEMNEFALTCHELE, ZOFKR. HitA KEWTE
FEMTAT7I /EBEE v2FVL 9 FIY I VEE 57, FOi 195,
FOILY 196 D 4 DOREDS B, BAF T L 2 DOFOL UEAICHE
VI AEEOELED FuAl/A2 MY V7 BEHICHER I NZ. FWAl/A2 & $
257 DIV Y I VERICMY T2 L HEI NS 7 I VBREBEERNNY U THh o
2o TNEDEHED S, FutAl/A2 IF HitA & I8 U T 2EE)2ES] O M R
FENZEEL RV DD, BA AV AR TAHBEFEFIRIBYUTVWSE
A3 rEZ N, UEDEE»S, PCC 6803 @ Fut it {kidmEME/ N7 7
D7IZEL RS5N % HivFop BOZ=(ghA A kA7 71 ) -IIETHHD

74



03

g 50 % binding
o 0.2
3 »
€ femmm e _____
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0.1 0.1 1 10 100
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Fig. 4-4. Competition tor rFutAl-bound iron by citrate. Sodium citrate was added
stepwise 1o the solution containing 65 uM Fe'*-rFutAl and 200 mM NaCl in 20 mM
Tris-HCI butfer, pH8.0 to give the final concentrations of 0 to 130 mM. The absorbance
was monitored at 453 nm at each citrate concentration after incubation of the mixture at

room temperature for 15 min.
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FutAl
FutA?2

HitA
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Futaz
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Futal
FutAz

24
46
35

84
106
90

144
164
148

200
223
207

251
278
264

311

338
324

S@I4S GQ K
LE| EMLERIINS

LEAS IERIQS

NESL-TASRIAI

[N 1B - - wy AR - - -ERGVNL sk R--HQD%

AQIE 5 LTBARTYSMGRLLES - ~-EDPAQRATAENVGV N--QEG

&1 - Y IRBOs ToPADCEVVERvS-FlgPNTGSGE

BMONSAV DI WEISK K
»"\.*K IJLE FLESI P RETVILIGMTT NKSVASFGEFKSDT

Fig. 4-5. Alignment of the amino acid sequences of FutAl, FutA2 and HitA. FutAl,

deduced FutA2 of Synechocystis, and HitA of H. influenzae were aligned. Residues

identical to those in HitA are shown in reverse type. Four residues (H9, E57, Y195, and

Y196) involved in iron binding in HitA are represented by sharp symbols above the

sequence (Bruns, et al., 1997).
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THHI PRI,

T oEMEOSMEII BTV T VBOESE

E. coli D’V T UEBSEIE R E > T WA Z L IBICE 3 BETili~E, 2O
M ERESREIT THED IV L U BIPEET A EECR>THRERT S
(Frost and Rosenberg, 1973)o PCC 6803 %/ AHZIE fecBCDE MEERELT
slr1319, sir1316, sir1317, sir1318 PEHELTWD (B 3 #E), ThoHFEREICT
TR ABRGEFE UTHEEEL TWA DA, F7- PCC 6803 Hi7 © VEREX
MEZRELSTWENREIDPAREL O, BEKRE AfwAlAfuA2 ZEHEE
DY LUBEE FTOHMEEEEREE L. /2. 7T VEBEXROER
PO T U BOEEDNLETH HAEEEOEI SN L6, T
B %23 1 uM Fe BG-11 M TRIEE LML 25 TRV ZER Lz,
Fig. 4-6 i& 100 WM 7 T V%53 1 uM Fe BG-11 i THE# L =i (@,
O; Bk, A, A AMuAIAfuwA2 ¥) O=fiigkEmEmEt (O, &) B LU TlEk
it (@, A) T AMICHEBREFDOI T BOEEZT LTV, ¥
ERRIE BB OO EAFHITNEBHFOI T VBRBESES R DIIHK
WEMICET L, 100 M M ED7 L VBEEFTRIFEASZMO#%KE LT
BOASDRWZ EHRENE. ZEHBKRTIED & & & MR AREIER
ARV DS, P UERDETEICL D & 5 ITIHEMET Uk. BaEMO gk
EMEE. D U EBEE 100 WM UFTIRIZIE—ETH D, ZNLLEOREED,L
EHEDPBEICET L. —BEHERICBO TS ZTh e RROMERPEES L,
CEBERICPWT ESEEEE S BAESR L EXTEDRNDEE 3 BT
REBOTHD. AERICBOWTHIEBEDSREMICL MlEOSkEREEEMNED
I LiFEN - (HREK). LLOKER. BRED S =V EFMROIKE X
WA L, BHENREER2RIFT I EAWL IR, SRIINT 27T
FEDEEEEE K, K racime & PK, (TEEUAE 4-6 Z8) ITEDSWTES
LUBBEETOBRKTO 7 ) —DZ Mk LMk A DBREEHEET S
. 7Dk A L E T ) —Zfli#k A A DB LETHO—REELIE
ELTVWRNWI EHSGD o7 (Table 4-1), 57U —§k1 AV EEIIHNTS
St END K, EEME Oy MECEIDHEELEE A, 7)) —Z gk A
A EED K, i 100pM L, Thicd L2 ) —Zffigks 4 v #EED K,
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Fig. 4-6. Inhibition of iron uptake by citrate. Uptake reaction was initiated by adding 1
uM *FeCl, to the suspension of cells containing various amounts of citrate (0 to 2 mM,

final concentration) either with 500 uM ferrozine (O, A) or ascorbate (@, A). The

reaction was terminated by transferring the reaction mixture on ice, followed by
centritugation at 4°C. The pellet was washed twice with 20 mM TES-KOH (pH 8.0)
containing 10 mM EDTA. circles: wild-type, triangles: AfitAIAfutA2.
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Table 4-1. Free iron concentrations and uptake of iron when the citrate is present.

[Fe' Jrorac [Citrate ™ Jrpra. [free Fe™] Fe* uptake (pmols Fe/10° cells/3 min), K ,, >100 pM
1 uM 10 uM 56 pM 2.76
1 uM 30 uM 17 pM 042
1uM 100 uM 5.1 pM 0.131
1uM 300 uM 1.7 pM 0.039
1uM I mM 0.5 pM 0.015
1uM 2mM 025 pM 0.039
[Fe Lot [HCitrate Jrorac [free Fe™] Fe™ uptake (pmols Fe/10® cells/5 min), K , =3 nM
1uM 10 uM 111 nM 72.6
1 uM 30 uM 34 oM 69.5
1 uM 100 uM 10 nM 64.7
I uM 300 nM 33nM 42.8
1uM 1 mM oM 17
1uM 2mM 0.5 nM 9.4
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EEBEELZF 3 0M THolfo Thbb Mg aEE S T MekeLiEti L b b
UL UREOHEIC N T AREZEMSMENDIE, 100 uM 7 = UEBERE T CETR
BT 7)—Zf#kA4d K, 8 3nM) LD EHSEE 10 0M) TEHEETE
AL, BT U BREETELE LSRG TR T ) -=fligkr A5 K, B
(>100pM) LD HIEHZPICDRVERE (S1pM) THEEHEFZ SN,

AR TOEE BT 27 LV BORE

Fig. 4-7 i&. 1 uM Fe BG-11 AR TOBELR (O, @). AfwAlAfuA2 —
BEREIEHE (A, A). AfeoB B—WIEKR (V) OEEICNT 27 2 BOTRE
T LTS, BPEME KU ke kSt O T U AfeoB HRIE, SRBED 10
BREDV T VBEGEE T TEEML TV RVWESEL VLB TEETEEDO LR
DEHONEHOD, [EED 7 T8 (100 uM LA LY FE F TS it
BEEMETLE. ThoDERDPS PCC 6803 IZBWTIE 7 © o EERkipER
BEFELTES T, SEMRAE TSk A EERTH D Fu BEARHE-
TWaEEZILOND, COMTICEDIFE, AwAIANuA2 7 T O EBERIC X
53" 1uM Fe BG-11 ¥ TR ICEBWETEE 2R 92 A PRaIND, &2
AWEICR L, 70D 30 WM BEFLET HSEATIEEREARBEDOYE
EFEERTLE. COXEFI_MEFL —Fy—THdH7 0P 2EHPIER
mT 2z eTMHlEn (Fig. 4-7, Ao —AZDRMET T, BEKIIHEWTT
tOYYOHBEEDONREZI -7 (Fig 47, @) TNOEDER”S .
AMWAIAwA2 FRE 7 =V BEROD 30 BREFE L TOHIBEIC MEkDfT
BAERDIAATET L TWHDICHL, BEKRTE=MEROETWOIAATA
HLTW2HDEELISNE,
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0.1
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Fig. 4-7. Growth rates (1) of wild-type (O), AfeoB (V), and AfutAIAfutA2 (A) mutant

cells as a function of citrate concentration in BG-11 liquid medium containing 1 uM

FeCl,. Cultures were aerated with 3% (vol/vol) CO, in air. @, A: Ferrozine (500 uM)

was added to the culture medium to inhibit ferrous iron uptake.
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CE

rFutAl & X7 BEW D 3 HFRIFEAR S Fe-rFutAl M E 453 nm {2
WD E—2 2 OHEME A HRINZ XY PV ERTIEDHHAS IR,
CDEDRIBILA Y ML Fe™-FopA % Fe™-HitA ST o8I h, ¥
NIBEFELEBAA VLD DTHLILHMETNTNS (Nowalk, et
al., 1994, Adhikari, et al.,, 1995), {EF =M PSEKA A4 > & rFutAl BB
et 1 THETLZZLDHOhERD, 8142 L FuAl OREEHK
EEBEZ 1X10° BELRED 51/, HitAFbpA HEIC X SICEHKA A2 &
TV 11 THET 2D, ZOSGEEIEBLE 1X10° ~ 1X10" BEL
WEXNTHED, FuAl OFNL LD HEWo F7= Fe''-HitA/Fe''-FopA DT
RIND B — 7 BT ZF N ZN 483/481 nm TH D, Fe™-rFutAl @D 453 nm &b
ARCH 30nm IFEEHEMICZ>TWD, 73 JEBE—REFOFRIT 5. FuAl
2k HitA IZBW T/ A U 2B T 27 I JEERE 4 DDH5 5 3 DETH
RESINTWVWE, TOZ D6, FuAl OFES7 I/ BEEIERT 2B
FRBOKAEGZ HitA L L TwWadLe{BLTERVWESRSLEZ LN D,
KEDEBRTEEINS rFutAl &£ HitA/FopA X DBIDOIRILZ XD b OVFEE D
BT AHMEOE NG, BUTFHEOBETRECDEVWERELTWEDH
Lhiwhw, CDOLI. o1 0EOHMA A U HAHMTECETOERTRD S
NZELDD, FulAl ¥ V37BN F 074 7R 0Bl X ofkxl —4 —
ENSTEESCESTIZLEHES P TH S, ZhiIZERMEDICBNT
BRSNS 7 7 ) PR S HFEAET 5 SHAE Fop/Hit B EEDELEETIDH T
AHLZ3DTH B,

E. coli D7 T UFEEkEEEEIIEM A7 2 BELBEE L. @BERMET
(~10 mM) T HH#EET B (Frost and Rosenberg, 1973) AETHW=FMHTTIE
100 uM L ED Y T U BHAE T T Mk X =Mgkmsidtt. £85 & IR
Eahi, THEDHEREPS, PCC6803 X E. coli DY T U BIBERDLD
REEEZREH > TWRWEEZ SN, B fokEmEiBi ic B LT,
in vio TV I8 Ful i ROREBEHESY /A7 ETH S FutAl L§kEdD
HEOEBETZZILERLI—HMLTWD, £7=. Fat EEKIE in vivo TV T
VEESREBELBRWI LGSR o, 2D BRI T UL DD
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FREETEME DPRENRIL. Salmonella typhimurium \ZHENT TN F 8
RAERE Z IR L 72 enb £BBRIZBVWTHEEREIhTWS (Pollack, et al., 1970),

&2 AT, Ful iERDBERERE =720y AMAIAfA2 RRIESR/ 7 = VEB
130 BETEBEREADEFTE2 R LE, COREOH/7 T U BHOSE R
T AMuAIAutA2 BRI oy Mgk B X G 2L, 2702 U EE
PTCIOEFRIMIONE, AHERTE 720V L ICL24FOMESR
XD >, ZOEBOMROVE DL LT, AAlA A2 FRDEEB D=1
DFk7w Mgk iTIET L. Feo EigkfRz N LT _M#k2MEA~NERELTWD L
EZBHBIENBTED, &5ITEHEM. AfeoB BB LT AwAl/AfwA2 FriZEEH
BN 1uM FENTORE 7 T2 BED 100uM BEEELTHERICEE
TEize COREDOH/V T BEEL (~1/100) OB TIE7 ) —O =ffligk1
FATFEFITREETH D, Furt AR L B3BOR AR IHF TSRV
LS THIRIERCEFT L, LrsBENZEICETET2EEIONE T
V="M ZEET 2 Feo MIERDORIBHETOEEFIAETH D, ZhoD
R, ERIEA UERH T T, MROSMEFETFAEICBWTEEROM
MEEMEZZOEERBE L TNWEHDTIEREVWCEETELTWS, HEKE
LU AfeoB DEEDL 707+ PHRILGMOEREREDH#FL — MuaW
EHUEEZOHRRERICIELIZ DR, HEVWIEHBOEBTOBRE TR H
HPWHIREEREICHAZEC TS 72 LYY —UHEBEEDNEELTED,
MREED 2B CREIL T2 T7 ) —O gz~ 7S XLICE D AAR
®. BB eIk %E Fu BIERTEEL TOWAODEERMETIZHS A TR,
W LTS EDR ICHlZ SR ZIEFM TR T A2 LTI h
SOWMEHBWEEBEEESMREESPERB P SBRESNTLE >BDEERL
s b,
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%5 B BROHR

BRAEE R IRE OMERIRE T TARFORITEMDFIA LIS < vokB Bk E LT
BT S0, BEDHLVERKIZERTLHINHERTZ 7 b FHEEBIIHR
ZA ML ZAITEET S (Boyer, et al., 1987, Straue, 1994), i > T/KRICHBIF Z—
WEEORBZHEBIHAERTZ 7 b rOoXEGRESCIYEEREREhTWS
LFZHNTWE (Bulller, 1998) MERMEMDIERZZ ML ZITHT BI0%
BME., CNETHEL2OEYEZHG. B2 RBEPSIHREINTE R X
ZAMVRGFZ vafilRoRENE%E3 &2 9. Sherman 5 &
Synechococcus sp. strain PCC 7942 Z W, #0702 bo—Lflifgs # 5
ThrWHlOE FHMIEHEE £47 > (Sherman and Sherman, 1983), $kRZ X
MoZRDDRPoMRIEIY Po— Vel B UEETHRL =5, MREOR
S 23 PHESRELCRS>TVE, SLEHRIR ML RICX > THlEAO
FIAA FE. 74380V =4, ANVKRFI Y —LOEDEHD L, #iZ7)
D=7 VEFRBRIIEINT A2 EhmE Iz, ERZA DL RIFEE, T
EHEONEHERIZEE R 52 5, Synechococcus sp. strain PCC 6301 %
Synechococeus sp. strain PCC 6908 T. $kRZ A b L A2 X b Mf ORI X
N7 MNVOEHERESNZ. ChIE PST HE2WE PSIT O/ 007 1)V
MOERICLZbDEEZ 5Ni= (Oquist, 1974, Guikema and Sherman, 1983,
Guikema, 1985)0 BXRZA ML AKX DAMEDERT 8-y OV EORK
WETbhT &R, XEMREFCEEHOBRER7 oL FF2 D HBEESY
INTBETEH B D, Nostoc R Anabaena, Synechococcus '8 % { D7 L ywfEid gk
REAPVRZED 7L FFPOEKREELL. MbOICHEZTERVE
TLEY NI BIZHRRXL U EEMRT S (Hutber, et al., 1977, Laudenbach et
al., 1988, Sandmann, et al., 1990) 2D 7 ZH FF 2 U BEEGRICBITS 7L
M o OBEEEZRET S0, A ML AT TEHRAEGHIEEZZENFEET
LizgWZ e hBETNTWSD (Sandmann, et al,, 1990), F 7=, Synechococcus sp.
strain PCC 7942 %> Synechococcus sp. strain PCC 7002 ICHWT 7 2R K¥ 2 VE
EFEHEEEIND isiA I& CP43 LHMMDE L CPVI4 22— FLTHD,
T PS I BWTHERZZ ML ATICHITDHMESY 7 HOKROFE
HTOEREEK>TNELEZISNTWS (Pakrasi, et al,, 1985, Riethman and
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Sherman, 1988), & 512, 7 L BIEHRZ A ML AL D EMEIEEDN LR T2
ZE. ERMREEOHMEIMEIC T RS N VEDSBEEI NS I L HREX
NTED, ThSD5bD0%DPIEBMERTHASIEEIONTVES
(Scanlan, et al., 1989, Mahasneh, 1991)s C DK AT > FEOEREHABIZRE L T
INETHARMED RINTELTHEDLL T, BMEEERTOREICIZ
ELLMrol,

AERIL, 7 LBTOERZOFEEDFPS P L2 > S EOHEERER
CEEBE L. ENICECTHRERZERLUTRAM AT TSI LICLb, B
HiRatE = ¥ Synechocystis sp. strain PCC 6803 DL % 7 F L ~IVTHE
BAL7=-8DTH B, PCC 6803 X =gkt AL —MkankikzR>TH b,
EHL5 HHABEOMEIZFEL T ATP MAKSHEOT RN F—2NEE T 5 ABC B
IR TH >z, BED BG-11 IFHMTOEBFICESEF L LT=ZMDETH
DRAATED., EHOBEENEL 2 E2DH 20T Z MBI LR BT ICH
BEL 2L 2 Z L THIFAMMRZA ML AZRAT 2 L, (kAR DIRIR
HEBahns,

PCC 6803 O ={Migk&A Rl fir BIETE (fudl, futA2, fieB, furC) 2 X b 1
—FEahTWwb, SBEETFOHET I /VBEMN»S. Fu MEEIZIENWT
futAl/A2 I3FEBEE Y L\ 8%, firB IIEERBY NV H% | firC & ATP #
HERIEEIA—-RFLTWBEEZSNE (Fig. 3-2)s FutB & FutC {35FE
OY—BEBOHER., WEMNNZ T U7 H influenzae @ HitB . HitC & 554
FtE &R UTze hitB o hitC X =MEkEEERDZNENEEESY NV EE ATP
YR BEI-RFLTWEEEZSNT WS (Sanders, et al, 1994), ZD
Z&Mbe PCC 6803 O fuB XIEEBY VNV HZI—-RLTWAETHAD
CHEFEINED, TF—T7RFZOHEE FuB IZEAESY LIV EY Y F v —
Dz ATP HEEEF—T7HEAET D L PRI N (AARSLGKS, 458465
fr)o —MEMI7282 5 1) 7D ABC BUfinARIX I E @Mk ABC % Z2h 2
N2 2028 ->THEH, 2ht 4 DOFEESZOR)R7FRELTI—
FEZhThwkb, H30WEELREAGDLEERF >ER)ATF R LTa—
FEh T3 (Higgins, 1992, Linton and Higgins, 1998), FutB {ZHE & 7 3 / BEHEC
FlaHWEBKEZ7O 7 74 VO TRINPS 12 EFEEEY NV EEEILR
5 (FERER), HEMTIE FuB & FuC H»5-—-273D ATP #&EIE# IR
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LTWADD, HAWE FuC BEREFLENTOFAY—T ABC ¥ V)37
BE LTHETZ2ORS DT, Fut BIERO FA L CHEEZFEL
WMT A0, 8514 VBRI L FuB @ ATP SRR BWTERIC
ATP DS LK REZT A0 ESI PERNICHEI DI HEHH Do FuAl,
FutA2 (3B /N7 5 1) 7 S, marcescens @ StuA & H ARREDOHEHE Z 7L
7o StuA Z=flisk&hkk Stu OFFEEY /N ETH . Sfu MEMET
Hit/Fbp &K 7 7 3 1) —IZB L TWA (Angerer, et al, 1990) DI D H B,
PCC 6803 O furAl, futA2 X Ful i KOS E Y VNV ETH B Z L HHEE
Ehizo L L, HivFbp EiEA7 7 ) —ICBWTHADELTIZI— &
hiz 2 BEOEBEEY VAV EEFB > TWAAEPIRET N TRV, #
->C, TELREBEESY DNV ERREGS fudl IINZ T, ThEeEHELEEE
D fwA2 BIFDEET DI 21 PCC 6803 @ Fut SERD K E 25
L EX D, PCC 6803 D _fHEkEMEMAEIT feoAB EEFICI—FEh T b,
feoAB I KIGHE E. coli @D feoAB B FrRIULDICA O #EEE>TW
7= (Fig. 3-9)c PCC 6803 D FeoB X4 TWIZ ABC I % 5D L Ak I £&K
ChE>TBkEDEr> b, BEBEE S ABC HEMEMG LY
VIV BETHADELEZ LNE. FeoA IO FRICKHENREF -7 DELER
Hhe e o0, BUKMHEEAEZZWEZD, RV TS RALEEELTHE
BUrfEST2REEE>TVWADTIRBEWIPEEILNS, LEDZ LELE
Z T Fig. 5-1 {2 PCC6803 I RBITASMEREDET N ETT,

PCC 6803 O#HERDEHIIMOEBICL>TEEALEZ NP -2
(Fig. 3-8)0 ZHIIMERKOREHEEGY LWV ANZTNZNEETH S5 =Mk
HAHNMIZMERIC U TEHAMENENWI AR LT WS, JarEF L M
I3 E FulAl ZEWEEREHD S, FuAl HEEF L — b ERELEME TS T,
BIESWEIM 2> T8k A4 > LG T 52 LHFEHE N (Fig 4-2,4-
3)e ZHICL 5T, Fut BkEOEBEDYA AL THD, FWEMED T T LBENT
IS7F ) PR BET S HivFop B0 S Sk s kA S mEMICE
TE L. PCC 6803 MO EICERZ BRI ZRLZLTWE I LRI MICR
Sl £ T AT, PCC 6803 I BWTHIBAAEIZ BT S EEEHEILLE D 4o
TNWBEDTHAID? o Neisseria 2BV TITHIRRAECETREDORNZ A7
T EREETAL LTI =5 )N E TopA OFEPRESINT VS
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F 62+

Quter
Membrane

Periplasm

Inner ‘
Membrane ____|§F
TN

ATP

ATP

ADP+Pi ADP+Pi

F82+ Fe3+

Fig. 5-1. A model for iron uptake in Synechocystis. Fut system transports ferric iron
across inner membrane depending on the energy produced by ATP hydrolysis. The Fut
system composes of FutA1/A2/B/C. The futAl/A2 encode periplasmic iron-binding
protein. The fuzB encodes transmembrane component of ferric iron transporter. The futC
encodes ABC protein of ferric iron transporter. Feo system transports ferric iron across
inner membrane depending on the energy produced by ATP hydrolysis. The Feo system
is encoded by feoAB operon, in which the feoA encodes substrate-binding protein and
the feoB encodes transmembrane component with ABC domain. Domain organization
of these transport systems, however, should be certified. The molecular mechanism that

how iron is transported through outermembrane is unclear.
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(Irwin, et al., 1993, Anderson, et al., 1994), TbpA D7 I ./ EE—REFiFthD P
MDY T a7 AT L LT T -5 NI EEHLEEOELUMEEE > THED.
EELENSVRT7 ) U oHEESTARI 7T ALNEXTAEEILN
Thd, RYTZALICBEWTIDT ) —gkBgkEEEy /378 FopA L #EE
L. ABC B D Fop #EnkEIC L D #ifAEOAEA~LBEZ D WD ET NV
DIRIEX N TW5 (Chen, et al, 1993), L5 L PCC 6803 {2l thpA DAHFEIRE
GEFEREEEShTEST. Ry Ta747-#L 7y —F o 7BEI—K
THEHEIND 4 D (11206, sl1406, sil1409, slr1490) DEL T EHFEL T
H AR EHTTEMALSREREE ROWE P> (Fig 3-4,3-5,3-6) £ 7= E.
coli X¥F 07 x7-8kL 745 —% N LAAEEEEEICINZ T, fMiasiRic
JLUBEERL £ 7 H — FecA 2R L. SAMEEMUI- T 7 = U f&EL (Fe™-dicitrate)
)T T AALANEEL R T B ER FecBCDE % AW T Hk% MlaE
fll~EiET 2 Z EHREZTNT WS (Horst, et al., 1988, Staudenmaier, et al., 1989),
LH L PCC 6803 IZid fecBCDE FRERF (siri319, slri316, sir1317, slr1318)
DHFEEEFZDHONZ DD, feed HEKETFOFEFEITIRET A TRV, §£
> T, PCC 6803 BT HEDINEZBEE LT 5 L ESBROERRR
BATHb,

B 7 T VDO 100 B EFEETSE. BEKOLEFZIMA SN
oo VLUBOHEBICE Z 2 BEEL MM EAE LR ZR0 AeoB BRIZEN
THEETH oo LD L AWAIANwA2 —BEREER TIRREE s DT o
TUBBPEELRWESXIEFEALEETTERWILEDLS T #&/7 = VRl
D 1/10~1/100 BETHNE ZMESEOE TR DIAA, FIEEEICEBTTESC
EWIRE N (Fig. 4-7)e 2H 6 DFEER P S PCC 6803 DEREEICHIT S Fur i
EEE Feo MIEAEDBEREIZIODVWTRODLSBREFTNADEZIOND, (1) KEE
BB DRV T BT RIB LI N TV ARWERGT Tt Fu ikt #ifeo
HEEDIZLEALETEB>TWA, Fut MIXREWETLLEETER
{lp b, (2) B DEkMEE R FMH 8/ T UL 1/10~1/100) TalEfbZE
N TWFLIE, Fut 835K 3B LU Feo i AOMAD#Z@EEL. DI BDH
LR THOHIRIERCEETE S, (3) #/7 = LFREEH 17100 UL
DM T TIE Fut B LT Feo Mk EEE L < kB 20, MRIEILEET
il WICHIBOHE X FHEHICBITE27/ 2 VBOXEEEZITHL D,
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AAIAfuA2 BRIZ 7 T o BES T RWERP T, P22 VBTERITINS
“ligkAEEE TSI LN TER (Fg 4-6) JhZ_MskOETHhIE 7 = 8
X 2TRBEaNTWRTOHETELILERL TS, Thbb,
AWAIANWA2 BRI 7 T OB A S F R WEMFTEEF TS >0, =D
Fr MR TERD o0 EIDLLBTESL, BFEOBIKLETE
EH T TIEMkiIECHIT=MERICBtI 229, EibdhofkiZizEA L
SRR TWE EZBLIOND, LI AD AuAINwA2 HEHBEE OEE
TOMESEEHELTNE ENWH Z EiE PCC 6803 H=(idik%x floDEkiziET
TEHZ7z)L IV —PHIEEERFE S>STWAIEERBELTWS, 2O7 )
L7 H—CREEEDPE ZOIESMN I/ BEDOX L —Y —THEE IS
fLENTWBLERH LD, L., BERBENTH 28R Saccharomyces
cerevisiae X, FIEBERICBWT=MHO#ks —Miokici&Ecd % FRE1 # 28
VEDNELEL. Bl gk A ZMEmEAC X b BN~ EE LTINS
(Dancis, et al., 1990), 7=, 72 LEEMEMED Helicobactor pylori W& =i x>
BRE% (Fe'-dicitrate) % —ffi 7 = > B&$% (Fe*-dicitrate) 23R L /2%, FeoB %
S Mgk R 2 O THIIBNA~EX Z 82k LT W% (Velaudhan, et al., 2000)0
PCC 6803 DEMEICE VT H IO LS REZEEHVES LT 5 algetEA
EZo6hd0, fiBOo7 )Ly —EiEHICOWT S IZEWHPLET
H5o

A L b, PCC 6803 D ={li#kB & - fligkéikAE Iz FHRIES Mo
ChoOERFIEHEZ#RZNET A2 X TE mRNA OREOBEINAED
S/ (Fig. 3-3)s F7=. ShRZAERIZ L b Zl#kP L O Mgk iGtE A K
TH5IEDE. Fut BLU Feo it AY N VHEOKEHAELEMLTWSZ &
DR X N7z (Fig. 2-3, Fig. 3-7)e & fut BEFEYT /LA LICBELTHWEDIC
XU, feoAB BinTlEA D EEE>TWhk. ChODEBEFELUS >~
NP BDOEBBEDLIIZAHS N TWEONE., EFICEHKDOH ZRETH
o SHEEBRZZA M ALK ET 2ECTORERGICEDL > THWAHELT
DEBDEBEELR D, E. coli IZTHBWTIEL Fur NN T7EDPERZA ML A
BB FOREZFE L T % (Schaffer, et al., 1985, De Lorenzo, et al., 1988),
Fur iZHilENIC#D o B 255t EA L THENERTOTDE—F
—RFICHEA L. ENEGTFPEEINA I EZMH LTS, HRRNOEN
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FRUTLBE Fu EHESLTWEEE Fur 55BN, 22X >T Fur &
BREETFOTRDE-F — BRI TER{ARAD, FENERTOEENRES
. ¥/, MIEANOHEZOEKTZREANLZOEREMIEACEZI LSS Y
BOHRELDFRIND 0. COXSBEEEH DY VN VHOERFZRE
TBHZLITL D, Synechocystis sp. strain PCC 6803 D #% &bt O3+l % fFHH
LTWL ZEDNTEBHHDELEEILND,
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BE

BIIERCHAEDOTETH VMK ETEBILFET AH. 2OEIED
EOEMEEC T RBRMATESIDI TRV 22 THEMITIR 2 RRAE
THEOHRZEMINAL., FLBRZFGHTTEELETEELIIIZDORE
PEBEEZLTEIEAEREI T E L HAEBMAEYMOBRRZA FL R
HTEREEBEIE I PoFRINT SN, SEAKEEFORERINT
Whitrok,. KIRIY / L0BHAEINPRES W - BHiRIES > =&
Synechocystis sp. strain PCC 6803 Z# B\ T, @R FRIFRICZL D A ERRMED
BN T TEEEAREETZREL. X/ PCC 6803 DEXEAEHE% IF
VAIWTEF LD TH o

1. Synechocystis sp. strain PCC 6803 D #f2 A8 5 F DHEEERRAT

HEET7 2 JBREIFIANIIC ATP HEEF—T7%FD 32 HDHEERELEFICE
HL, SECFOEBHZEELTENDORBIYORIT2HA AT EL2OF
BEIZEMETOLEEROERM S, slI878 (furC) #53 4 DOEEF
DOWTHEERHE T D22 BT E L, FIC AsllIS78 BRIFEk R ZHEM ETE
BEDBEBEICMAShEZ PSS, CORERAWTES e =gk iEtt#
gL A, AL DI S MEEXEEMETLTWE, MEOHERDPS
sil1878 (futC) ¥ ABC B =(Hligk#ik(EdD ATP ¥ /3B Y 72w b
EI—FLTWATHASLrEZION:. BEKICBLWTHRZ #RZUE T
Lok =fogkEmXEEY LR TSI bREI Nk, £/ PCC6803 D
SR BN TR BTRWI EDPTRENT,

2. Synechocystis sp. strain PCC 6803 D gk#i & (A8 (5 F & EXE A%

A7 UEIIE, EXAGREYTRES N SEE RO R BT FHLEE
9 5. PCC 6803 OEEEEMBIIEVTINSHEERBEGFREDL S R
B2 >TWADEBINT 572010, SEGCFOWEKREZAERL T, MBOLE
Rtk & SR AIEE A TR, BB 2 BETEON AsllI878 (AfwC;, M1) R & Al
REBRMERUVE@MEGE M Z2T U EERKRIE. Asr0327 (fuB; M2),
Asll1878Asir0327 (AfutCAfutB; MS). AslrI1295Aslr0513 (AfwtAIAfutA2; M6) T&H >
oo CORBREHEET I/ BENOBEMBERNL., ThH 4 DOERTFHE

91



—O=EREEARE - F LT\ B EHEEI Nz, F 72, Aslr1392 (feoB; M10) ¥k
X, FERMEIBEMEEIUEDS 7R INE VEE TR BT L Zilsko
BREEE IS PICE T L TWAZ EhREhz. Lizh->7T PCC 6803 Id
EXE IR Z R > TED, slr1392 (feoB) DB @I & ABC Iz > 7
A=y bZEI-FLTWABIEDREINE. £/, 5572333 B 5ir1392 (feoB) &
HInHEIND L6, E coli D feoA BLFOHEEKTHAS EEZ BN,
INS5DOFER Y RLPCR 24X % mRNA BIR/NSY - Ofih 6, K %
i =SB A (Fut BRiK) 0N T flEkEIE R (Feo Hinkfh) 2§55, Fut
EAMRIEEE O BG-11 B E TR L. SRZA MLV RALC L > TREAENE
M52 &, £/ Feo BIEREHRZZA ML AR ELTRIATSE I E MR
N, 51 ATP AFHEERZHWEERD L, ¥b55088%EKd ATP
NMKDPBELANF -2 LBET S ABC MEkEATH LI MRS, £z,
BRESEIC L 2HXFEHHEER D S HEEEKIIZ N Fh ZMEkdH 2 W iE =M
BT BEAEFEN LRI,
3. $REEAY L8V E FutAl O S EHE O BT

N F) PO ABC BEIEKE—BICHERAY LNV EELEL T2, M
FET I JBRECHID S fuAl/A2 ¥ Fut 8IRE KOS Y VB 7212w b
EI—Fg a3 HEINE, FIT, V2 EF 2 FwAl #0308
(rfFutAl) Z{EE L THXEFERNTEIZL D FutAl OBRESEE AT L. 3
W T A L rFutAl ZEE 453 nm RO E —27 2D ~<7 bV
L. #1422 rFuAl # U8 EAEIVEE 101 THET D Z AR
Nizo rFutAl O T 22O ERIE 7 2 VA RERE L THW-ERBRE N
TTHELZ 1X10° BELARBI O, 73 /B—KESNOILEDS S FuAl
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A mutant of Synechocystis sp. strain PCC 6803 disrupted for sl/1878 exhibited greatly reduced Fe* trénsport
activity. The K,, value of sll1878-dependent Fe>* transport in cells grown in iron-replete medium was 0.5 M.

Both the maximal rate and K,

value were increased in iron-starved cells.

While the iron concentration in terrestrial environments is
high, the biological availability of this element can be very low,
since under aqueous, oxygenic conditions, iron is present as
Fe** (ferric iron), which forms insoluble hydroxides. To pro-
mote the acquisition of this element, many bacteria produce
extracellular, iron-specific chelators known as siderophores (2,
3, 5, 8). Iron chelation and uptake by cyanobacteria have been
reviewed by Boyer et al. (2). The Synechocystis sp. strain PCC
6803 genome contains 32 genes that potentially code for nu-
cleotide-binding components of ATP-binding cassette trans-
porters that have no other strong similarity to functionally
identified transport polypeptides (6). To determine which of
these genes is involved in iron transport, we have analyzed the
growth and iron uptake of Synechocystis strains in which these
putative transport genes have been disrupted. The results sug-
gest that the protein encoded by s//1878 is a novel iron trans-
porter.

Cells were grown in BG-11 medium (7) buffered by 20 mM
N-Tris(hydroxymethyl) methyl-2-aminoethanesulfonic acid
(TES)-KOH at pH 8.0 under 3% CO, in air (vol/vol). To
make iron-free BG-11, MgSO, was replaced by K,SO, and
the citric acid, ferric ammonium dicitrate, CaCl,, and trace
elements were not initially added to the medium. The me-
dium was treated with Chelex 100 resin (Bio-Rad, Hercules,
Calif.) and then supplemented with trace elements and ul-
trapure MgCl, and CaCl, (Ultrapure Chemicals Co.,
Saitama, Japan). To starve Synechocystis for iron, cells were
grown in normal BG-11 medium, washed by 20 mM TES-
KOH (pH 8.0), and then grown in fresh iron-free BG-11
overnight under continuous illumination with fluorescent
lamps at 60 uE m~ %!

The mutant lacking s111878 (designated M-1) constructed in
this study has been deposited in the web site “CyanoMutants”
(http://www kazusa.or.jp/ cyano/mutants/), where the site of
insertion of the kanamycin resistance cassette is shown. The
wild-type and mutant cells before and after iron starvation
were washed with 20 mM TES-KOH buffer and resuspended
in fresh iron-free BG-11 at 2 X 10° cells/ml. >*FeCl; solution
was added to iron-free BG-11 medium supplemented with
various concentrations of cold FeCl;. An aliquot (250 pl) of
this solution was mixed with an equal volume of cell suspension
in the presence of 1 mM ferrozine (Sigma Chemical Co., St.
Louis, Mo.) and incubated at 30°C, either in the dark or light
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(at 700 uE m s~ "). Uptake was terminated by centrifugation,
and the pellet was washed twice with 20 mM Tes-KOH con-
taining 10 mM EDTA before being analyzed for the incorpo-
ration of “°FeCl,.

Out of 32 Synechocystis genes encoding nucleotide binding
components of ATP-binding cassette transporters that have
not been ascribed any function, we were able to construct 24
separate mutants by inactivating the transporter genes but
were unable to attain complete disruption of the remaining 8
genes (110759, sll0912, 51112706, sll1623, slr0075, sir0251, sir0354,
and slr1735). All of the mutants except for the one lacking
sll1878 (M-1) grew as well as the wild type on solid, iron-free
BG-11 medium, probably utilizing iron that contaminates the
iron-free medium or that is carried over from the cell cultures
used for the initial inoculum. Wild-type cells grew at a maximal
rate at 1 pM Fe®*, while the M-1 mutant grew more slowly at
this Fe** concentration.

The slow growth of the M-1 mutant in iron-free medium was
ascribed to a defect in iron acquisition. We assayed the wild-
type and mutant strains for the rate of Fe>* transport using
3FeCl, in the presence of ferrozine (inhibits Fe>* transport)
(4). Figure 1A shows time courses of **Fe** accumulation by
iron-deprived wild-type and M-1 mutant cells incubated with
10 wM >°FeCl, in the light or dark. The Fe** uptake pro-
ceeded in the dark; light did not have a stimulatory effect on
the accumulation of iron over at least a 30-min period. Hence,
respiration and other dark metabolic reactions must generate
a sufficient supply of ATP to energize Fe* " transport. This is in
contrast to the transport of other ions such as Mn**-that is
light dependent (1). Since the amount of Mn>* taken up by
Synechocystis strain PCC 6803 cells is not more than that of
Fe?*, it might be expected that ATP produced in the dark
would be sufficient to drive Mn>* uptake. However, Mn*~
uptake may be linked to immediate incorporation of the cation
into protein(s), a process that might be light dependent.

Figure 1B shows uptake of Fe’™ by wild-type and M-1 mu-
tant cells grown in nutrient-replete medium (upper panel) or
by iron-deprived cells (lower panel). The cells were incubated
for 5 min in the dark with various concentrations of FeCl; in
the presence of 1 mM ferrozine. Fe** uptake by the M-1 strain
was about one-fifth that of wild-type cells. Fe** transport ac-
tivity increased more than fivefold in wild-type cells and two to
three times in the M-1 mutant following iron deprivation. The
low-level Fe®>* transport activity retained in the M-1 mutant
suggests the presence of additional Fe*" transporter(s). The
difference between the two curves a-b and c-d approximates
the activity of the s//1878-dependent Fe** transport. The K,
and V., values for sl/1878-dependent Fe* transport, deter-

max
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FIG. 1. (A) Time course of >°Fe** uptake by iron-deprived wild-type and M-1 cells, either in the dark (filled symbols) or in the light (open symbols). The
concentration of **FeCl; was 10 pM. (B) Concentration-dependent uptake of **Fe>* by wild-type and M-1 cells grown in complete medium (curves a and b in upper
panel) or by iron-deprived cells (curves ¢ and d in lower panel) during a 5-min incubation in the dark.

mined by plotting the reciprocals of curve a-b and curve c-d
against the reciprocals of the substrate concentration were 0.5
uM and 3.9 pmol/10® cells/5 min, respectively, in the cells
grown in nutrient-replete medium and 2.5 pM and 25 pmol/10®
cells/5 min, respectively, in the iron-deprived cells. Thus, the
activity of the sl/1878-dependent Fe** transport increased
about sixfold after iron deprivation treatment. The affinity of
the transporter for the substrate decreased fivefold in the iron-
deprived cells.

The product of sll1878 appears to be a peripheral membrane
protein. No citrate is required for s//1878-dependent Fe** up-
take, demonstrating that the citrate-iron chelate is not the
substrate for this transporter. However, the substrate may be a
complex between ferric iron and siderophores produced by
Synechocystis in response to iron deprivation.

This work was supported by a grant, JPSP-RFTF96L.00105, from the
Japan Society for the Promotion of Science and a grant from the
Human Frontier Science Program to T.O. and by National Science
Foundation grant MCB 9727836 to A.R.G.
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Genes encoding polypeptides of an ATP binding cassette (ABC)-type ferric iron transporter that plays a
major role in iron acquisition in Synechacystis sp. strain PCC 6803 were identified. These genes are slr1295,
slr0513, sir0327, and recently reported sll1878 (Katoh et al., J. Bacteriol. 182:6523-6524, 2000) and were
designated futdl, futA2, futB, and JutC, respectively, for their involvement in ferric iron uptake. Inactivation of
these genes individually or fut41 and futA2 together greatly reduced the activity of ferric iron uptake in cells
grown in complete medium or iron-deprived medium. All the fut genes are expressed in cells grown in complete
medium, and expression was enhanced by iron starvation. The fut4] and JutA2 genes appear to encode
periplasmic proteins that play a redundant role in iron binding. The deduced products of futB and futC genes
contain nucleotide-binding motifs and belong to the ABC transporter family of inner-membrane-bound and
membrane-associated proteins, respectively. These results and sequence similarities among the four genes
suggest that the Fut system is related to the Sfu/Fbp family of iron transporters. Inactivation of slr1392, a
homologue of feoB in Escherichia coli, greatly reduced the activity of ferrous iron transport. This system is

;induced by intracellular low iron concentrations that are achieved in cells exposed to iron-free medium or in

Vol. 183, No. 9

i the fut-less mutants grown in complete medium.

Iron serves as an essential component of heme and iron
sulfur centers integrated into a variety of proteins that function
in basic physiological processes such as photosynthesis, respi-
ration,‘and.nitrogcn metabolism.(23). In the Earth’s crust, iron
is the fourth-most-abundant elemént. However, the biological
availability of iron is severely reduced since in an aqueous
oxygenic environment ferrous iron is quickly oxidized to ferric
iron, which forms insoluble hydroxides at physiological pH (5,
6). Organisms have developed mainly two sophisticated sys-
tems for iron acquisition. One involves utilization of iron-
chelating compounds including various siderophores and
transport of chelated iron. The other system involves reduction
of ferric iron to ferrous iron by a plasma membrane redox
system, followed by uptake using specific transporters (11, 18).

Molecular analysis of iron transport systems has been car-

ried out mostly on nonphotosynthetic bacteria (6). Escherichia
coli has specific receptor proteins in the outer membrane that
bind ferrichrome (FhuA), ferric aerobactin (IutA), ferric cop-
rogen or ferric rhodotorulate (FhuE), and ferric dicitrate
(FecA). FhuA, FhuE, and IutA are components of sid-
erophore-mediated iron transport systems that involve typical
ATP binding cassette (ABC)-type transporters consisting of a
periplasmic iron-binding protein (FhuD) and cytoplasmic
membrane proteins (FhuB and FhuC) (7). Ferric dicitrate is
taken up via an ABC transporter system that consists of FecA
to -E (22). E. coli also has a ferrous iron transport system

consisting of polypeptides encoded by the feod, -B, and -C

genes. The product of the feoB gene has a typical ATP-binding
motif at the N-terminal end. Mutants defective in feo4 or feoB
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showed strongly reduced ferrous iron uptake activity (12).
Transport systems for iron delivered as transferrin and lacto-
ferrin, such as Sfu and Fbp systems in Serratia marcescens (3)
and Neisseria gonorrhoeae (4), have been found in other bac-
teria. In these systems, ferric ion is transported across the inner
membrane. The Sfu proteins constitute a typical ABC trans-
porter in which SfuA is localized in the periplasm, SfuB is a
cytoplasmic membrane protein, and SfuC is a membrane-
bound protein carrying a nucleotide-binding motif.

In spite of these studies on nonphotosynthetic bacteria, little
is known about the molecular mechanism of iron transport in
photoautotrophic bacteria. We have recently demonstrated
that one gene, registered as s//1878 in CyanoBase (http://www
kazusa.or.jp/cyano/), plays an important role in iron uptake in
the cyanobacterium Synechocystis sp. strain PCC 6803 (14).
The whole-genome sequence revealed that Synechocystis has
15 open reading frames (ORFs) whose putative products show
high similarity with components of iron transporters identified
in other bacteria (13). In order to understand the molecular
mechanism of iron acquisition in Synechocystis, we have con-
structed mutants by disrupting these ORFs. Analysis of the
mutants for growth and iron uptake both in nutrient-sufficient
and iron-deprived conditions enabled us to identify the gene
essential to ferric and ferrous iron transport. ‘

MATERIALS AND METHODS

Growth conditions. Wild-type and mutant cells of Synechocystis sp. strain PCC
6803 were grown at 30°C in BG-11 medium (21) buffered with 20 mM N-tris(hy-
droxymethyl)methyl-2-aminoethanesulfonic acid (TES)-KOH at pH 8.0. Cul-
tures were aerated with 3% (vol/vol) CO, in air. Iron-free BG-11 medium was
prepared as described previously (14). In order to simplify the assay system,
sodium citrate, the ferric iron chelator, was omitted in iron-free BG-11 medium.
To starve Synechocystis cells for iron, wild-type and mutant strains were grown in
BG-11 medium, collected by centrifugation (1,600 X g,-8 min), and washed by
resuspension in 20 mM TES-KOH buffer treated with Chelex 100 resin (Bio-
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TABLE 1. Regions of ORFs amplified by the RT-PCR method or
replaced by drug resistance cassettes in the mutant strains

Position® of:

ORF RT-PCR Deleted Drug? Mutant strain
product? region®

sll1206 28-368  444-458 Kanamycin M9

sll1406 24-387  533-583 Chloramphenicol M9
sll1409 73439 581-719 Hygromycin M9
slr1490 55-418  418-563 Spectinomycin M9

sll1202 84-480  454-500 Hygromycin M8
slr0513 60-483  448-530 Kanamycin M4 or M6
sir1295 20-427  317-373 Chloramphenicol M3 or M6
slr1319 66-441 473477 Kanamycin M8
slr1491 81-435  481-511 Chloramphenicol M8
slr1492 15-395 - 166°  Spectinomycin M8
sll1878 . 32-400  134-479 Kanamycin M1 or M5
slr0327 75434  538-573 Spectinomycin M2 or M5
slr1318 69-422 70-518 Spectinomycin M7
slr1392 79-430  485-553 Hygromycin M10

“ Regions amplified by RT-PCR (from Fig. 2).

® Regions replaced by drug resistance cassettes. )

¢ Positions of nucleotides are counted from the first nucleotide of the initiation
codon.

“ Drug to which the cassette confers resistance.
¢ Position at which cassette was inserted.

Rad, Hercules, Calif.) at pH 8.0. After a second wash, cells were resuspended in
fresh iron-free BG-11 medium. In order to deplete trace iron in the medium and
in the cells (iron deprivation treatment), culture was continued for 18 h under
continuous illumination of photosynthetically active radiation at 60 wmol of
photons m~2 s (400 to 700 nm).

Analysis of gene expression. The amount of transcripts was evaluated by the
reverse transcription-PCR (RT-PCR) method (8). RNAs were extracted from
Synechocystis sp. strain PCC 6803 cells cultured in normal or iron-free BG-11
medium by the method of Aiba et al. (2), treated with RNase-free DNase 1
(Boehringer Mannheim), and then purified by phenol-chloroform extraction and
ethanol precipitation. The RT reaction was performed using Superscript 1I
(Gibco BRL) and reverse primers. The products were amplified by PCR and
then analyzed by electrophoresis on a 0.8% agarose gel. Primers were designed
so that the amplified products would be internal to the coding region of the gene.
All the forward primers were designed for the sequences downstream of the
translation initiation codon, and the reverse primers were designed to obtain
PCR products of about 350 bp. The regions amplified by RT-PCR are summa-
rized in Table 1 as base numbers counted from the initiation codons. The RNase
P gene was used as a control template (1).

Construction of mutants. Two DNA fragments from different regions in a
given Synechocystis sp. strain PCC 6803 gene, each containing 500- to 700-bp
nucleotides, were amplified by PCR. The primers used for the amplification
contained different restriction endonuclease sites and an additional three nucle-
otides at their proximal ends for recognition of specific endonucleases. These
sites were chosen based on sites present at both ends of the drug resistance
marker gene used for constructing the gene disruption. Following digestion of
the PCR products with appropriate endonucleases, the products were ligated to
a cartridge carrying the drug resistance marker gene and to the pGEM-T vector
(Promega, Madison, Wis.). The vector harboring the drug resistance cassette
flanked by the PCR products on each side was amplified in E. coli and then
transformed (26) into wild-type Synechocystis sp. strain PCC 6803 cells. The
mutants constructed in this study have been deposited in website CyanoMutants
(http:/Awww kazusa.or jp/cyano/mutants/). The drug resistance cassette used for
each inactivation and the sites of insertion into the target gene are shown in
Table 1. The disrupted target gene in the transformants was segregated to
homogeneity by successive streak purifications as determined by PCR amplifi-
cation.

Determination of growth characteristics. Iron-deprived wild-type and mutant
cells were collected by centrifugation and resuspended in fresh iron-free BG-11
medium to optical densities at 730 nm (OD53;) of 0.1, 0.01, and 0.001. The ODy34
of the cell culture was determined using a recording spectrophotometer (model
UV2200; Shimadzu Co., Kyoto, Japan). Two microliters of each of the cell
suspensions was spotted onto normal or iron-free BG-11 agar plates. The plates
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FIG. 1. Mutants constructed by inactivating genes presumably in-
volved in iron acquisition and the possible localization of the gene
products. Open ovals, gene products that are positioned based on the
localization of their homologues in nonphotosynthetic bacteria;
shaded ovals, putative proteins that were experimentally shown to
function in iron transport. For details see the text. Vertical arrows,
genes that were individually inactivated; horizontal arrows, groups of
genes (boxed) that were inactivated in a single strain. OM, outer
membrane; PP, periplasmic space; IM, inner membrane.

were incubated in 3% (volfvol) CO, in air for 7 days with continuous illumination
by fluorescent lamps providing photosynthetically active radiation at 60 wmol of
photons m™2 571,

Measurements of ferric and ferrous iron uptake. The amounts of iron taken
up by wild-type and mutant cells were measured using radioactive tracer 3°FeCl,
(Amersham Pharmacia Biotech, Buckinghamshire, United Kingdom) as previ-
ously described (14). Ferric iron uptake was measured in the presence of 1 mM
Ferrozine, which inhibits ferrous iron uptake (9). Uptake of ferrous iron was
measured in the presence of 5 mM ascorbate, which reduces Fe>* to Fe?* (12).
The uptake reaction was terminated by transferring the reaction mixture on ice,
followed by centrifugation at 4°C. The pellet was washed twice with 20 mM
TES-KOH (pH 8.0) containing 10 mM EDTA before being analyzed for the
incorporation of 5°Fe. The gamma emission from °Fe in the cells was measured
by the Auto Well gamma system (model ARC-380; Aloka, Tokyo, Japan). Cells
at the late logarithmic stage of growth (OD;3, = 1.0 to 1.3) were used for the
iron uptake measurements. The concentration of FeCl; in the uptake reaction
solution was fixed at 10 pM, and the uptake reaction was performed with
continuous light illumination. The light source was from a 600-W halogen lamp
(Cabin Co., Tokyo, Japan), and the intensity of photosynthetically active radia-
tion was 700 pmol of photons m~2 s~ (400 to 700 nm)

Other methods. Unless otherwise stated, standard techniques were used for
DNA manipulation (19).

RESULTS

Location of gene products and genes inactivated in the mu-
tants. The whole-genome sequence of Synechocystis sp. strain
PCC 6803 revealed the presence of 15 genes that are homol-
ogous to iron transporter genes identified in various nonpho-
tosynthetic organisms (13). In addition, we have recently dem-
onstrated that s//1878, whose putative product shows sequence
similarity to HitC of an Sfu/Fbp-type ferric ion transporter in
Haemophilus influenzae, plays an essential role in ferric iron
transport (14, 20). Figure 1 depicts the possible locations of the
products of these genes in cells, as predicted from the locations
of their homologues. S111406, S11409, SIr1490, and S111206 are
homologous to FhuA of E. coli (7) and IutA of Alcaligenes
eutrophus (10), which are located in the outer membrane.
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FIG. 2. Expression profiles of putative iron transporter genes in

_ Synechocystis sp. strain-PCC 6803. The amounts of transcripts in cells

grown in normal BG-11 medium (lanes N) or in iron-free BG-11
medium (lanes -Fe) were determined by the RT-PCR method. The
regions of the genes amplified are summarized in Table 1. OM, PP,
and IM are as indicated in Fig. 1. Absence of contamination of DNA

-was confirmed by performing the RT reaction without reverse tran-

scriptase (-RTase) followed by PCR.

S111202, SIr1491, SIr1492, and SIr1319 showed similarities with
FhuD and FecB of E. coli (7, 22). SIr0513 (FutA2) and SIr1295
(FutAl) are homologous to SfuA of S. marcescens (3). These
homologues are the substrate-binding proteins located in the
periplasmic space. SIr1316 and SIr1317 showed similarities
with FecC and FecD (22). SIr0327 (FutB) is homologous to
HitB of H. influenzae (20). FecC and FecD are the inner mem-
brane subunits of an ABC transporter that moves iron(I1I)
dicitrate across the cytoplasmic membrane, and HitB is the
inner membrane subunit of an Sfu/Fbp-type ferric ion trans-
porter. SIr1392 showed similarity with FeoB of E. coli, which
functions in ferrous iron transport (12). Figure 1 shows genes
that were individually inactivated and groups of genes that
were inactivated in a single strain. In all, 10 mutant strains (M1

to M10) were analyzed for their growth and iron uptake char- -

acteristics. :

In this paper, sir1295, 510513, sir0327, and sll1878 are desig-
nated futdl, futA2, futB, and furC, respectively, for ferric iron
uptake based on their functions as demonstrated below.

Expression of genes putatively involved in iron acquisition.
Figure 2 shows the levels of transcripts of 14 genes listed in
Table 1 in wild-type cells grown in normal BG-11 medium and
in iron deprived medium, as determined by the RT-PCR
method. All four genes (sll1206, sll1406, sll1409, and slr1490)
presumed to encode outer membrane receptor proteins were
strongly expressed in iron-deprived cells. The slr1295 (futdl),
slr0513 (futA2), and sir1319 genes encoding putative substrate-
binding proteins were expressed at high levels in both iron-
replete and iron-deprived cells, with the levels of transcripts
higher in iron-deprived cells. The s//1878 (futC) and slr0327
(futB) genes were also expressed constitutively in iron-replete
cells. The amounts of transcripts of sll1202, slr1491 , and sir1492
were small, even in iron-deprived cells. The transcripts of
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FIG. 3. Growth of the wild type and mutants on solid iron-free
BG-11 medium. Wild-type (WT) and mutant (M1 to M10 [Fig, 1]) cells
of Synechocystis were pelleted by centrifugation and resuspended in
iron-free BG-11 medium at pH 8.0. Two microliters each of cell sus-
pensions, with ODy5, valtues of 0.1, 0.01, and 0.001, were spotted on
agar plates containing iron-free BG-11 buffered at pH 8.0, and the
plates were incubated under 3% (volfvol) CO, in air for 7 days.

slr1318 and sir1392 (feoB) were detected only in iron-deprived
cells.

Growth characteristics. In a previous report, we showed that
the futC-inactivated mutant (M1) grew much slower than the
wild type on iron-free BG-11 agar plates (14). This was con-
firmed in this study (lanes M1 and WT in Fig. 3). The M2, M5,
and M6 mutants showed growth characteristics similar to those
of M1 and grew very poorly on iron-free plates, while all other
mutants grew as well as the wild type under these conditions
(Fig. 3). The growth of the M1, M2, MS, and M6 mutants
appeared to be slower than that of the wild type on normal
BG-11 plates, but the difference was not significant (not
shown). The growth of the double mutant lacking futB and futC
(M5) was similar to that of the single mutants (M1 and M2} in
which these genes were individually inactivated. This suggested
that futB and futC encode subunit polypeptides of a single
transporter. The double mutant (M6), in which both fut47 and
futA2 encoding putative substrate-binding proteins were inac-
tivated, showed growth characteristics like those of the M1
strain, while single mutants M3 and M4, in which either of
these genes was inactivated, grew as well as the wild type on the
same iron-free medium. These results suggest that FutAl and
FutA2 are subunit proteins of an ABC transporter essential to
iron acquisition in Synechocystis and that they have redundant
or overlapping substrate-binding functions. These putative
periplasmic iron-binding proteins may function in conjunction
with FutB and FutC in the iron transporter complex. The M7,
M8, M9, and M10 mutants showed wild-type growth charac-
teristics under both normal and iron-free conditions. Thus,
none of the genes inactivated in these mutants play a signifi-
cant role in iron acquisition in wild-type cells under these
conditions.
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FIG. 4. Amounts of *°Fe** taken up by wild-type (WT) and mutant
(M1 to M10 [Fig. 1)) cells. Cells grown in complete medium (A) and

iron-deprived cells (B) were incubated with 10 pM 5°FeCl, for S min
in the light in the presence of 1 mM Ferrozine.

Uptake of ferric iron. Figure 4 shows the amounts of Fe3*
taken up by the wild-type and mutant strains grown in nutrient-
replete medium (A) or by iron-deprived cells (B) during 5 min
of incubation in the light with 10 uM FeCl, in the presence of
1 mM Ferrozine. The Fe** uptake activities of the M1, M2,
M5, and M6 mutants, either maintained; in nutrient-replete
medium or starved for iron, were much lower than those of
wild-type cells and of the other mutants. The activity of M5 was
similar to that of M1 or M2. These results support the view that
the fut genes disrupted in the mutants encode the subunits of
a single Fe’* transporter. These mutants still retained low
~levels of Fe** transport activity, suggesting the presence of an

Fe** transporter(s) other than the fut-dependent system. The
Fe* transport activity in the iron-deprived M3 cells was about
half the activity of the M4 mutant (B), suggesting that FutAl
is a major iron-binding protein involved in fut-dependent Fe3*
transport. _

Uptake of ferrous iron. Figure 5 shows the amounts of Fe?*
taken up by the wild-type and mutant strains grown in nutrient-
replete medium (A) and by iron-deprived cells (B) during 5
min of incubation in the light with 10 WM FeCl, in the presence
of 5 mM ascorbate (12). The activity of Fe?" uptake was low in
wild-type cells cuitured in normal BG-11 medium and was
increased about eightfold after iron deprivation. Thus, Syn-
echocystis sp. strain PCC 6803 has an Fe** transporter that is
induced by iron deprivation. The M3, M4, M7, M8, and M9
strains were similar to the wild type in that their activities were
low in cells grown in normal medium and were increased six- to
eightfold after iron deprivation. In contrast, the M1, M2, M5,
and M6 mutants grown in nutrient-replete medium showed
much higher activity of Fe** transport than wild-type cells,
indicating that the Fe** transport system is induced in these
mutants during growth in the complete medium: The activities
- in iron-deprived cells of these mutants were not significantly
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FIG. 5. Amounts of **Fe** taken up by wild-type (WT) and mutant
(M1 to M10 [Fig. 1]) cells. Cells grown in complete medium (A) and
iron-deprived cells (B) were incubated with 10 uM 5°FeCl, for 5 min
in the light in the presence of 5 mM ascorbate.

different from those in iron-replete cells and were two-thirds
the activity in iron-deprived wild-type cells. The lower levels of
Fe?* uptake in the mutants may be due to changes in cell size
or cellular composition. In fact, the chlorophyll contents of
these four mutants were 2.7 to 3.1 pg/108 cells, while those in
the wild-type cells and other mutant cells were 3.7 to 4.0 ug/10%
cells. Therefore, the Fe?* uptake activities in the iron-deprived
cells of the mutants were similar to the wild-type activity when
the values are expressed on a chlorophyll basis.

The Fe** uptake activity of the M10 mutant was similar to
the wild-type activity when cells were grown in normal medium
but was much lower, about one-fourth of the wild-type activity,
after iron deprivation. Thus, sir1392 (feoB) encodes a protein
that is induced under iron deprivation and functions to trans-
port ferrous iron.

DISCUSSION

In this study, we identified four genes that play a major role
in iron acquisition in Synechocystis sp. strain PCC 6803, both in
iron-replete and iron-deficient conditions. These four genes
appear to encode subunits of a single Fe** transporter. The
Synechocystis genome contains many genes that are homolo-
gous to the genes involved in iron acquisition in nonphotosyn-
thetic bacteria. Ten mutants were constructed by inactivating
single or multiple genes putatively involved in iron uptake (Fig.
1). Out of these mutants, only four mutants, with sir1295
(futdl), slr0513 (futA2), slr0327 (furB), andfor sl1878 (futC)
in-activated, exhibited a mutant phenotype. Computer analysis
indicated that all of these genes possess an ABC transporter
gene family signature. The following results strongly suggest
that these genes may encode subunit proteins of a single Fe3*
transporter. (i) The M1, M2, M5, and M6 mutants all exhibited
the same growth characteristics (Fig. 3) and showed a marked
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reduction in their ability to take up Fe* (Fig. 4). All of these
mutants showed high Fe** uptake activity when grown in nor-
mal BG-11 medium, indicating that the intracellular iron con-
centrations were low enough to induce the expression of the
feoB gene even when the cells were grown in iron-replete
medium (Fig. SA). (ii) Inactivation of furB against the back-
ground of futC mutation did not further decrease the Fe3*
uptake activity (M1 versus MS5 in Fig. 4), which strongly sug-
gested that FutB and FutC are the subunit polypeptides of a
single transporter. An ATP/GTP-binding motif (consensus:
[AG]-x(4)-G-K-[ST] [25]) was identified in FutB (AARSL
GKS: positions 458 to 465) as well as in FutC (GPSGCGKT;
positions 53 to 60). It is well known that the archetypal ABC
transporter consists of two ABC domains and two transmem-
brane domains. In many bacterial ABC transporters, each of
these four domains is encoded as an independent polypeptide,
although in other transporters the domains can be fused in any
one of a number of ways into multidomain polypeptides (17).
However, association of one subunit carrying the membrane
domain and the ABC domain fused on one polypeptide, with a
second peripheral subunit carrying only the ABC domain, has
not been reported. The present results for M1, M2, and M5
strains imply the presence of such a unique combination in the
ABC transporter family. (iii) Both fut41 and futA2 are homol-
ogous to sfud in S. marcescens, which encodes a substrate-
binding protein (Fig. 1). The M3 and M4 strains, in which these
genes were inactivated individually, showed growth character-
istics similar to those of the wild type (Fig. 3). Inactivation of
other genes that encode putative substrate-binding proteins
had no effect on growth and Fe®* uptake activity (lanes M8 in
Fig. 3 and 4). Only the M6 strain, lacking both futA1 and fut42,
showed a mutant phenotype similar to those of the M1 and M2
strains. These results suggest that FutAl and FutA2 have re-
dundant or overlapping Fe?* binding activities that function in
the ABC transporter containing FutB and FutC as the inner
membrane and membrane-associated subunits, respectively.
(iv) All the futr genes were expressed constitutively in cells
grown in normal medium (Fig. 2). This is consistent with the
observation that inactivation of these genes significantly low-
ered the activity of Fe>* uptake in cells grown in iron-replete
medium (Fig. 4A). The form of iron transported across the

inner membrane by the Fut system is most probably the ferric’

ion since this system is related to the Sfu/Fbp family, which
transports ferric ion (3, 4). Our preliminary result for recom-
binant FutAl expressed in E. coli indicated that the protein
binds ferric ion directly.

The possibility of polar effects of the inactivation of fuz genes
is ruled out for the following reasons. Such polar effects may
happen for the genes that constitute an operon structure. The
insertion of a kanamycin resistance cassette does not suppress
the expression of the gene(s) downstream of the cassette. As a
result, the only possible gene whose inactivation causes a polar

effect is sir0327 (futB). sir0328 and sir0329 are downstream of

slr0327 on the genome. These genes are supposed to encode
protein phosphatase and the xylose repressor, and it is unlikely
that these proteins are involved in iron transport.
Inactivation of putative iron transporter genes other than fut
genes did not have a significant effect on growth and Fe3*
uptake activity, suggesting that the contribution of these genes,
if any, to iron acquisition is small. Synechococcus sp. strain
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PCC 7942 and Anabaena variabilis are known to produce
unique hydroxamate-type siderophores (24). Morganella mor-
ganii takes up iron chelated to the fungal siderophore rhizo-
ferrin (15). It is possible that the above putative iron trans-
porter genes are involved in the transport of iron siderophores.
The transport of iron in the form of complexes with sid-
erophores may not be essential for iron acquisition under lab-
oratory conditions, but it may give great advantage to Synecho-
cystis cells in the natural environment. The low activities of
Fe3* uptake in M1, M2, M5, and M6 indicate the presence of
another Fe** transporter(s), which could be encoded by the
above putative iron transporter genes.

The mechanism by which ferric iron moves across the outer
membrane to the periplasmic space is not known. Since the M9
strain did not show a mutant phenotype, a gene(s) other than
those inactivated in this mutant may be involved in this pro-
cess.

Synechocystis showed very high ability to take up ferrous iron
when iron in the medium was reduced (Fig. 5). However, in the
absence of ascorbate in the medium, the activity was much
smaller. Since the activity in the absence of ascorbate fluctu-
ates so much, depending on the growth conditions and stage of
the growth, we did not include the results in this paper. The
M10 strain grew as well as the wild type under iron-replete and
iron-deficient conditions (Fig. 3), suggesting that the transport
of Fe** is not essential for iron acquisition in the wild type.
However, it is possible that FeoB-dependent Fe?* uptake is
essential for iron acquisition when Fut-dependent Fe3* trans-
port was impaired. In fact, we were unable to inactivate sl/1392
(feoB) against the background of mutations of fut genes. The
low Fe?* transport activity in wild-type and M10 cells grown in
normal medium and in iron-deprived M10 cells indicates that
a second Fe** transporter is present constitutively in iron-
replete cells of wild-type and mutant strains used in this study
(16).
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Iron-Binding Activity of FutA1 Subunit of an ABC-type Iron Transporter in
the Cyanobacterium Synechocystis sp. Strain PCC 6803

Hirokazu Katoh !, Natsu Hagino and Teruo Ogawa

Bioscience Center, Nagoya University, Chikusa, Nagoya, 464-8601 Japan

The futAl (sir1295) and futA2 (slr0513) genes encode
periplasmic binding proteins of an ATP-binding cassette
(ABC)-type iron transporter in Synechocystis sp. PCC 6803.
FutAl was expressed in Escherichia coli as a GST-tagged
recombinant protein (rFutAl). Solution containing puri-
fied rFutA1 and ferric chloride showed an absorption spec-
trum with a peak at 453 nm. The absorbance at this wave-
length rose linearly as the amount of iron bound to rFutAl
increased to reach a plateau when the molar ratio of iron to
rFutAl became unity. The association constant of rFutAl
for iron in vitro was about 1x10". These results demon-
strate that the FutA1 binds the ferric ion with high affinity.
The activity of iron uptake in the Afutdl and AfutA2
mutants was 37 and 84%, respectively, of that in the wild-
type and the activity was less than 5% in the AfutAl/AfutA2
double mutant, suggesting their redundant role for binding
iron. High concentrations of citrate inhibited ferric iron
uptake. These results suggest that the natural iron source
transported by the Fut system is not ferric citrate.

Key words: Cyanobacterium — FutAl — Iron transporter —
Periplasmic binding protein — Synechocystis sp. PCC 6803.

Abbreviations: ABC, ATP-binding cassette; GST, Glutathione S-
transferase; rFutAl, recombinant FutAl; IPTG, isopropyl-1-thio-B-p-
galactopyranoside; PBS, phosphate-buffered saline.

Introduction

Low levels of iron accessible by microorganisms are
recurring nutrient stress conditions in both marine and fresh
water oxic ecosystems and limit the primary production of phy-
toplankton in vast regions of the world’s ocean (Straus 1994,
Butler 1998). Iron deficiency causes a variety of physiological
and morphological changes in cyanobacteria. These include a
loss of light-harvesting phycobilisomes (Guikema and Sherman
1983), changes in the spectral characteristics of chlorophyll
(Guikema and Sherman 1983, Pakrasi et al. 1985), decrease of
thylakoids (Sherman and Sherman 1983), and replacement of
iron-containing cofactors with non-iron cofactors such as ferre-
doxin with flavodoxin (Laudenbach et al. 1988).

In the cyanobacterium Synechocystis sp. strain PCC 6803,
* the acquisition of ferric iron occurs mainly by an ABC-type

iron transporter composed of subunit proteins encoded by four
Sut genes, futdl (slr1295), futd2 (sir0513), futB (sir0327), and
JutC (sll1878) (Katoh et al. 2000, Katoh et al. 2001). Based on
the sequence homology, the Fut system is related to the Sfu, Hit
and Fbp systems in Serratia (Angerer et al. 1990), Haemo-
philus (Sanders et al. 1994) and Neisseria (Chen et al. 1993,
Nowalk et al. 1994), respectively. Mutants inactivated for furB
or futC, which encode inner membrane-bound or membrane-
associated subunits, respectively, showed poor growth in iron-
free BG-11 medium and low activity of ferric iron transport.
The double mutant lacking both futA I and futd42, which encode
periplasmic binding proteins, showed the same phenotype as
AfutB and AfutC single mutants. However, single mutants,
AfutA] and AfutA2 did not show the phenotype similar to that
of AfutB and AfutC mutants. Thus the Fut system has an unu-
sual composition of having two kinds of periplasmic binding
proteins, FutAl and FutA2. The iron-binding properties of
these proteins and the form of iron transported by the Fut sys-
tem have not been clarified. In order to solve these problems,
we attempted to express futd! and futd2 in Escherichia coli,
and obtained soluble recombinant FutAl fused to GST
(rFutA1l). We report in this paper the iron-binding properties of
rFutAl and the form of iron transported by the Fut system.

Results

Expression and purification of a recombinant FutAl (rFutAdl)
protein

The region of signal peptide (37 amino acids in the N-
terminal) in the FutAl polypeptide was predicted using the
PSORT program (Nakai and Kanehisa 1991). Truncated FutAl
lacking the predicted signal peptide was expressed in E. coli as
a 60-kDa protein fused to GST by addition of IPTG (Fig. I,
lane 1). The protein was collected in the soluble fractions (lane
2) and was purified by Glutathione Sepharose 4B resin (lane
3). Trials to obtain recombinant FutA2 protein in soluble frac-
tions by the same method were unsuccessful. The rFutA?2 pro-
tein was unsolubilized even in the presence of 1% Triton.
Therefore, further analysis was abandoned.

Absorption spectra of deferreted and iron-saturated rFutdl
protein

The absorption spectrum of deferrated rFutAl protein did
not show any peak in the visible region between 340 and

! Corresponding author: E-mail, L4661 lA@nucc.cc.nagoya-u.ac.jp; Fax, +81-52-789-5214.
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Fig. 1 SDS-PAGE patterns of rFutAl expressed in E. coli. Trun-
cated rFutA1l lacking the presumed signal peptide (37 amino acids on
the N-terminal) was expressed in E. coli as a protein fused to glutath-
-one S-transferase and purified on Glutathione Sepharose 4B resin.
Proteins were separated on a 12.5% SDS-polyacrylamide gel and
stained with Coomassie Brilliant Blue. Lane 1, lysate of E. coli carry-
ing pfutAI-gst 2 h after addition of IPTG; lane 2, soluble fraction of
the lysate; lane 3, rFutAl purified on Glutathione Sepharose 4B resin;
M, molecular mass markers (masses are indicated in kilodaltons). The
amounts of proteins loaded were 20 pg in lane 1 and lane 2 and 5 ug in
" lane 3.

600 nm (Fig. 2). A broad band with a peak at 453 nm appeared
when FeCl; (2-fold molar excess over rFutAl) was added to
the solution containing deferrated rFutAl. A similar absorp-
tion band has been observed with the Fbp protein and attributed
to the absorption by the coordinated Fe** atom (Nowalk et al.
1994). Based on these results, we attributed this band to the
absorption by the iron associated with rFutAl. The absorption
maximum of Fe*"-rFutA1 was about 30 nm lower than the peak
positions of Fe** bound to Fbp and HitA (Nowalk et al. 1994,
Adhikari et al. 1995). One possible reason for this difference
might be due to extra GST region in rFutAl protein and
another one will be described in the discussion section.

Iron-binding properties of rFutAl
There was a linear relationship between the amount of
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Fig. 2 Absorption spectra of deferrated and iron-saturated rFutAl.
The sample solution contained 75 uM protein and 200 mM NaCl in
20 mM Tris-HCl buffer, pH 8.0.
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Fig. 3 Referration of rFutAl. Ferric chloride was added stepwise to
the solution containing 70 pM deferrated rFutA1 to give the final con-
centrations of 0 to 150 pM and the absorbance was monitored at
453 nm.

iron added to the solution containing deferrated rFutA! and the
absorbance at 453 nm until the molar ratio of ferric chloride to
deferrated rFutAl became unity (Fig. 3). This indicates that
absorbance at this wavelength is an accurate measure of the
ferration state of this protein and that 1 molecule of rFutAl is
capable of incorporating 1 molecule of ferric ion. The iron che-
lator citrate effectively removed iron from ferrated rFutAl
(Fig. 4). The concentration of citrate required to remove 50%
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Fig. 4 Competition for rFutAl-bound iron by citrate. Sodium citrate
was added stepwise to the solution containing 65 uM Fe**-rFutA1 and
200 mM NaCl in 20 mM Tris-HCI buffer, pH 8.0 to give the final con-
centrations of 0 to 130 mM. The absorbance was monitored at 453 nm
at each citrate concentration after incubation of the mixture at room
temperature for 15 min.
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Fig. 5 Alignment of the amino acid sequences of FutAl, FutA2 and
HitA. Deduced amino acid sequences of FutAl and FutA2 of Syne-
chocystis and HitA of H. influenzae were aligned. Residues identical to
those in HitA are shown in reverse type. Four residues (H9S, Es7,
Y195, and Y196) involved in iron binding in HitA are represented by
sharp symbols above the sequence (Bruns et al. 1997).

of the iron from ferrated rFutAl was 6.5 mM, which repre-
sents a 100-fold molar excess of citrate over rFutA1. The rela-
tive affinity of rFutA1 for iron estimated by using the associa-
tion constant of citrate for iron (1x10'7, Crichton 1990) was
about 1x10". Thus, ferric ion is the ligand that FutA1 protein
binds to, supporting the role of this protein as a periplasmic
binding subunit of the ABC-type ferric ion transporter in Syne-
chocystis PCC 6803. There remains a possibility that addi-
tional GST region in rFutAl affects the relative affinity of
FutA1 protein for iron.

Fig. 5 shows protein sequence alignment of FutAl/A2
with HitA of Haemophilus influenzae. Sequence homology
between HitA and FutA1l/FutA2 was not so high. However,
three amino acid residues out of four residues (His 9, Glu 57,
Tyr 195, Tyr 196) binding iron in HitA were conserved in both
FutAl and FutA2 (Bruns et al. 1997). The residue at Glu 57 in
HitA was Val in these Fut proteins (Fig. 5). The highly con-
served iron-binding residues in HitA and two Fut proteins sug-
gest that they have the same function in iron acquisition,

Effect of citrate on iron uptake

Citrate inhibited the activity of iron uptake in wild-type
cells grown either in the presence (Fig. 6, circles) or absence
(data not shown) of citrate, indicating that Synechocystis was
unable to transport ferric citrate and that the natural iron source
for Fut transport system was not ferric citrate. In the absence of
citrate, the single mutants, Afut42 and AfutAl, showed 84 and
37% of the wild-type activity of Fe** uptake, respectively,

10

7.5 1

2.5

pmols Fe3* / 108 cells / 5 min
W
1

0
0.0001

1
0.001 0.01 0.1 1
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Fig. 6 Inhibition of ¥Fe* uptake by citrate. Uptake reaction was ini-
tiated by adding 1 uM *FeCl, to the suspension of cells containing
various amounts of citrate (0 to 2 mM, final concentration) and
500 uM ferrozine. The reaction was terminated by transferring the
reaction mixture on ice, followed by centrifugation at 4°C. The pellet
was washed twice with 20 mM TES-KOH (pH 8.0) containing 10 mM
EDTA. Closed circle; wild-type, closed square; AfutA2, closed dia-
mond; Afutd], closed triangle; Afutd 1/AfutA2.

whereas the activity was nearly zero in the Afiut4 1/Afut42 dou-
ble mutant. Citrate inhibited the uptake of ferric iron by Afutdl
and AfutA2 single mutants (Fig. 6). This may support the view
that FutAl and FutA2 play a redundant role in iron binding in
the Fut system.

Discussion

Bacterial ABC transporter possesses a periplasmic binding
protein that has high affinity to its specific ligand (Higgins et
al. 1990, Tam and Saier 1993). The ABC-type iron transporter
encoded by the fur genes possesses two periplasmic binding
proteins, FutAl and FutA2 (Katoh et al. 2001). We demon-
strated in this study that FutA1 binds iron without organic iron
chelator such as siderophore or citrate. This is the first finding
of the presence of high affinity Hit/Fbp-type iron-ac¢quisition
system in photosynthetic microorganisms. A recombinant
FutA1l (rFutA1) was successfully obtained as a soluble protein.
Ferric ion bound to this protein gave a typical absorption spec-
trum with a peak at 453 nm, which was about 30 nm lower than
the peak position of Fe’* bound to HitA. Structural analysis of
HitA suggested that four amino acid residues, His 9, Glu 57,
Tyr 195, Tyr 196 are involved in binding iron to the protein
(Bruns et al. 1997). Sequence comparison revealed that these
residues except Glu 57 are conserved in FutA1 and FutA2, sug-
gesting that those are also involved in binding iron in the FutA
proteins. The difference in absorption maxima between Fe*-
HitA and Fe’*-rFutAl may be attributed to the substitution of
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Glu 57 in HitA to Val in FutAl or to the presence of GST
region in rFutAl.

The natural iron source for the Fut system is unclear. In
the case of Fbp system, free ferric iron is passed across the
outer membrane through the transferrin receptor protein
(TbpA), which shows similar characteristics to the siderophore
receptors (Irwin et al. 1993, Anderson et al. 1994). However,
Synechocystis PCC 6803 does not possess a homologue of
tbpA. Furthermore, our previous results indicated that simulta-
neous inactivation of four genes homologous to siderophore
receptor genes had no effect on the uptake of iron and there has
been no report on the production of siderophore by Syne-
chocystis PCC 6803. In E. coli, citrate strongly enhanced the
uptake of iron because this organism possesses an inducible
ferric dicitrate transporter encoded by fecd, B, C, D, and E
(Frost and Rosenberg 1973, Staudenmaier et al. 1989). Ferric
citrate passes across the outer membrane through the FecA pro-
tein localized in the outer membrane. Synechocystis does not
possess a- homologue of fecd, although the homologues of
fecB, C, D, and E have been identified in its genome (Kaneko
et al. 1996). Inactivation of fecB or fecE did not decrease the
activity of ferric iron uptake (Katoh et al. 2001). Furthermore,
citrate competitively inhibited the binding of iron to rFutAl in
vitro and the uptake of ferric iron in vivo regardless of culture
conditions of the cells (Fig. 4, 6). Taken together, Syne-
chocystis is unable to take up iron in the form of Fe**-citrate
under the experimental conditions used in this study. The nega-
tive effects of citrate on iron uptake were also observed on enb
mutants of Salmonella typhimurium which were blocked in the
biosynthesis of enterobactin, an iron chelator that was secreted
by the wild-type bacteria when they were grown on low iron
media (Pollack et al. 1970). The inhibitory effect of citrate on
iron uptake in Synechocystis suggests that ferric citrate trans-
port system is not functioning, presumably due to the absence
of fec4. Alternatively, fecBCDE genes might encode a trans-
porter for another molecule.

The FutA2 protein plays an essential role in ferric iron
acquisition by Afitd] mutant. Citrate inhibited the uptake of
ferric iron by this mutant, suggesting that the form of iron
bound to FutA2 is not ferric citrate. The deduced protein
sequence of FutA2 is very similar to FutAl and three amino
acid residues of HitA functioning to bind ferric ion are con-
served in these FutA proteins. These results imply that the lig-
and for FutA2 is also ferric ion, although this assumption
should be confirmed by spectral analyses of FutA?2 protein.

Materials and Methods

Preparation of recombinant Fut4]

A DNA fragment, carrying a truncated furdl (sirl295 on
“CyanoBase”, http://www.kazusa.orjp/cyano/) lacking 111 bases from
the initiation codon, was amplified by PCR using primers containing
EcoRI sites at their proximal ends. After digesting with EcoRI, the
PCR product was cloned into the EcoRI site of the pGEX-2T expres-
sion vector (Amersham Pharmacia Biotech, U.K.). The resulting plas-

mid (pfutd1-gst) carried a chimeric gene which encodes a truncated
FutAl lacking the N-terminal 37 amino acids fused to glutathione S-
transferase (GST). This plasmid was used to transform E. coli DH50.
Expression of the chimeric gene in the transformant was induced by
1 mM isopropyl-1-thio-B-p-galactopyranoside (IPTG). After a 2 h
induction, E. coli carrying pfutdl-gst were harvested and re-sus-
pended with ice-cold PBS. GST-FutAl recombinant protein was iso-
lated from the cells using GST purification Kit (Amersham Pharmacia
Biotech, U.K.) according to the instruction manual. Briefly, cells were
lysed using a sonic oscillator equipped with a conical horn of 10—
5 mm diameter (Ohtake Co., Tokyo, Japan) at 20 W. Triton X-100
(20%) was added to the disrupted cells to a final concentration of 1%.
After incubation for 30 min on ice with gentle agitation, the sample
was centrifuged (12,000xg, 4°C, 10 min). The supernatant was trans-
ferred to a fresh tube, to which 1/50 volume of 50% slurry of Glutath-
ione Sepharose 4B was added. The mixture was incubated at room
temperature for 30 min with gentle agitation, then centrifuged and the
supernatant was removed. After washing the Glutathione Sepharose
4B pellet with PBS, the GST-FutA1 fusion protein was eluted from the
matrix by incubating with Glutathione Elution Buffer at room temper-
ature for 1 h.

Deferration/referration of rFutAl

Deferration and referration of rFutA1 were done according to the
method used for Fbp in Neisseria (Nowalk et al. 1994). Solution con-
taining purified rFutAl (6 mg ml™) was acidified by adding 0.1 vol-
ume of 0.1% acetic acid, and iron was chelated by adding 2,000-fold
molar excess of sodium citrate (pH 8.0) over rFutAl. Excess citrate
and iron-citrate were removed by using an Econo-10DG microbiospin
column (Bio-Rad) and fractions containing deferrated rFutAl were
collected in acid-washed tubes. Referration was accomplished by add-
ing two-fold molar excess of FeCl, to the solution containing 4.5 mg
ml™ (75 uM) apo-rFutA1 and 200 mM NaCl in 20 mM Tris-HCl (pH
8.0). Absorption spectra of solutions containing apo- and Fe**-rFutA
were measured using a UV/VIS spectrophotometer V-550 (Jasco,
Tokyo, Japan).

Measurement of iron binding properties of rFutA ]

FeCl, (final concentrations between 0 and 150 uM) was added to
a solution containing 4.2 mg ml™' (70 uM) of deferrated rFutAl and
the mixture was incubated at room temperature for 15 min. Relative
affinity of rFutAl for iron in vitro, was estimated by the method
employed for rFbp (Chen et al. 1993). Solution containing 3.9 mg ml™!
(65 uM) Fe**-rFutAl and 200 mM NaCl in 20 mM Tris-HCI buffer
(pH 8.0) was mixed with sodium citrate (final concentrations between
0 and 130 mM) and was incubated at room temperature for 15 min.
The amount of Fe**-rFutAl in the mixture was estimated from the
absorbance at 453 nm.

Measurements of iron uptake

Uptake of iron by wild-type and mutant cells of Synechocystis sp.
strain PCC 6803 was measured using the radioactive tracer “FeCl,
(Amersham Pharmacia Biotech, U.K.) as described previously (Katoh
et al. 2000, Katoh et al. 2001). Cells were pre-cultured in modified
BG-11 medium (Stanier et al. 1971, Katoh et al. 2000) containing
1 M FeCl; with or without 100 uM sodium citrate. The reaction solu-
tion contained 1 uM *FeCl; and various concentrations of sodium cit-
rate between 0 and 2 mM. Ferrozine (500 uM) was added to the reac-
tion solution to inhibit ferrous iron uptake. Reaction was performed in
the light at 700 pmol photons m s~ (400~700 nm). The light source
was a 600 W halogen lump (Cabin Co., Tokyo). The gamma emission
from *Fe in the cells was measured by the Auto Well gamma system
(model ARC-380; Aloka, Tokyo, Japan).
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Protein analyses

Lysates of E. coli cells and proteins were suspended in the sam-
ple buffer used for SDS-PAGE and were heated at 95°C for § min.
After gel electrophoresis in the buffer system of Laemmli (1970),
polypeptides in the gel were stained with Coomassie Brilliant Blue.
Concentration of rFutAl was calculated from the absorbance at
280 nm. The extinction coefficient of rFutA1 was determined based on
the number of tyrosine and tryptophan residues in the protein (Yin et
al. 1988). Protein sequences were aligned using the DNASIS program
(Hitachi Software, Yokohama, Japan).
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cotA of Synechocystis sp. strain PCC6803 was isolated as a gene that complemented a mutant defective in CO,
transport and is homologous to cemA that encodes a chloroplast envelope membrane protein (A. Katoh, K. S.
Lee, H. Fukuzawa, K. Ohyama, and T. Ogawa, Proc. Natl. Acad. Sci. USA 93:4006-4010, 1996). A mutant (M29)
constructed by replacing cotA in the wild-type (WT) Synechocystis strain with the omega fragment was unable
to grow in BG11 medium (~17 mM Na™*) at pH 6.4 or at any pH in a low-sodium medium (100 M Nat) under
aeration with 3% (vol/vol) CO, in air. The WT cells grew well in the pH range between 6.4 and 8.5 in BG11
medium but only at alkaline pH in the low-sodium medium. Illumination of the WT cells resulted in an
extrusion followed by an uptake of protons. In contrast, only proton uptake was observed for the M29 mutant
in the light without proton extrusion. There was no difference in sodium uptake activity between the WT and
mutant. The mutant still possessed 51% of the WT CO, transport activity in the presence of 15 mM NaCl. On
the basis of these results we concluded that cot4 has a role in light-induced proton extrusion and that the
inhibition of CO, transport in the M29 mutant is a secondary effect of the inhibition of proton extrusion.

The cotA gene of Synechocystis sp. strain PCC6803, a ho-
molog of the cemA genes found in chloroplast genomes of
higher plants, was cloned as a gene which complemented mu-
tants defective in CO, transport (4). The gene encodes a hy-
drophobic protein of 247 amino acids (CotA). The exact func-
tion of CotA in CO, transport, however, remains unknown.
The cemA genes in higher plants have been postulated to
encode b-type heme-binding proteins (2, 9, 16, 20). Sasaki et al.
have shown that the gene product in pea chloroplasts is local-
ized in the inner envelope membrane (14). However, no data
are available on the function of the cemAd gene product
(CemA). Both CemA and CotA contain four membrane-span-
ning domains, and their amino acid sequences are highly con-
served, especially in the C-terminal regions (4). These results
suggested that these chloroplast and cyanobacterial gene prod-
ucts may have a similar function, and elucidation of the role of
CotA is an important step not only in the study of cyanobac-
terial physiology but also in clarifying the role of CemA in
higher plants.

In this study, we constructed a mutant in which the cotd

gene was completely deleted and demonstrated that the mu-
tant does not extrude protons in the light. Light-induced pro-
ton extrusion has been found in a number of cyanobacterial
strains. Kaplan et al. reported light-induced, sodium-depen-
dent acidification of the medium by Synechococcus sp. and
inferred that the acidification is mediated by H*-ATPase 3).
Scherer et al. (15) and Ogawa and Kaplan (7) observed a
similar phenomenon for Anabaena variabilis and Synechococ-
cus sp., respectively. They attributed the acidification to the
efflux of protons produced as a result of CO, to HCO;™ con-
version during CO, transport. Lockau and Pfeffer (5) reported
on a plasma membrane-located proton pump, the activity of
which is light and sodium dependent. However, no data were
available on a gene(s) involved in light-induced proton extru-
sion. Physiological studies of the cot4-less mutant suggest that
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inhibition of CO, transport in the mutant is a secondary effect
of the inhibition of proton extrusion. A possible role of cotA in
light-induced proton extrusion will be discussed.

MATERIALS AND METHODS

Growth conditions. Cells of Synechocystis sp. strain PCC6803 were grown at
30°C in BG11 medium (17) buffered with 20 mM 2-{4-(2-hydroxyethyl)-1-pipera-
zinyljethanesulfonic acid (HEPES)-KOH (pH 7.0 to 8.0), N,N-bis(2-hydroxyeth-
yhglycine (bicine)-KOH (pH 8.5), or 2-(N-morpholino)ethanesulfonic acid
(MES)-KOH (pH 6.4) during aeration with 3% (volivol) CO, in air. Low-sodium
(low-Na™) medium was prepared by adding NaCl (final concentration of 100
nM) to a modified BG11 medium in which all the sodium salts were replaced by
potassium salts. Continuous illumination was provided by fluorescent lamps at
120 wmol of photosynthetically active radiation per m? per s (400 to 700 nm).

Transformation of Synechocystis sp. strain PCC6803. The cotd gene was re-
placed by the omega fragment (10), which confers spectinomycin and strepto-
mycin resistance (the Sp*/Sm" cartridge). The plasmid containing the substituted
gene was used to transform the wild-type (WT) cells of Synechocystis sp. strain
PCC6803 into the Sp/Sm" mutant, by the protocol of Williams and Szalay (21).

Silicone oil-filtering centrifugation. Time courses of uptake of *CO, and
H*CO;~ into the intracellular inorganic carbon (C;) pool of the WT and mutant
cells were determined by the silicone oil-filtering centrifugation method (19).
Cells were harvested by centrifugation and resuspended in 20 mM tris(hydroxy-
methyl)methyl-2-aminoethanesulfonic acid (TES)-KOH buffer (pH 8.0) contain-

ing 15 mM (or 100 pM) NaCl at a chlorophyll (Chl) concentration of 20 wg/ml.

C, uptake was initiated by the addition of 1*CO, or H'*CO,™ (final concentra-
tions of 25 and 120 M, respectively; 2.0 MBg/umol) in the light to the cell
suspension layered on the silicone oil layer in a plastic tube (0.5 ml) and termi-
nated by centrifugation. The sorbitol impermeable spaces of the WT and mutant
cells and the pH of the cytoplasm were determined by the methods described by
Heldt (1). The sorbitol impermeable spaces of the WT and mutant cells were 81
and 63 pl/mg of Chl, respectively. For the determination of the pH in the
cytoplasm, the thylakoid space was assumed to be 10% of the sorbitol imperme-
able space.

Uptake of ?Na™ into the WT and mutant cells was determined by the same
method except that Na* uptake was initiated by the addition of 2NaCl (final
concentration of 100 uM or 15 mM; 4.7 or 0.47 MBg/umol, respectively) in the light.

All the radioisotopes used in this study are the products of Dupont (Wilming-
ton, Del.).

Measurements of proton exchange and O, evolution. The net proton exchange
was measured at 30°C as described by Kaplan et al. (3). Cells were harvested by
centrifugation and washed to achieve the required pH. Cells were suspended in
the same buffer containing 100 pM NaCl, 15 mM KCl, or 15 mM NaCl at a Chl
concentration of 14 ug/ml. Photosynthetic CO, fixation was inhibited by adding
glyceraldehyde (11) to the cell suspension at a final concentration of 20 mM, and
the pH of the external solution was monitored by a pH electrode with a meter
(Inlar 423 and Delta 350; Mettler Toledo, Halstead Essex, United Kingdom) in
a sample chamber used for the O, evolution measurement.
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FIG. 1. Restriction map of a 6.9-kbp DNA insert in plasmid pSC. The 1.1-
kbp BamHI-Spel fragment was replaced by the omega fragment (Sp7/Sm" car-
tridge) (10) in plasmid pMSC. The cotd gene (7)) and the omega fragment
(KS) are indicated; the arrows show the directions of transcription. B, BamHI;
Bg, Bglll; E, EcoRI; H, Hpal; S, Spel; Sa, Sall.

1.0 kbp

The rate of photosynthetic O, evolution was measured at 30°C with an 0,
clectrode (Rank Brothers, Cambridge, United Kingdom). The suspension buffer
was 20 mM TES-KOH buffer (pH 8.0) containing various concentrations of
NaCl.

For all these measurements, the cell suspension was illuminated with white
light from a 150-W halogen lamp guided to the sample chamber (tube) by a glass
fiber (MHF-150L; Kagaku Kyoeisha Ltd., Osaka, Japan). The light intensity at
the surface.of the chamber (tube) was 4.0 mmol of photosynthetically active
radiation per m? per s.

Growth curves. Growth curves were determined from the rise in the optical
density at 730 nm with a Shimadzu recording spectrophotometer (model UV-
2200). The specific growth rates (u) are expressed per day. (To convert the
growth rates to doublings per day, divide In 2 (0.693) by w.)

Other methods. Unless otherwise stated, standard techniques were used for
DNA manipulations (13). Pigments in the cells were extracted with methanol,
and the Chl concentration in the extract was determined (8).

RESULTS

Construction of mutant (M29) lacking the cot4 gene, The
cotA gene in the pSC plasmid, constructed by inserting a 6.9-
kbp Sall-Hpal fragment of Synechocystis sp. strain PCC6803
into the pKY184 vector (18), was replaced by the omega frag-
ment (10) to produce the pMSC plasmid (Fig. 1). The pMSC
plasmid was used to transform the WT cells of Synechocystis sp.
strain PCC6803 to Sp*/Sm" resistance through homologous re-
combination. The transformant showed a mutant phenotype
and was unable to grow in low-Na* medium. The segregation
of the modified gene(s) in the mutant cells was complete, as
confirmed by the PCR method (12) with genomic DNA of the
mutant as a template (data not shown). The mutant thus con-
structed was named as M29.

Growth characteristics of WT and mutant cells. The growth’

rates of the WT and M29 cells were determined in standard
(BG11) and low-Na™ media buffered at various pHs during
aeration with 3% (vol/vol) CO, in air and are plotted as a
function of the pH of the growth media (Fig. 2). The WT cells
showed 80% of the growth rate at pH 8.5 in the standard
medium even at pH 6.4. In low-Na* medium, the WT cells
were unable to grow at pH 6.4, and the growth rate at pH 7.2
was half the rate at pH 8.5. The M29 mutant grew well at pHs
above 7.6 in standard medium but hardly grew at pHs below
7.2. In low-Na* medium, the mutant did not grow at any pH
examined. With the CO, concentrations used in these experi-
ments, the growth of cells was not limited by the supply of the
carbon source. This finding was confirmed by the result ob-
tained with the ndhB-less mutant, MS5, which does not have (O
transport activity (6). The M55 mutant grew as fast as the WT
-in low-Na™ medium at 3% (volivol) CO, in air but did not
grow with air even in the standard medium (data not shown).
Thus, the inability of M29 to grow under low-sodium condi-
tions is not due to an insufficient supply of C,.
The growth rates of the WT and mutant cells plotted as a
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FIG. 2. Growth rates (u) of WT (circles) and M29 (triangles) cells as a
function of pH of the medium (closed symbols for BG11 medium and open
symbols for low-Na™ medium). Cultures were aerated with 3% (volfvol) COy in air.

function of the sodium concentration in the medium are shown
in Fig. 3. The mutant required more than 5 mM sodium for
growth (curve B) whereas the WT grew well at 100 uM NaCl
(curve A). These results suggest that translocation of the ion(s)
essential for growth of the cells is affected by the sodium
concentration in the medium.

O, evolution. O, evolution of the WT at 100 uM NaCl was
as high as that at 15 mM NaCl (Fig. 4, curve A). In contrast,
the level of activity in the M29 mutant was low at 100 .M NaCl
and increased as the sodium concentration was raised to attain
a maximum level above 1 mM NaCl (curve B). The results are
consistent with the growth characteristics of the WT and mu-
tant cells (Fig. 3), although growth of the mutant required
higher concentrations of sodium.
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FIG. 3. Growth rates () of WT (circles) and M29 (triangles) cells as a
function of sodium concentration in BG11 medium (pH 8.0) in which all sodium
salts were replaced by potassium salts. Cultures were aerated with 3% (volivol)
CO; in air.
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FIG. 4. Rates of O, evolution of WT (circles) and M29 (triangles) cells as a
function of sodium concentration in the sample solution. Cells were suspended
in 20 mM TES-KOH buffer (pH 8.0) containing various concentrations of NaCl.

*’Na uptake, C, transport, and intracellular pH. Figure 5A
shows the time courses of sodium uptake by the WT and M29
cells in light at the extracellular NaCl concentrations of 15 mM
and 100 wM. There was no significant difference between so-
dium uptake in the WT and the mutant. Thus, the sodium
uptake system is not impaired in the mutant. The rate of
sodium uptake at 15 mM NaCl was about 60 times the rate at
100 wM NaCl.

Since cotA was cloned as a gene which complemented mu-
tants defective in CO, transport, the gene product was postu-
lated to encode a component of the CO, transport system 4).
The deletion of the cotd gene, however, did not abolish CO,
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FIG. 5. (A) Time courses of **Na* uptake by WT (circles) and M29 (trian-
gles) cells in light. Cells were suspended in 20 mM TES-KOH buffer (pH 8.0)
containing 100 uM (open symbols) or 15 mM (closed symbols) NaCl. The 22NaCl
solution was added to the cell suspension in the light in an amount to give the
above concentrations of NaCl. (B) Time courses of uptake of CO, and HCO,~
into the intracellular C; pool of WT (circles) and M29 (triangles) cells. Cells were
suspended in 20 mM TES-KOH buffer (pH 8.0) containing 100 pM (open
symbols) or 15 mM (closed symbols) NaCl. The concentrations of CO, and
HCO;™ were 25 and 120 wM, respectively.
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FIG. 6. Changes in pH of cell suspensions with (on) and without (off) light.
WT (profiles A to E), M29 (profiles F to 1), and M55 (profiles J and K) cells were
suspended in 0.2 mM MES, HEPES, bicine-KOH buffer (pH 7.9 for profiles A
to C, Fto H, J and K; pH 6.5 for profiles D, E, and I) containing 15 mM KCl
(profiles A and F) or 15 mM NaCl (profiles B to E, G to K). Photosynthetic CO,
fixation of the cells was inhibited by 20 mM glyceraldehyde in profiles C, E, and
K.

transport completely; M29 still possessed about 51 and 17% of
the WT activity at 15 mM and 100 pM NaCl, respectively (Fig.
6B). The HCO, ™ transport was also reduced in the mutant and
was 77 and 62% of the WT activity at 15 mM and 100 M
NaCl, respectively (Fig. 6B). On the basis of these results, we
conclude that the observed inhibition of CO, transport (and
HCO,™ transport in M29) in the mutants described previously
(4) and herein is a secondary effect which also affects the
growth of the cells under low-sodium conditions.

To test whether the inability of the mutant to grow under
acidic conditions is due to a failure to control the intracellular
pH, the uptake of '*C-labeled 5,5-dimethyloxazolidine-2,4-di-
one was determined in WT and mutant cells suspended in

.BG11 medium buffered at pH 6.5. The pHs in the cytoplasm of

the mutant were 6.9 in the dark and 7.5 in the light, which were

essentially the same as pHs 6.8 and 7.5, respectively, obtained
with the WT. Thus, the pH homeostasis is functioning nor-

mally in the mutant.

Net proton movements. The profiles of net proton move-
ments determined in the WT and M29 cells are shown in Fig.
6. When the WT cells suspended in 0.2 mM MES, HEPES,.
bicine-KOH buffer (pH 7.9) containing 15 mM KCI (curve A)
or NaCl (B) were illuminated, there was an acidification (H*
extrusion or OH™ uptake) followed by an alkalization (H*
uptake or OH™ extrusion) of the medium. In contrast, acidi-
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fication was not observed for the M29 mutant with illumination
under the same conditions, and only alkalization of the me-
dium was observed (profiles F and G). Both acidification and
alkalization were stimulated by 15 mM sodium (profiles A, B,
F, and G), but the profiles obtained with 15 mM KCI and 100
uM NaCl were the same as those without NaCl (data not
shown). Inhibition of photosynthetic CO, fixation by glyceral-
dehyde (11) significantly reduced the rate of alkalization (pro-
files C and H), indicating that the hydroxyl ion produced as a
result of bicarbonate utilization is extruded in the light. Glyc-
eraldehyde did not have any effect on light-induced acidifica-
tion. The profile of net proton movement of the WT cells
obtained at pH 6.5 (profile D) was the same as that obtained at
pH 7.9 (profile B). However, the addition of glyceraldehyde
completely abolished the alkalization at pH 6.5 (profile E).
Proton movement was hardly observable for the M29 mutant
at pH 6.5 in either the absence (profile I) or presence of
glyceraldehyde. It is evident that M29 is a mutant which is
unable to extrude protons in the light. The M55 mutant, which
does not have C; transport activity (6), showed profiles of
proton movement similar to that of the WT (profiles J and K).
These profiles indicate that the observed proton movement is
not a phenomenon accompanied by C; transport.

DISCUSSION

The present study clearly demonstrated that the mutant
(M29) in which the cot4 gene was completely deleted did not
show light-induced proton extrusion (Fig. 6). Although light-
induced acidification of the medium has been observed for a
number of cyanobacterial strains, there were no data available
on the gene(s) involved in this phenomenon. cotA is the first
gene found to be involved in light-induced proton extrusion.

The extrusion of protons will produce Ay and ApH across
the cytoplasmic membrane to drive the transport of other jons.
C; transport was inhibited in the M29 mutant (Fig. 5B), indi-
cating that transport is at least partially coupled with proton
extrusion. However, we were not able to specify other trans-
porting processes coupled with the observed light-induced pro-
ton extrusion. The growth characteristics of the mutant cannot
be explained by the inhibition of C; transport since 3% CO, in
air (vol/vol) was bubbled during the growth rate determination.
It is considered that the supply of the carbon source does not
limit cell growth under these conditions. pH homeostasis was
normal in the mutant at external pH 6.5, and there was no
significant difference between sodium uptake in the WT and in
the mutant (Fig. 5A). Therefore, at present we have to ascribe
the inability of the mutant to grow in low-Na™ medium or in
standard medium below pH 7.0 to reduced activities of trans-
port processes which are coupled to the light-induced proton
extrusion in the WT. Some transport processes may be depen-
dent on the pH and the sodium concentration.

The light-induced proton exchange was observed for the
M55 mutant (Fig. 6, profiles J and K), which does not have
active C; transport and an NADPH-mediated photosystem-1
cyclic electron pathway (6). Thus, the acidification of the me-
dium is not due to the efflux of protons produced during CO,
uptake, and a cyclic electron flow of this type is not needed for
energizing the proton exchange. The mechanism of proton
extrusion dependent on the cotA gene product is not known. It
is unlikely that the gene product is H*-ATPase because of the
absence of an ATP-binding motif in the deduced amino acid
sequence. The gene product could be another type of H*
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transporter or a component involved in the energization or
regulation of the transporting system.
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cotA of Synechocystis sp. strain PCC6803 is a gene involved in light-induced proton extrusion (A. Katoh, M.
Sonoda, H. Katoh, and T. Ogawa, J. Bacteriol. 178:5452-5455, 1996). There are two possible initiation codons
incot4, and either long (L-) or short (S-) cot4 encoding a protein of 440 or 247 amino acids could be postulated.
To determine the gene size, we inserted L-cotd and S-cot4 into the genome of a cotA-less mutant (M29) to
construct M29(L-cotd) and M29(S-cotA), respectively. M29(L-cotd) showed essentially the same net proton
movement profile as the wild type, whereas no light-induced proton extrusion was observed with M29(S-cot4).
Two kinds of antibodies were raised against partial gene products of the N- and C-terminal regions of L-cotA4,
respectively, fused to glutathione S-transferase expressed in Escherichia coli. Both antibodies cross-reacted with
a band at 52 kDa in both cytoplasmic and thylakoid membrane fractions of the wild-type cells. The same
cross-reacting band was present in the membranes of M29(L-cot4) but not in M29 or M29(S-cot4). These
antibodies cross-reacted more strongly with the cytoplasmic membrane fraction than with the thylakoid
membrane fraction. The antibody against NrtA, a nitrate transporter protein present only in the cytoplasmic
membrane, also cross-reacted with the thylakoid membrane fraction strongly. Based on these results we
concluded that CotA of 440 amino acids (51 kDa) is located in the cytoplasmic membrane. Whether CotA is
absent in the thylakoid membrane remains to be solved.

cotA of Synechocystis sp. strain PCC6803 is a homolog of
cemA which has been found in chloroplast genomes of various
plants (3,6, 15, 24, 29, 30). cemA genes of higher plants encode
proteins of 229 to 231 amino acids (3, 24, 29, 30), whereas
those of liverwort (15) and Chlamydomonas reinhardtii spp.
(EMBL Sequence Library, accession no. X90559; N. Rolland)
encode much larger proteins, of 434 and 500 amino acids,
respectively, as estimated from their DNA sequences. The
cemA product has been found in the inner envelope membrane
of pea chloroplasts as a band at 34 kDa during sodium docecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (24),
but the products of the liverwort and Chlamydomonas genes
have not been identified. There are two possible initiation
codons in cotd of Synechocystis. When the first ATG was pos-

tulated as the initiation codon, the gene product was a 51-kDa.

protein of 440 amino acids. We concluded in a previous paper
that the translation started from the second ATG codon, giving
a gene product of 29 kDa (247 amino acids), close in size to
CemA of higher plant chloroplasts (6, 24). However, a prelim-
inary experiment to identify the gene product suggested that it
may be much larger. This led us to the present study to deter-
mine the size of cot4 and to identify and locate the gene
product. .

A cotA deletion mutant of Synechocystis (M29) constructed
in a previous study was used for this purpose. The mutant did
not show light-induced proton extrusion and was unable to
grow at pH 6.4 or in a low-sodium medium (7). We inserted
long (L-) or short (S-) cotA into a neutral site of the genome of
this mutant to see which cot4 transforms the mutant to the
wild phenotype. Measurements of growth characteristics and

* Corresponaing author. Mailing address: Bioscience Center,
Nagoya University, Chikusa-ku, Nagoya 464-01, Japan. Phone: 81-52-
789-5215. Fax: 81-52-789-5214. E-mail: h44975a@nucc.cc.nagoya-u.ac
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light-induced proton extrusion of these two kinds of cotA-
inserted M29 mutants and Western analysis using antibodies
raised against partial gene products enabled us to determine
the size of cot4 and to identify and locate the gene product.

MATERIALS AND METHODS

Growth conditions. Wild-type (WT) and mutant cells of Synechocystis sp.
strain PCC6803 were grown at 30°C in BG-11 medium (28) buffered with 20 mM .
N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid (TES)-KOH at pH 8.0
during aeration with 3% (volivol) CO, in air. Continuous illumination was
provided by fluorescent lamps at 120 p.mol of photosynthetically active radiation/
m?s (400 to 700 nm).

Transformation of Synechocystis. An L-cotd or S-cotA gene was inserted into
a neutral site of the genome of a cotd-less mutant (M29) of Synechocystis sp.
strain PCC6803 (see Fig. 1 and 2). The plasmid containing L-cotA or S-cot4 with
the kanamycin resistance (Km") cartridge (16) was used to transform M29 cells
into Km" mutants, by the protocol of Williams and Szalay (31).

Measurements of proton exchange. Net proton exchange was measured at
30°C as described previously (5, 7). Cells were harvested by centrifugation,
‘washed twice with 0.2 mM TES-KOH buffer (pH 8.0), and then suspended in the
same buffer containing 15 mM NaCl and chlorophyll at a concentration of 14
ng/ml. The pH of the cell suspension was monitored by a pH electrode with a
meter (Inlar 423 electrode and Delta 350 meter; Mettler Toledo, Halstead,
Essex, United Kingdom). Light from a 150-W halogen lamp was guided by a glass
fiber (catalog no. MHF-150L; Kagaku Kyoeisha Ltd., Osaka, Japan) to illumi-
nate the sample in the chamber at an intensity of 4.0 mmol of photosynthetically
active radiation/m?s.

Preparation of antibodies. The DNA fragments encoding 191- and 38-amino-
acid residues of the N- and C-terminal regions of cot4 (see Fig. 2), amplified by
PCR (22), were ligated to pGEX-2T (Pharmacia, Uppsala, Sweden) containing
the glutathione S-transferase (GST) gene (gst). The fusion proteins (GST-191
and GST-38) were induced for 3 h at 37°C by adding 1 mM isopropyl-B-p-
thiogalactopyranoside (IPTG) to Escherichia coli cells transformed with the
chimeric plasmids. The GST protein was also expressed in E. coli. GST-38
formed inclusion bodies, while GST-191 and GST were recovered as soluble
proteins. The inclusion bodies were isolated, solubilized with 5% SDS, and
electrophoresed by SDS-PAGE (4, 9). A predominant GST-38 band at 31 kDa
was cut out from the gel and was mashed with a mortar and pestle to be injected
into rabbits. GST-191 and GST were purified on a glutathione-Sepharose 4B
column (Pharmacia).

The antibodies against GST-191 and GST-38 fusion proteins were obtained
from rabbits according to the standard procedure (2). The antibody against
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FIG. 1. (a) Restriction map of a 6.9-kbp DNA insert in plasmid pSC. L-cotA
and S-cotA are indicated by the thickly and thinly hatched bars, respectively, with
the arrow showing the direction of transcription. (b) The 1.1-kbp BamHI/Spel
fragment was replaced with the omega fragment (Sp*/Sm* cartridge) (21) and the
kanamycin resistance cartridge was inserted at the Bg/II site to produce plasmid
pKMSC. DNA fragments containing S-cot4 and L-cot4 were inserted at the Bg/Il
site in the pKMSC plasmid to produce the pKMSC(S-cat4) (c) and pKMSC(L-
cotd) (d) plasmids. The sites shown in parentheses are not present in the
constructs. Abbreviations for restriction enzymes: B, BamHI; Bg, BgllI; E,

"EcoRI; H, Hpal; S, Spel; Sa, Sall.

GST-38 was purified by the method reported by Kelly et al. (8). The fused
protein in the gel was blotted onto a polyvinylidene difluoride membrane and
reacted with the antibody. After washing, the antibody was eluted from the
membrane with 0.2 M glycine-HCI solution (pH 2.8), containing 1 mM EGTA
and bovine serum albumin (0.1 mg/mi). The antibody immunospecific to GST
was similarly purified from the antibody against GST-38. The antiserum for
GST-191 was used for Western analysis without further purification.

(d)
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—
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Preparation of membrane and soluble fractions. Cytoplasmic and thylakoid
membranes and soluble fractions were prepared from the WT cells by modifi-
cation (20) of the method of Omata and Murata (17). Cells were disrupted
through a French pressure cell at 120 MPa. Total membrane fractions were
prepared from the WT and mutant cells as described by Nilsson et al. (11).

Electrophoresis and Western analysis. SDS-PAGE was performed according
to the system of Laemmli (9) as modified by Ikeuchi and Inoue (4). Polypeptides
were electrotransferred to a nitrocellulose membrane and reacted with the an-
tibodies. Goat anti-rabbit immunoglobulin G conjugated to peroxidase was used
as the secondary antibody, and reacting bands were detected with an enhanced
chemiluminescence kit (Amersham).

Northern blot analysis. To determine the size of transcript of the cotA gene,
RNAs in the WT and mutant cells of Synechocystis were extracted by the method
of Aiba et al. (1). The probes used for hybridization were PCR products con-
taining S-cot4 (see Fig. 1 and 2) and the carbonic anhydrase-like gene (open
reading frame [ORF] sir0051 in the CyanoBase sequence bank of the Kazusa
DNA Research Institute).

Other methods. Unless otherwise stated, standard techniques were used for
DNA manipulation (23). Pigments in the cells were extracted by methanol, and
the chlorophyll concentration in the extract was determined (14).

RESULTS

Insertion of different sizes of cot4 into a cotA-less mutant.
The pSC plasmid contains the cotd gene of Synechocystis sp.
strain PCC6803 in a 6.9-kbp DNA insert (Fig. 1a) in the
pKY184 vector (29). Two sizes of cotA, encoding proteins of
440 and 247 amino acids, are shown (Fig. 1a). The BamHI/Spel
fragment containing cot4 was replaced by the omega fragment
(21) to produce plasmid pMSC, which was used to construct
the cotd-less mutant of Synechocystis, M29 (not shown; see
reference 7). A kanamycin resistance (Km") cartridge havirig
the Bgl/ll and BamHI sites at each end (synthesized by the PCR
method with pUC4K as a template) was inserted at the Bg/Il
site of pMSC to produce plasmid pKMSC (Fig. 1b). The DNA

ACTTCGCCACCACTGGCCATATAACTGGGTTAATCGATGGGTTTTGCCACTGTAGCGATCGCCCTTCTAGCCAGATTATTTCTGCCAAATCTTTTACCCCTGATAGTTCCCGTTGGTTCT
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721 AAAAAGCGCCGGGACGGTTTTCAATATATTCGGCGGGAAGATACCCAACAAAAAGTAGATACTGCCACCCAAAAATCTGGCGTTTTGCCCCGTTCCTTCTTGCGTACCATCGACCGTCTG

[KXRRDGFQYIRREDTQQKVDTATQ](SGVLPRQFLRTIDRL)

84

—

[Kxk R_ EM D P 0 s s

96

—

L L A H® QL T XK TFVFULUL P S V E s

ARGCGGGAAATGGACCCCCAGTCCAGTGACACTGAGCAAAAGGTGCTCAAACAATATCGCAATTCTCGCTATAAAACTGCCCTCTCAATTAAGT TTGTTTTAACCTTAATTATTGTGCCC
D T E O K.V L K]JQ YR N S R Y K T A L S
CTGCTGGCCCATCAATTGACTARAACATTTTTTCTTTTGCCTTCGGTGGAATCATTTTTTGAGCGTAATAGTGAGGTTG T T T TTATTAACCAGAGTATGGAGACAGAAGCCTATGAGGAA
F FERNSEU VYV FTINQSMMETEA ATYEE

I K F VL TLTI I V P

1081 TTGAGTCATTTTGAAGAATCTCTGCGTTTTCGAGAATTGTTAGGTTTTGGCGAAAAAQTTTCCCCCGAAGCTAAGGAAGAAAAACTGGCGGAGAAAGCCAAAGAAATTTCCGAAAGTTAC

L s B F E E
1201

R RV S T VN A IDMAMUVNXTITFATUDTI

1321

EI1 VY GGL S D SAZ KWBATFTLTI I
1441

S LRFRETULILGTFGET XKTLSU?PEA ATEXKTETETZ KTLA ATETE KA ATXKTETISTES Y
CGTCGGGTTAGCACCAATGCGATCGCCAATA1lllthTGATALLLLALLLcTGGTGGCCTTTTCACTTGTTTTGGTCAATAGTCAACGGGAAATTGAAGTTTTAAAAGAATTTATTGAC
F S L VATFSLVDLVNSOQRETIEUVTELTEKTETFTISTID
GAAATTGTCTATGGCTTGAGTGACTCGGCTAAGGCATTCTTGATTATTCTCTTTACCGATATGTTTGTTGGTTTTCACTCTCCCCACGGTTGGGAAGTAATTTTGGCTAGTATCGCCCGT
L F¥F TDMTFV G F BE S P HGWEUVTITULA S
CATTTTGGTTTGCCGGAAAATCAAGATTTTAACTTTCTTTTTATCGCAACTTTCCCGGTAATTTTAGATACGGTCTTTAAATATTGGATCTTCCGTTATCTGAATAGTATTTCTCCCTCT

I A R

B F GL P ENQDF N F|L F

I_ A T F P V

I L DT VF XK Y W I GFRTYTLUNS S I s b 3]

-

1561 GCCGTGGCTACCTACCGCAATATGAATGAGTAAATGGGCAAAATAATTCCCCCTAGGCATGGTGCTCAAGGGGGARA

[A v aT Yy R N M N E]

FIG. 2. Nucleotide sequence of DNA in the region of cotd and deduced amino acid sequence (single-letter code) of the protein encoded by cotd. The putative

promoter sequences (—10 and —35) are underlined. Sequences of primers used for PCR to synthesize S-cotd (c) and L-cot4 (d) are also underlined, and arrows above
the sequence indicate the directions. An initiation codon postulated for S-cot4 is double underlined.
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A:WT B: M29

off

2umol H* /mg Chl

C : M29(S-cotA) D : M29(L-cotA)

:

2 min

FIG. 3. Changes in pH of cell suspensions upon switching the light on and off.
WT (A), M29 (B), M29(S-cot4) (C), and M29(L-cot4) (D) cells were suspended
in 0.2 mM TES-KOH buffer (pH 8.0) containing 15 mM NaCl. Ch, chlorophyll.

fragments containing S-cot4 and L-cot4 were synthesized by
the PCR method (using primers shown in Fig. 2) and were
inserted into pKMSC to produce the pKMSC(S-cotd) and
PKMSC(L-cotA) plasmids, respectively (Fig. 1c and d). These
plasmids were used to transform M29 to Km* through homol-
ogous recombination. The transformants are referred to in this
work as M29(S-cot4) and M29(L-cot4), respectively.

Growth characteristics. M29(L-cot4) and M29(S-cotA) cells
were grown in BG-11 medium buffered at pH 8.0 and then on
agar plates buffered to pH 8.0 or 6.5. Kanamycin (10 pg/ml)
was added to the medium, and 3% (vol/vol) CO, in air was
supplied during the culture. Both M29(L-cot4) and M29(S-
cotA) grew well on the plates buffered to pH 8.0, but M29(S-
cotA) was unable to grow on the plates buffered to pH 6.5.
Thus, M29(S-cotA) still showed the mutant phenotype whereas
M29(L-cotA) formed many colonies even at pH 6.5.

Net proton movements. When the WT cells suspended in 0.2
mM TES-KOH buffer (pH 8.0) containing 15 mM NaCl were
illuminated, there was an acidification followed by an alkaliza-
tion of the medium (Fig. 3A). The light-induced acidification
was not observed with the M29 mutant; only alkalization of the
medium was observed (Fig. 3B). These characteristics of the
WT and mutant were essentially the same as those reported
previously (7). The M29(S-cot4) cells showed the same char-
acteristics as M29 (Fig. 3C). In contrast, M29(L-cotA) showed
the WT activity of light-induced proton extrusion (Fig. 3D).
The results clearly demonstrated that L-cot4 but not S-cotA is
functional for light-induced proton extrusion.

Identification of CotA. Western analysis of the membrane
and soluble fractions of the WT Synechocystis sp. strain
PCC6803 indicated that a protein in the cytoplasmic and thy-
lakoid membrane fractions with an apparent molecular mass of
52 kDa cross-reacted with the antibody raised against GST-191
(lanes b and d in Fig. 4). The same band cross-reacted with the
antibody raised against GST-38. No reacting band was ob-
served in the soluble fraction (lane f). The antibody immuno-
specific to the GST protein did not react with this band (data
not shown), indicating that the protein cross-reacted with the
antibodies immunospecific to the partial CotA in the fused

cotA GENE PRODUCT OF SYNECHOCYSTIS 3847

H

FIG. 4. Electrophoretic profiles showing CBB staining patterns of polypep-
tides (lanes a, ¢, and e) and immunoblots of CotA (b, d, and f) in the cytoplasmic
membrane (a and b) and thylakoid membrane (c and d) fractions and soluble
fraction (e and f) of Synechocystis sp. strain PCC6803. Samples (30 ug of proteins
for CBB staining and 15 pg for immunoblotting) were solubilized at room
temperature, boiled for a few minutes, and run in a 12% gel containing 7 M urea.
The antibody against GST-191 was used for immunoblottings. The sizes of
marker proteins are indicated (in kilodaltons) on the left.

proteins. To confirm that the 52-kDa cross-reacting band is the
product of cot4, Western analysis was performed with the total
membrane fractions prepared from the WT, M29, M29(L-
cotA), and M29(S-cotA) cells, and the results are shown in Fig.
5. No cross-reacting band was observed at 52 kDa in the mem-

FIG. 5. Electrophoretic profiles showing CBB staining patterns of polypep-
tides (upper lanes) and immunoblots of CotA (lower lanes) of the membrane
fractions of WT (lane a), M29 (lane b), M29(L-cot4) (lane c), and M29(S-cotA)
(lane d). The conditions for SDS-PAGE and the indication of marker proteins
are as described in the legend to Fig. 4. The antibody against GST-38 was used
for immunoblottings. ’
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CotA ¥
50kDy > @D

FIG. 6. Immunoblots of NrtA (upper column) and CotA (lower column) in
the cytoplasmic membrane (CM [lane a]) and thylakoid membrane (TM [lanes b
to e)) fractions of Synechocystis Sp. strain PCC6803. The conditions used for
SDS-PAGE are described in the legend to Fig. 3, and the amounts of proteins

b).

brane fractions of M29 or M29(S-cotd). As expected, the
cross-reacting 52-kDa band was clearly observed with the WT
membranes and the same cross-reacting band was found in the
M29(L-cot4) membrane fraction. Evidently, the protein that
cross-reacted with the antibodies is the product of cot4
(CotA). The size of CotA estimated from SDS-PAGE agreed
with that deduced from the nucleotide sequence of L-cotA4.
The 52-kDa band was not detected on the Coomassie brilliant
blue R-250 (CBB) staining profiles of the membranes of WT or
M29(L-cot4) (lanes a and c in Fig. 4 and lanes a and ¢ in Fig.
5). The amount of CotA appears to be low.

Location of CotA. Both cytoplasmic and thylakoid mem-
brane fractions of the WT contained CotA (Fig. 4). It was not
possible to isolate these two types of membranes from Syn-
echocystis sp. strain PCC6803 cells without cross-contamina-
tion. Therefore, the presence of CotA in the fractions of these
two types of membranes do not necessarily mean that CotA is
present in both membranes. As reported previously, about
one-fourth of the proteins in the cytoplasmic membrane frac-
tion originated from.contaminated thylakoid membrane (12).
In order to test whether the thylakoid membrane fraction is
free from contaminated cytoplasmic membrane, we have
tested the cross-reactivity of the thylakoid membrane fraction
to the antibody against NrtA, which is a protein involved in
nitrate transport and s localized only in the cytoplasmic mem-
brane of Synechococcus sp- strain PCC7942 (18, 19). The an-
tibody against NrtA strongly cross-reacted with the thylakoid
membrane fraction of Synechocystis, with the cross-reactivity
about half that with the cytoplasmic membrane fraction (Fig.
6A). This result, together with the 25% contamination of thy-
lakoid membrane in the cytoplasmic membrane fraction (12),
indicated that about 38% of the proteins in the thylakoid

membrane fraction originated from contaminated cytoplasmic.

membrane. If CotA is localized only in the thylakoid mem-
brane, the Cross-reactivity of the thylakoid membrane fraction
with the antibody against GST-191 must be about 2.5 times
that of the cytoplasmic membrane fraction, The cross-reactiv-
ity of the antibody against GST-191 with the thylakoid mem-
brane fraction was, however, about half that with the cytoplas-
mic membrane fraction (lanes b and d in Fig. 4, lanes a and d
in Fig. 6B). The results clearly demonstrated that CotA is
located in the cytoplasmic membrane. The cross-reactivities of
the antibodies against GST-191 and NrtA with the thylakoid
membrane fraction were similar, which suggested that the an-
tibody against GST-191 cross-reacted predominantly, if not

loaded were 15'jig (lane ¢), 7.5 ng (lanes a and d), 3 jug (lane c), and 1.5 pg (lane

J. BACTERIOL.

i
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FIG. 7. Northern blot analysis of total RNA from WT (lanes A and B) and
M29 (lanes C and D) cells of Synechocystis sp. strain PCC6803. RNA was
denatured with formaldehyde, electrophoresed on a 1.2% agarose gel, trans-
ferred to a nylon membrane, and hybridized with the *?P-labeled DNA fragment
containing S-cot4 (lanes A and C) or the carbonic anhydrase-like gene (lanes C
and D). RNA sizes are shown to the left (in kilobases).

NSRS S SIS

totally, with contaminated cytoplasmic membrane. It is, how-'

ever, not possible at present to exclude the possibility that a
small amount of CotA is present in the thylakoid membrane.

Northern analysis. Northern analysis with RNAs prepared
from the WT in the previous study indicated that the cotd
transcript is 0.8 kb (6), which is much smaller than the L-cotA4
transcript. The BamHI/Spel fragment used as a probe in the
previous study, however, cross-reacted with the transcript for
the ORF on the complementary strand downstream of cotd.
This ORF was strongly expressed, and the size of the transcript
was 0.8 kb (1a). To avoid this complexity, we used the PCR
product containing S-cot4 as a probe (Fig. 1 and 2) and per-
formed Northern analysis with RNAs from the WT and M29.
The transcript was found in the WT as a smear band starting at
1.4 to 1.5 kb, but no hybridizing band was detected with M29

~ (lanes A and C in Fig. 7). Thus, the probe specifically cross-

reacted with the cotd transcript of the L-cotd size. When the
carbonic anhydrase-like gene was used as a probe, both WT
and mutant RNAs gave a single band at 950 bases (lanes B and
D). Thus, the quality of these RNA preparations is sufficiently
high. ,

cot4 sequences. The nucleotide sequence of L-cot4 and the
amino acid sequence deduced from the nucleotide sequence
are shown in Fig. 2, where amino acid sequences in the fusion
proteins, GST-191 and GST-38, are boxed. There was no
Shine-Dalgarno (26) sequence upstream of the initiation
codon. A possible promoter sequence can be found upstream

of the initiation codon at bases 100 to 105 (CTGATA [-35

 box]) and 123 to 128 (TAAGAT [~10 box]).

Comparison of CotA and CemA sequences. As reported in a
previous paper (6), the amino acid sequence deduced from the
nucleotide sequence of the cord gene of Synechocystis sp. strain
PCC6803 showed significant similarity to the sequences of
cemA gene products of various plants (3, 15, 24, 27, 30). Figure
8 shows the homology in the amino acid sequences among
CotA of Synechocystis and CemA of liverwort (15) and
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FIG. 8. Comparison of the deduced amino acid sequences for CotA of Synechocystis ($.6803), CemA of liverwort (Marpo), and Chlamydomonas (Chlamy). Residues

in CemA identical to corresponding residues in CotA are indicated ).

Chlamydomonas. The homology was high in the C-terminal
regions but was low in the N-terminal regions.

DISCUSSION

The present study clearly demonstrated that cotd consists of
1,320 nucleotides and encodes a protein of 440 amino acids.
Northern analysis using a probe specific to cot4 (Fig. 7) and
the strong cross-reactivity of the antibodies against GST-191
and GST-38 with a band at 52 kDa (Fig. 4 and 5) supported
this result. Therefore, CotA has 200 additional amino acids
differing from CemA of higher plants and is similar in size to
CemA of liverwort (15) and Chlamydomonas. Although there
was significant homology in the amino acid sequences in the
C-terminal region among CotA of Synechocystis and CemA of
various plants (3, 15, 24, 27, 30) and Chlamydomonas, the
homology of the additional 200- to 250-amino-acid sequences
in the N-terminal region was low among CotA and CemA of
liverwort and Chlamydomonas (Fig. 8). These amino acids in
the N-terminal regions might have been lost in the course of
evolution.

The antibodies raised against GST-191 and GST-38 cross-
reacted with the cytoplasmic and thylakoid membrane prepa-
rations. As described in Results, the stronger cross-reactivity of
the antibodies with the cytoplasmic membrane fraction indi-
cates that CotA is present in the cytoplasmic membrane. The
thylakoid membrane fraction of Synechocystis sp. strain
PCC7942 contains about 8% contaminated cytoplasmic mem-
brane (18). The same fraction from Synechocystis was, how-
ever, contaminated with more cytoplasmic membrane. Al-
though results in this study showed that the cross-reactivity of
the antibodies with the thylakoid membrane fraction is pre-
dominantly, if not totally, due to contaminated cytoplasmic
membrane, we were unable to exclude the possibility that thy-
lakoid membrane contains a small amount of CotA. CemA, a
homolog of CotA, is absent in the thylakoid membrane of pea
chloroplasts (24). This strongly suggests that CotA is also ab-
sent in the thylakoid membrane of Synechocystis.

Light-induced proton extrusion has been observed with var-
ious cyanobacterial strains (5, 7, 10, 13, 25). The proton extru-
sion was abolished in a cot4 deletion mutant (M29) (Fig. 3B
and reference 7). The finding of the recovery of light-induced
proton extrusion in M29(L-cot4) confirmed that the inhibition
of this activity was not the result of a pleiotropic effect of cotd

deletion. Thus, CotA in the cytoplasmic membrane has a role
in the light-induced proton extrusion, although the exact func-
tion of CotA in this reaction is not known. The absence of an
ATP-binding motif in cot4. indicates that CotA is not an H™ -
ATPase itself. It is possible that CotA plays a role in regulating
or activating an H*-ATPase or it could be another type(s) of
proton pump. Further studies are in progress to answer these
questions on the role of CotA.
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Abstract

cotA, ahomologue of cemA that encodes a chloroplast envelope membrane protein, was cloned from Synechococcus
PCC7942. The gene encodes a protein of 421 amino acids, which is similar in size to CotA of Synechocystis
PCC6803 and CemA of liverwort and Chlamydomonas. There was significant sequence homology among these
CotA and CemA in the C-terminal region but the homology was low in the N-terminal region. Sequencing of
Synechococcus DNA in the cotA region revealed two other genes downstream of cotA, one of which is homologous
to cobP and could be cotranscribed with cotA. A mutant (M48) was constructed by inactivating cotA in the wild-type
(WT) Synechococcus. The mutant showed the same characteristics as the cotA-deletion mutant of Synechocystis
(M29) and was unable to grow in a low sodium medium or at acidic pH under aeration with 3% CO; in air (v/v).
Synechococcus cotA did not comple-ment M29. Three chimeric cozA genes of the two cyanobacterial strains were
constructed. One of these chimeric genes strongly and the other two weakly complemented the mutant.

Abbreviations: kbp —kilobasepair; km’—kanamycin resistant; ORF-open reading frame; PAR-photo-
synthetically active radiation; PCR-—polymerase chain reaction; TES —N-Tris(hydroxy-methyl)methyl-2-

aminoethanesulfonic acid; WT - wild type

Introduction

cemA is a gene found in chloroplast genomes of plants
(Ohyama et al. 1986; Shinozaki et al. 1986; Hiratsu-
ka et al. 1990; Willey and Gray 1990) and Chlamy-
domonas (N. Rolland, EMBL Sequence Library,
Accession No. X90559) and encodes a functional-
ly unknown protein localized in chloroplast envelope
membrane (Sasaki et al. 1993). A cemA homologue
has been cloned from Synechocystis PCC6803 as a
gene that complemented the mutants defective in CO,
transport and was named cotA (Katoh et al. 1996a).
Both CemA and CotA contain 4 membrane spanning
domains and their amino acid sequences are highly
conserved in the C-terminal regions (Ohyama et al.

1986; Shinozaki et al. 1986; Hiratsuka et al. 1989;
Willey and Gray 1990; Katoh et al. 1996a). We have
once reported that Synechocystis CotA consists of 247
amino acids, being similar in size to CemA of higher
plants. However, recently we concluded that Syne-
chocystis CotA consists of 440 amino acids and is
much larger than higher plant CemA (Sonoda et al.
1997). Deletion of cotA from the WT Synechocystis
completely abolished proton extrusion activity in the
light (Katoh et al. 1996b). The results indicated that
cotA of Synechocystis has a role in the light-induced
proton extrusion. In an attempt to see whether co?A is
present in other cyanobacterial strains and whether it
has a similar size and function to those of Synechocys-
tis cotA, we have cloned and inactivated the cotA gene
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of Synechococcus PCC7942. We have also tried to
complement a cotA-deletion mutant of Synechocystis
with Synechococcus cotA or with chimeric cotA genes
of the two cyanobacterial strains. This paper describes
isolation and characterization of the Synechococcus
cotA gene, some physiological properties of a corA-
inactivated mutant and the ability of Synechococcus
cotA or chimeric genes to complement the Synechocys-
tis mutant.

Materials and methods

Growth conditions

Cells of Synechococcus PCC7942 were grown at 30 °C
in BG-11 medium (Stanier et al. 1971) buffered with
20 mM of TES-KOH (pH 8.0) during aeration with
3% COy in air (v/v) under illumination by fluorescent
lamps (120 pmol PAR/m?s), as described previously
(Katoh et'al. 19964, b).

Cloning and inactivation of cotA

A fragment of Synechocystis cotA amplified by PCR

method (Saiki et al. 1988) was used as a probe for .

heterologous hybridization to clone the corresponding
gene from WT Synechococcus. A fraction containing
2 to 3-kbp BamHI digests of Synechococcus DNA that
hybridized with the probe was used to construct a par-
tial genomic library in pUCI8. A clone (pUCB2.3)
containing cotA was isolated from the library by colony
hybridization. A 17-kbp fragment containing the con-
tiguousregion was isolated from a ADASH Il library of
WT Synechococcus by plaque hybridization, using the
insert DNA of pUCB2.3 as a probe, and was digested
by EcoRI. A 3.2-kbp band that hybridized to the probe
was subcloned into pUCI8 (pUCE3.2). The cotA gene
in pUCB2.3 was inactivated by inserting the km" car-
tridge (Oka et al. 1981). The plasmid containing the
modified gene was used to transform the WT cells of
Synechococcus PCC7942 into the km® mutant, using
the protocol of Williams and Szalay (1983).

Construction of chimeric cotA genes

Chimeric genes of Synechococcus and Synechocystis
cotA were synthesized by the PCR method reported by
Horton et al. (1989). Each chimeric gene was inserted
into pKMSC plasmid (Sonoda et al. 1997) and was used

to transform the cotA-deletion mutant of Synechocystis
(M29) into kanamycin resistance.

Measurements of net proton exchange

Cells were harvested by centrifugation, washed twice
with 0.2 mM of TES-KOH buffer (pH8.0) and sus-
pended in the same buffer containing 15 mM NaCl
at a chlorophyll concentration of 14 pg/ml. Changes
in pH of the cell suspension (3 ml) were monitored
by a pH electrode with a meter (Inlar 423 and Delta
350; Mettler Toledo, Halstead Essex, UK). After each
measurement, the signal was calibrated by injecting
10 pl of 7.5 mM HCI to the cell suspension. Cells in
a sample chamber kept at 30 °C were illuminated with
white light from a 150 W halogen lamp guided to the
sample chamber by a glass fiber (MHF-150L; Kagaku
Kyoeisha Ltd., Osaka, Japan) at 4.0 mmol PAR/m?2s.

Other methods

Growth curves were determined from the rise in the OD
at 730 nm using a Shimadzu recording spectropho-
tometer (Model UV-2200). Unless otherwise stated,
standard techniques were used for DNA manipulation
(Sambrook et al. 1989). Pigments in the cells were
extracted by methanol and the chlorophyll concentra-
tion in the extract was determined (Ogawa and Shibata
1965).

Results

Cloning and sequence analysis of cotA and genes in .
the neighboring region

The restriction maps of the insert DNA in pUCB2.3
and pUCE3.2 are shown in Figure 1. Sequencing of
the 2.3-kbp insert DNA revealed an ORF encoding a
protein of 421 amino acids near the BamHI site at the
right end. This ORF was found to be cotA based on
the strong sequence homology to cotA of Synechocys-
tis PCC6803 (see Figure 2). A part of an ORF was
found upstream of cofA in the complementary strand
and four ORFs (ORF180, ORF164, ORF108 and the
gene encoding Fur repressor protein) downstream of
cotA on the same strand (Figure 1). The nucleotide
sequence from the middle of the ORF in the comple-
mentary strand to the beginning of the Fur repressor
gene, together with the amino-acid sequences deduced
from the nucleotide sequences for cotA, ORF180 and



W E Y uyrr op
E B
i 1

md

101

> oL oD O

ORF180 ORF164 ORF108 Fur repressor

protein

1kb

Figure |. Restriction maps of a 2.3 kbp-DNA insert in pUCB2.3 (left) and a 3.2-kbp DNA insert in pUCE3.2 (right). Six ORFs and the direction
of transcription are shown by the boxes with arrowheads. The cotA gene is shadowed and the site of insertion of the km'cartridge is shown with
the direction indicated by the arrow. B, BamHI; Bg, BglIl; E, EcoRI; H, HindlIL; P, Pstl.

ORF164, have been deposited in the EMBL library
(Accession No. AB004281). No SD sequence (Shine
and Dalgarno 1975) was found upstream of the pos-
tulated initiation codon for cotA. There are only 9 bp
nucleotides between the termination codon for cotA
and the initiation codon for ORF180, which suggests
that these two genes are cotranscribed.

Homologous genes

The cotA gene of Synechococcus PCC7942 encodes a
protein of 421 amino acids that is close in size to CotA
of Synechocystis PCC6803 (440 amino acids; Sonoda
etal. 1997) and CemA of liverwort (434; Ohyamaetal.
1986) and Chlamydomonas (500; N. Rolland, EMBL
Sequence Library, Accession No. X90559) but much
larger than CemA of higher plants (229-231; Shinoza-
ki et al. 1986; Hiratsuka et al. 1989; Willey and Gray
1990). Figure 2 shows the homology in the amino-acid
sequences among CotA of Synechococcus and Syne-
chocystis and CemA of liverwort and Chlamydomonas.
Synechococcus CotA showed higher homology with
Synechocystis CotA than with CemA. The homology
was high in the C-terminal regions but was low in
the N-terminal regions. Comparison of the sequences
of 230 amino acid residues in the C-terminal region
revealed that 136 residues of Synechococcus CotA are
identical in Synechocystis CotA (59%), 83 residues
in Chlamydomonas CemA (36%) and 81 residues in
liverwort CemA (35%). Comparison of the sequences
of 200 amino-acid residues in the N-terminal region
indicated that 28 residues of Synechococcus CotA are
identical in Synechocystis CotA (14%), 37 residues in
Chlamydomonas CemA (18.5%) and 17 residues in
liverwort CemA (8.5%).

ORF180 encodes a hydrophilic protein of 180
amino acids and ahomologous gene was found in Syne-
chocystis PCC6803 (sIr0216 in Cyanobase; Kaneko et
al. 1996). These genes showed significant sequence
homology to cobP or cobU of various organisms,
where the ATP binding motif was highly conserved
(Figure 3A). A gene homologous to ORF164 was
also present in Synechocystis PCC6803 (slr0217 in
Cyanobase) but no genes homologous to ORF164 were
found in other organisms in the database (Figure 3B).

Insertional inactivation of the cotA gene

In Synechocystis PCC6803, deletion of cotA abolished
the activity of light-induced proton extrusion and the
deletion mutant was unable to grow in a low sodi-
um medium or under acidic conditions (Katoh et al.’
1996b). To see whether cotA of Synechococcus is also
involved in light-induced proton extrusion, the gene
was inactivated by inserting the km* cartridge at the
Pstl site within the cotA gene in pUCB2.3 (see Fig-
ure 1). The km" mutant (M48) thus constructed was
unable to grow in a low sodium medium (curve D in
Figure 4) or in normal BG-11 medium buffered at pH
6.5 (data not shown) while the WT cells grew in these
media (curve B). Both WT and mutant grew well in
BG-11 medium buffered at pH 8.0 (curves A and O).
When the WT cells suspended in 0.2 mM Tes-KOH
buffer (pH 8.0) containing 15 mM NaCl (curve E in
Figure 4) were illuminated, there was an acidification
(H* extrusion or OH™ uptake) of the medium, being
consistent with the observations reported by Ogawa
and Kaplan (1987) and Kaplan et al. (1989). The activ-
ity of light-induced proton extrusion of the mutant was
only one tenth of the WT activity (curve F). Thus, these
characteristics of the mutant were the same as those of
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Figure 4. Left: growth curves of WT (curves A, B) and M48 (C,
D) cells in BG-11 medium containing 17 mM Nat (A,C) or in a
medium containing 100 yM Na+ (B,D) during aeration with 3%
CO; in air (v/v). Right: changes in PH of cell suspensions upon
switching the light on and off. WT (curve E), M48 (F) cells were
suspended in 0.2 mM TES-KOH buffer (pH 8.0) containing 15 mM
NaCl.

the cotA-deletion mutant of Synechocystis PCC6803
(M29). The results clearly demonstrated that cotA has a
role in the light-induced proton extrusion both in Syne-
chococcus PCC7942 and Synechocystis PCC6803.

Complementation of the M29 mutant with chimeric
henes of Synechococcus and Synechocystis cotA

cotA of Synechococcus with its own promoter did not
complement the Synechocystis mutant, M29; the trans-
formant did not grow at pH 6.5. Northern analysis sug-
gested that the gene was not or only weakly expressed
in Synechocystis (data not shown). Three kinds of
chimeric genes of Synechococcus and Synechocystis
cotA (X1, X2 and X3) were constructed. X1 is the Syne-
chococcus gene fused to the promoter region of Syne-
chocystis. X2 and X3 are the chimeric genes with the

~ sequences of the promoter and N-terminal regions from

Synechocystis cotA and those of C-terminal region
from Synechococcus cotA (see Figure 2 for the sites
of fusion). X3 transformed the M29 mutant complete-
ly to the WT phenotype; the transformant showed the
WT activity of light-induced proton extrusion and grew
as fast as the WT at pH 6.5 (curves A and B in Fig-
ure 5). The X2 transformant grew more slowly than
the WT at pH 6.5 and showed only small activity of
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light-induced proton extrusion (©). X1 complement-
ed the M29 mutant but very weakly, judging from the
slow growth of the transformant at pH 6.5 (D) in con-
trast to the inability of the M29 mutant to grow under
these conditions (E). However, the li ght-induced pro-
ton extrusion was not detectable in the X1 transformant
(D).

Discussion

This paper clearly demonstrated that Synechococcus
PCC7942 possesses cemA homologue (cotA) and that
inactivation of the gene resulted in inhibition of pro-
ton extrusion in the light. Thus, the presence of cotA
and its involvement in light-induced proton extrusion
appear to be common in cyanobacteria. The significant
homology of cotA with cemA, suggests that cemA in
chloroplasts of plants and algae has the same function
as cotA in cyanobacteria.

ORF180, which showed strong homology to cobP
or cobU involved in cobalamin biosynthesis (Fig-
ure 3A), was located very close to cotA in the
Synechococcus genome. This suggests that cotA
and ORFI180 are cotranscribed. Trials to inactivate
ORF180 or cobP/cobU homologue in Synechocystis
were unsuccessful. Inactivation of these genes might
be lethal to the cells.

The light-induced proton extrusion has been
observed with various strains of cyanobacteria but
the physiological significance of this reaction remains,
unknown (Lockau and Pfeffer 1982; Ogawa and
Kaplan 1987; Scherer et al. 1988; Kaplan et al. 1989).
The extrusion of protons will produce Ay and ApH
across the cytoplasmic membrane to drive transport
of other ions. The inability of the M48 mutant to
grow in a low sodium medium could be ascribed to
reduced activities of transport processes which are cou-
pled either to the light-induced proton extrusion or to
a reaction requiring a sodium concentration in the mil-
limolar range. The latter reaction could be Na+/H+
antiport, which may complement the CotA-dependent
reaction. The following scheme is possible as to the
effect of these reactions on the growth of cells. The
cells grow in normal BG-11 medium when either of
these reactions is functioning but the corA-less mutant
is unable to grow when Nat/H+ antiport is not func-
tioning efficiently in the low sodium medium. The
growth at pH 6.5 may require functioning of both
reactions. The transport of many ions may be cou-
pled to or affected by these reactions. The transport of
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Figure 5. Changes in pH of cell suspensions upon switching the light on and off. WT of Synechocystis (curve A), X3 (B), X2 (C), X1 (D)
transformants and M29 (E) were suspended in the same buffer as in Figure 4. Growth rates of these cells in BG-11 medium buffered at pH 6.5
are shown by the p values. Doubling time (in days) = 0.693/p. Cultures were aerated with 3% CO; in air (v/v).

CO; is strongly affected by the CotA-dependent reac-
tion (Katoh et al. 1996b) and also probably by Na*/H*
antiport. Absence of an ATP-binding motif in the
deduced amino-acid sequence of CotA may indicate
that the gene product is not a Ht -ATPase but could be
another type of H* transporter or a component involved
in energization or regulation of a H* -transporting sys-
tem.

Although we were unable to observe any difference
between the WT and cotA-less mutant of Synechocystis
in their internal pH under the experimental conditions
we applied (Katoh et al. 1996b), the possibility that
cotA isinvolved in pH regulation during the cell growth
can not be ruled out.

Synechococcus cotA with its own promoter did
not complement the cotA-deletion mutant of Syne-
chocystis, suggesting that the Synechococcus promoter
was not functioning efficiently in Synechocystis. The
chimeric genes (X1 and X2) which contain relatively
less conserved regions of Synechococcus only weak-
ly complemented the mutant (Figure 5). Such strain-
specific stringency for the functioning of CotA sug-
gests that CotA may form a complex with other pro-
tein(s) and may require high stringency for the complex
formation.
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1. Introduction

When suspension of cyanobacterial cells are illuminated, there is an acidification of the
medium followed by an alkalization [1-4]. Both acidification and alkalization are specifi-
cally stimulated by Na*. The acidification was assumed to be due to a light-dependent
- uptake of COs that is converted to HCO3- [2,3] and the alkalization due to extrusion of OH-
~ produced as a result of conversion of HCO3" to CO; that is fixed by photosynthesis [1].
. Ambiguity, however, remains on the source of protons or hydroxyl ions extruded in the
light and electron transport involved in the proton extrusion is not yet known.

pxcA (formerly known as cotA) is a cyanobacterial gene homologous to cemA or yef10
in chloroplast genomes and has been cloned from Synechocystis PCC6803 andSynecho-
coccus PCC7942 [5-7]. Mutants with inactivated pxcA were unable to grow in low Na+
medium or in acidic medium and did not show light-dependent proton extrusion [4,7].
Western analysis indicated that PxcA is located in the cytoplasmic membrane [8)]. These
results indicated that PxcA is involved in light-dependent proton extrusion and is essential
to cell growth under acidic or low salt conditions. The present study aims to clarify which
mode of electron transport is involved in the light-dependent proton extrusion and to see
the effect of pxcA inactivation on the uptake of CO,, HCO3- and NO3- . '

2. Materials and Methods

Cells of wild-type (WT) and mutants (pxcA-[4], psaAB-[9] and psbDIC-/psbDII'[10)) of
Synechocystis PCC6803 were grown at 30°C in BG-11 medium [11] buffered at pH 8.0
- during aeration with 3% (vol/vol) CO; in air. Continuous illumination was provided at 40

umol photosynthetically active radiation/mzsvi(40(}—700 nm) for psaAB- cells and at 100
umol /m2s for the other strains. Glucose‘(*f 'mM) was added to the above medium for the

growth of psaAB- and psbDIC-/psbDII". ‘ '
Changes in pH of the cell suspension (3 ml) kept at 30 °C were monitored by a pH
electrode with a meter (Inlar 423 and Delta 350; Mettler Toledo, Halstead Essex, UK) [4].
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3. Results and Discussion

3.1. Proton exchange by the WT and PXCA- mutant.

When cell suspension of WT Synechocystis was illuminated, there was an acidification
followed by an alkalization of the medium (Fig. 1, curve A). In contrast, only alkalization
was observed with the pxcA- mutant in the light (D). The result indicates that PxcA is
involved in light-dependent proton extrusion. In the presence of glyceraldehyde (GA; an
inhibitor of CO; fixation) the alkalization was inhibited both in the WT and mutant (B and
E), which supports the view that the alkalization is due to extrusion of OH- produced as a
result of HCO3- to CO, conversion [1]. The inhibition was not complete, indicating the
presence of alkalization independent of this reaction. When WT cells were illuminated in
the presence of 2,5-dimethyl-p-benzoquinone (DMBQ), an electron acceptor from photo-
system(PS) II, the net proton extrusion ceased after a minute of illumination and a post-
illumination influx of protons was observed (C). This suggests that in the light both extru-
sion and influx of protons occur, reaching a stationary level where there is no net proton
exchange. After the light is turned off (causing proton extrusion to cease) proton influx
continues for a short time until new steady-state level is attained. In the presence of
DMBAQ, inorganic carbon uptake does not occur [12] and the observed proton fluxes are
independent of this reaction. Both light-dependent proton extrusion and postillumination
proton influx were very small in the pxcA- mutant in the presence of DMBQ (F).

3.2. Net proton exchange in mutants defective in PS I or PS II. '

To clanfy with which part(s) of photosynthetic electron transport proton extrusion may be
associated, mutants lacking either PS I.or PS I were investigated. The psaAB- (PSI-less)
strain showed light-dependent proton extrusion (curve A in Fig. 2). On a per-chlorophyll
basis, the amplitude of proton extrusion was 2-3 fold larger than that in WT (compare with
curve A in Fig. 1). The result indicates that PS II-mediated electron transfer can drive a
significan{ amount of proton extrusion. No proton uptake was observed in the PS I-less
mutant in the light, consistent with the lack of COx fixation in this strain. In the presence of
DMBQ, a more extensive acidification was observed with this mutant followed by proton
uptake (Fig. 2 B). Thus, PS II-driven electron transport from water to DMBQ or, to a
lesser extent, to oxygen can lead to proton extrusion. A small amount of light-induced

V- VL
1
!

D * E F +
\/\ d }
TN N

A

2umol H*/mg Chl

2min

Figure 1. Net proton movements in suspensions of WT (curves A-C) and pxcA™ (D-F)
cells of Synechocystis PCC6803 upon switching the light on and off. Cells were
suspended in 0.2 mM Tes-KOH buffer (pH 8.0) containing 15 mM NaCl in the absence.
(A, D) and presence of 20 mM GA (B,E) or 1 mM DMBQ (C, F).
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proton extrusion was observed when a cell suspension of the psbDIC-/psbDII- strain was
illuminated in the absence of DMBQ (C) but not in its presence (D).

The above results indicate that the activity of proton extrusion is correlated with the
activity of photosynthetic water splitting and electron transport through the cyt.bg/f
complex, both of which produce a proton gradient across the thylakoid membrane and
thereby can lead to the generation of ATP. PxcA does not have an ATP-binding motif and
is unable to hydrolyze ATP by itself. PxcA could be a regulator of an ATP-dependent
proton extrusion pump, of which activity may be very low in the absence of PxcA.

3.3. Effect of Na* and pH on the uptake of CO,, HCO3 and NO3 in WT and pxcA-.
Cells have a mechanism to maintain a homeostasis with respect to the intracellular pH and
electroneutrality during transport of nutrients. To test whether the PxcA-dependent proton

exchange is involved in maintaining this homeostasis, the uptake of CO,, HCO3- and NO5-
was monitored in the WT and pxcA- strain at pH 8.0 and 6.5 in the presence of normal
concentration (15 mM) of NaCl (N-Na+) or KC| with a contaminating concentration of
Na* (L-Na*; ~100uM Na*). There was no difference between the WT and mutant in their

HCO3" uptake at least at pH 8; the activity was high at N-Na* and low at L-Na* (Fig. 3,
middle column). At L-Na*, tiie activity of NO3- uptake was very low in pxcA" at pH 8.0
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Figure 2. (left) Net proton movement in the suspensions of psaAB- (A, B) and pszIC'

/psbDII- (C, D,) cells upon switching the light on and off. DMBQ was added prior to
illumination for curves B and D. ‘

Figure 3. (right) The rates of CO, HCO3- and NO3- uptake in WT and pxcA- cells of
Synechocystis at pH 8.0 and 6.5 at normal (N-) and low (L-) Na* concentrations.
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and was zero at pH 6.5 (bottom columns). At N-Na*, no significant effect of pxcA
inactivation was observed on CO; and NO3" uptake at pH 8.0 but COs-uptake activity was
reduced significantly at pH 6.5 (upper and bottom columns). No CO, uptake was
observed in the mutant at pH 6.5 and L-Na*. It is evident that the inactivation of PxcA
strongly affected the CO; uptake under acidic conditions and the NOs3- uptake at low Na+
concentrations.

We propose a working hypothesis involving two complementary proton exchange
systems, i.e. PxcA-dependent and PxcA-independent proton exchange systems, in
maintaining homeostasis with respect to the intracellular pH and electroneutrality. The
PxcA-independent system could be Na*+/H+ antiport. The proton exchange catalyzed by
these systems is stimulated by Na*. Both systems are essential to CO; transport at pH
6.5 but PxcA-independent system alone is sufficient at pH 8 at N-Na+. However, both
systems are required at L-Na* even at this alkaline PH. At L-Na*, NO3- uptake requires
the PxcA-dependent system. When PxcA-independent proton exchan ge is active at N-Na+,
PxcA-dependent system is not required for NO3- uptake. Uptake of HCO3- requires high
activity of PxcA-independent proton exchange at N-Na+ either in the WT or in DXCA".

Proton exchange catalyzed by the PxcA-independent system should be observed as the
pH changes of the suspension medium of pxcA- cells. The slow alkalization observed
with pxcA- in the light and the slow acidification in the dark may be due to proton influx
and efflux by the PxcA-independent system; it is also possible that rapid influx and efflux
of protons via the PxcA-independent system system with a small net proton movément
that can not be measured by the pH electrode used in this study. :
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The product of pxcA (formerly known as cotd) is involved in light-induced Na*-dependent proton extrusion.
In the presence of 2,5-dimethyl-p-benzoquinone, net proton extrusion by Synechocystis sp. strain PCC6803
ceased after 1 min of illumination and a postillumination influx of protons was observed, suggesting that the
PxcA-dependent, light-dependent proton extrusion equilibrates with a light-independent influx of protons. A
photosystem I (PS I) deletion mutant extruded a large number of protons in the light. Thus, PS II-dependent
electron transfer and proton translocation are major factors in light-driven proton extrusion, presumably
mediated by ATP synthesis. Inhibition of CO, fixation by glyceraldehyde in a cytochrome ¢ oxidase (COX)
deletion mutant strongly inhibited the proton extrusion. Leakage of PS II-generated electrons to oxygen via
COX appears to be required for proton extrusion when CO, fixation is inhibited. At pH 8.0, NO,~ uptake
activity was very low in the pxc4 mutant at low [Na*] (~100 1M). At pH 6.5, the pxcA strain did not take up

- CO, or NO,™ at low [Na*] and showed very low CO, uptake activity even at 15 mM Na*. A possible role of

PxcA-dependent proton exchange in charge and pH homeostasis during uptake of CO,,

discussed.

HCO,"~, and NO,~ is

Light-induced extrusion of protons into the medium has
been observed in'various cyanobacterial strains (2,3,6,8,9,12,
17, 18, 21, 22). Scherer et al. (17, 18) reported two phases of
light-induced proton extrusion in Anabaena variabilis. The first
phase is due to a light-dependent uptake of CO,, which is
converted to HCO, ™, and the second phase was considered to
be dependent on ATP and linear photosynthetic electron flow.
Both phases of proton extrusion are specifically stimulated by
Na™. Similar Na*-dependent light-induced proton extrusion
has been observed with Synechococcus and Plectonema 2, 6,
12). The light-induced proton extrusion in Plectonema has
been assumed to be due to a respiratory electron transport
chain localized on the cytoplasmic membrane (2). The physi-

ological significance of the light-induced proton extrusion is .

not yet known, and ambiguity remains whether photosynthetic
or respiratory electron transport and whether cytoplasmic or
thylakoid membranes are involved in this reaction.

pxcA (formerly known as cotd) is a homolog of cemA or
y¢f10 in chloroplast genomes (7, 8, 21, 22). Light-induced pro-
ton extrusion activity was abolished when pxcA was inactivated
in Synechocystis sp. strain PCC6803 (8, 21) or Synechococcus
sp. strain PCC7942 (22). The pxcA mutants were unable. to
grow in low-Na™ medium or in acidic medium. PxcA is located
in the cytoplasmic membrane (21), and the cemA or ycf10 gene
in chloroplast genomes encodes a chloroplast envelope mem-
brane protein (16). These results indicate that PxcA is involved
in light-induced proton extrusion and that this protein is es-
sential for cell growth under acidic or low-salt conditions.

* Corresponding author. Mailing address: Bioscience Center,
Nagoya University, Chikusa-ku, Nagoya 464-8601, Japan. Phone: 81-
52-789-5215. Fax: 81-52-789-5214. E-mail: h44975a@nucc.cc.nagoya-u
.ac.jp.
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The present study aims to clarify which mode of electron
transport is involved in the light-induced proton extrusion and
to determine the effect of pxcA inactivation on the uptake of
CO,, HCO;™, and NO, ™. For this reason, pxcA mutants and
strains carrying deletions of genes that code for photosynthetic
or respiratory electron transport components in Synechocystis
sp. strain PCC6803 were analyzed. Measurements of net pro- .
ton exchange in the wild-type (WT) and mutant cells with or
without electron acceptors or inhibitors enabled us to conclude
that photosystem II (PS II)-driven electron transport was pri-
marily involved in this reaction. We have also measured the
uptake of CO,, HCO; ™, and NO;~ in the WT and pxcA mu-
tant. The results demonstrate that the PxcA-dependent proton
exchange is essential for CO, uptake under acidic conditions
and for NO, ™ uptake at low-Na* concentrations.

MATERIALS AND METHODS

Mutants and growth conditions. The following mutants were used in this
study: pxcA (previously named M29) (8), psaAB (PS I-less) (20), psbDIC/psbDII
(PS Il-less) (24), and cox4B (cytochrome ¢ oxidase-less) (19). WT, pxcA, and
coxAB cells were grown at 30°C in BG-11 medium (23) buffered with 20 mM
N-Tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid (TES)-KOH at pH
8.0; the cultures were aerated with 3% (volvol) CO, in air. Glucose (5 mM) was
added to the above medium for the growth of psa4B and psbDIC/psbDII mu-
tants. Continuous illumination was provided by fluorescent lamps at 40-pmol
photosynthetically active radiation/m?/s (400 to 700 nm) for psaAB cells, which
are sensitive to higher light intensity, and at 100 wmol/m?/s for the other strains.

Measurements of proton exchange and uptake of CO,, HCO;™, and NO, ™.
Cells harvested by centrifugation were washed twice with 0.2 mM TES-KOH
buffer (pH 8.0) and then suspended in the same buffer at a chlorophyll concen-
tration of 14 wg/ml (1.4 pg/ml for the psa4B mutant, which has about sevenfold
less chlorophyll on a per-cell basis [20]). Changes in the pH of the cell suspension
(3 ml) kept at 30°C were monitored by using a pH electrode with a meter (Inlar
423 and Delta 350; Mettler Toledo, Halstead, United Kingdom). After each
measurement, the signal was calibrated by injecting 10 l of 7.5 mM HCl into the
cell suspension.

Uptake of CO, and HCO,~ was measured by the silicone oil-filtering centrif-
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FIG. 1. Net proton movements in suspensions of WT (A, B, D, and E) and
pxcA (C and F) cells upon switching the light on (arrow down) and off (arrow up).
The cells were suspended in 0.2 mM TES-KOH buffer (pH 8.0) containing 15
mM KClt (A and D) or NaCl (B, C, E, and F) in the absence (A to C) and
presence (D to F) of 1 mM DMBQ. The chlorophyll concentration in the cell
suspension was 14 pg/ml.

ugation method (11, 25). Nitrate uptake was measured as described by Omata et
al. (13). The cells were washed twice with nitrate-free medium (BG-11 medium
minus NaNO;, Na,CO;, and microelements) buffered with S mM MES-KOH at
pH 6.5 or with 5 mM TES-KOH at pH 8.0 and then suspended in the same buffer
supplemented with 5 mM KHCOj to a chlorophyll concentration of 7 pg/ml.
. NaCl (final concentration, 15 mM) was added to the cell suspension. The con-
centration of nitrate was determined with a Technicon autoanalyzer.

The light source for all the experiments was a 150-W halogen lamp (MHF-
150L; Kagaku Kyoeisha Ltd., Osaka, Japan) equipped with a glass fiber. Cells in
a sample chamber or in a 1.5-ml Eppendorf tube were illuminated by white light
from the fiber at an intensity of 4.0 mmol of photosynthetically active radiation/
m%s.

RESULTS

Effect of DMBQ on net proton exchange. The profiles of net
proton exchange measured with the WT and pxcA cells are
shown in Fig. 1. For these measurements, the cells were sus-
pended in 0.2 mM TES-KOH buffer (pH 8.0) with (Fig. 1D to
F) or without (Fig. 1A to C) 2,5-dimethyl-p-benzoquinone
(DMBQ). When WT cells suspended in buffer containing 15
mM KCI (Fig. 1A) or NaCl (Fig. 1B) were illuminated, acidi-
fication followed by alkalization of the medium was observed.
The acidification was stimulated by 15 mM Na*. In contrast,
for the pxc4 mutant, only alkalization, not acidification, of the
medium was observed upon illumination (Fig. 1C). It has been
reported that alkalization of the medium is linked to photo-
synthetic fixation of CO, produced by dehydration of HCO, ™
(10). These results confirm that Na*-stimulated light-induced
proton extrusion occurs in the WT strain but not in the mutant
(8). '

Acidification of the medium was stimulated when WT cells
were illuminated in the presence of DMBQ (Fig. 1D and E).
DMBQ can oxidize the plastoquinone pool and may be re-
duced by PS I; hence, it is an electron acceptor in photosyn-
thetic electron transport. Therefore, proton extrusion is linked
to photosynthetic electron transfer. No net alkalization fol-
lowed the acidification on illumination under these conditions,
due to the absence of photosynthetic CO, fixation. The pres-
ence of Na™ showed little effect on the extent of proton extru-
sion in the presence of DMBQ. Figure 1D and E indicates that
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FIG. 2. Net proton movement in the suspensions of psa4B (A to C), psbDIC/
psbDII (D and E), and coxAB (F and G) cells upon switching the light on (arrow
down) and off (arrow up). The cells were suspended in 0.2 mM TES-KOH buffer
containing 15 mM KCl (A) and NaCl (B to G). DMBQ was added prior to
illumination in panels C, E, and F. The chlorophyll concentration in the cell
suspension was 1.4 pg/ml for the psa4B mutant and 14 pg/ml for the psbDIC/
psbDII and coxAB mutants.

the net proton extrusion does not proceed continuously in the
light but ceases after 1 min of illumination. After the light was
turned off, an influx of protons was observed. This suggests that
in the light, both extrusion and influx of protons occur, reach-
ing an equilibrium where there is no net proton exchange,
whereas after the light is turned off (causing proton extrusion
to cease), proton influx continues for a short time until a new
steady-state level is attained. Both light-induced proton extru-
sion and postillumination proton influx were very low in pxcA
cells in the presence of DMBQ (Fig. 1F).

Net proton exchange in mutants defective in PS I, PS II or
cytochrome ¢ oxidase. Now that a role of photosynthetic elec-
tron transfer in proton extrusion has been established, the next
question involves the part(s) of photosynthetic electron trans-
port proton with which extrusion is associated and whether
respiratory electron transfer also plays a role. To address this
question, mutants lacking either PS I, PS II, or cytochrome ¢
oxidase were investigated. The psaAB (PS I-less) strain showed
Na™-stimulated light-induced proton extrusion (Fig. 2A and
B). On a per-chlorophyll basis, the amplitude of proton extru-
sion was two- to threefold larger than that in WT cells (com-
pare with Fig. 1A and B). Since about 85% of the chlorophyll
in WT Synechocystis sp. strain PCC6803 is associated with PS I
(20), this indicates that PS II-mediated electron transfer can
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FIG. 3. Effect of DMBQ, PNDA, DCMU, and DBMIB on net proton move-
ments in WT Synechocystis cells. The light was switched on (arrow down) and off
(arrow up) as indicated. The cells were suspended in 0.2 mM TES-KOH buffer
(pH 8.0) containing 15 mM NaCl. DMBQ (final concentration, 1 mM) (D to E),
PNDA (3 mM) (G to I), DCMU (20 uM) (B, E, and H), and DBMIB (10 pM)
(C, F, and 1) were added as indicated. All additions were done prior to illumi-
nation.

drive a significant amount of proton extrusion. No proton
uptake was observed in the PS I-less mutant in the light, con-
sistent with the lack of CO, fixation in this strain. In the
presence of DMBQ, a more extensive acidification followed by
proton uptake was observed (Fig. 2C), similar to what was seen
in WT cells but again with a two- to threefold-higher amplitude
on a per-chlorophyll basis. Thus, PS II-driven electron trans-
port from water to DMBQ or, to a lesser extent, to oxygen (the
latter involving oxidase[s]) can lead to proton extrusion.

A small amount of light-induced proton extrusion was ob-
served when a cell suspension of the psbDIC/psbDII strain was
illuminated in the absence of DMBQ (Fig. 2D) but not in its
presence (Fig. 2E). The initial rate of light-induced proton
extrusion in the psbDIC/psbDII strain was about 5% of that in
the psaAB stain on a per-chlorophyll basis (the rates were 200
and 4,020 wmol/mg of chlorophyli/h in psbDIC/psbDII and
PsaAB strains, respectively, in the presence of 15 mM NaCl but
in the absence of DMBQ).

The proton exchange profiles obtained for the cox4B mutant
in the presence and absence of DMBQ were the same as those
obtained for WT cells (Fig. 2F and G). Thus, cytochrome ¢
oxidase is not essential to proton extrusion under these condi-
tions.

Effect of electron transfer inhibitors and acceptors on pro-
ton exchange. The results presented thus far imply that elec-
tron transfer involving PS II is a major factor in light-driven
proton extrusion. To further test this, proton extrusion was
measured in WT cells after addition of 3-(3-4-dichlorophenyl)-
1,1-dimethylurea (DCMU), a PS II electron transport inhibi-
tor. Indeed, DCMU strongly inhibited the proton extrusion
and created a pattern similar to that observed in the PS-II less
mutant (compare Fig. 3B with Fig. 2D). The proton extrusion
was more strongly inhibited by 2,5-dibromo-3-methyl-6-isopro-
pyl-p-benzoquinone (DBMIB), an inhibitor of electron trans-
port at the cytochrome by/f complex (Fig. 3C). The light-in-
duced proton extrusion of WT cells in the presence of DMBQ
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FIG. 4. Effect of GA, KCN, and DMBQ on net proton movements involving
WT (A to Cand G to ) and cox4B (D to F) cells of Synechocystis. The light was
switched on (arrow down) and off (arrow up). The cells were suspended in 0.2
mM TES-KOH buffer (pH 8.0) containing 15 mM NaCl at a chlorophyll con-
centration of 14 pg/ml. GA (final concentration, 20 mM) (B, C, E, and F) and
KCN (5 mM) (H and 1) were added prior to illumination and DMBQ (1 mM) (C,
F, and H) was added in the dark to the cell suspensions after the profiles in the
presence of the inhibitors were obtained.

was completely inhibited by DCMU (Fig. 3D and E); addition
of DBMIB resulted in partial inhibition (Fig. 3F). Addition of
DCMU during illumination in the presence of DMBQ caused
influx of protons into the cells, and no postillumination proton
influx was observed on subsequent removal of the light source
(data not shown).

Addition of p-nitrosodimethylaniline (PNDA), a PS I elec-
tron acceptor (1), had little effect. However, if both PNDA and
DCMU were added, the amount of proton extrusion was some-
what greater than when DCMU alone was added (Fig. 3B and
H). DBMIB strongly inhibited the proton extrusion in the
presence of PNDA (Fig. 3I). These results indicate that the
extrusion of protons was abolished when both water splitting
and the cytochrome bg/f complex were inhibited. However,
electron transport from water to DMBAQ, and, to a lesser ex-
tent, from the intracellular reductants to electron acceptors via
PS I and/or PS I-dependent cyclic electron flow energizes pro-
ton extrusion.

To test the hypothesis that alkalization is driven by HCO;~
utilization, photosynthetic CO, fixation was inhibited by glyc-
eraldehyde (GA) treatment. This treatment reduced the rate
of alkalization in both the WT and coxAB cells (Fig. 4A, B, D,
and E), indicating that OH~ produced as a result of bicarbon-
ate utilization is extruded in the light. Interestingly, GA did not
affect the light-induced proton extrusion in the WT strain (Fig.
4A and B) but had a strong inhibitory effect on proton extru-
sion in the cox4B strain (Fig. 4D and E). The GA inhibition
was relieved by addition of DMBQ (Fig. 4F). A similar result
was obtained with the WT strain when 5 mM KCN was added
(Fig. 4G to I). At this concentration, KCN inhibits both pho-
tosynthetic CO, fixation and oxidase activity. Therefore, in the
absence of photosynthetic CO, fixation, electron flow to OXy-
gen via cytochrome ¢ oxidase is essential for proton extrusion.
If this electron flow cannot occur, the quinone pool may be
overreduced and continuous electron transfer cannot occur.
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FIG. 5. Rates of CO,, HCO;™, and NO;~ uptake in WT and pxcA cells of
Synechocystis at pH 8.0 and pH 6.5 in the presence of 15 mM NaCl (N-Na*) or
KCI (L-Na*).

However, if DMBQ is added, PS II-mediated electron transfer
can resume and proton extrusion is observed.

Effect of Na* and pH on the uptake of CO,, HCO,™, and
NO;™ in WT and pxcA strains. Protons are produced during
the transport of CO, and are consumed when NO, ™ is reduced
to NH, via NO,™ or when HCO;" is converted to CO,. Cells
have a mechanism to maintain homeostasis with respect to the
intracellular pH and electroneutrality during these processes.
To test whether the PxcA-dependent proton exchange is in-
volved in maintaining this homeostasis, the uptake of CO,,
HCO;™, and NO;~ was monitored as a function of the activity
of proton exchange. For this purpose, the uptake of CO,,
HCO;7, and NO;™ in the WT and the pxcA strains was mea-
sured at pH 8.0 and 6.5 in the presence of a normal concen-
tration of NaCl (15 mM, close to the concentration in BG-11
medium) or KCI (15 mM) with a low contaminating concen-
tration of Na™ (~100 uM Na™). As reported previously (5),
HCO;™ uptake was high at the normal Na™ concentration and
low at the low Na™ concentration in the WT and the pxcA
strains (Fig. 5, middle row). Thus, pxcA inactivation did not
affect the HCO,™ uptake. At the low Na* concentration, the
NO;™ uptake was very low in the pxcA strain at pH 8.0 and was
zero at pH 6.5 (bottom rows). At the normal Na* concentra-
tion, no significant effect of pxcA4 inactivation was observed on
CO, and NO;™ uptake at pH 8.0 but CO, uptake activity was
reduced significantly at pH 6.5 (top and bottom rows). No CO,
uptake was observed in the mutant at pH 6.5 in the presence of
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a low Na™ concentration. It is evident that the inactivation of
pxcA strongly affected the CO, uptake under acidic conditions
and the NO,™ uptake at low Na* concentrations.

DISCUSSION

The results presented here demonstrate that proton extru-
sion is driven by PS II coupled to the cytochrome by/f complex
(Fig. 1 to 3). Some proton extrusion can also be driven by PS
L. PxcA is an important factor in mediating this proton extru-
sion. The question now is how this proton extrusion occurs.
First, it is unlikely that protons produced by PS II and the
cytochrome by/f complex are directly extruded into the me-
dium, since the lumen and the periplasmic space are presumed
to be two different compartments. In addition, protons pumped
by these complexes should lead to ATP synthesis and should
not be “wasted” by extrusion. Therefore, an energy carrier
would be required. ATP seems to be the only candidate for
such a carrier that energizes the proton extrusion system;
NADPH is not a candidate, because the PS II electron transfer
is effective in causing proton extrusion.

The activity of proton extrusion appears to be correlated
with the activity of photosynthetic water splitting and electron
transport through the cytochrome b¢/f complex; both of these
processes produce a proton gradient across the thylakoid
membrane and thereby can lead to the generation of ATP.
This supports the view that the PxcA-dependent proton extru-
sion is energized by ATP. PxcA does not have an ATP-binding
motif and therefore probably is unable to hydrolyze ATP by
itself. PxcA may be a regulator of an ATP-dependent proton
extrusion pump, and the pump activity is very low in the ab-
sence of PxcA.

Besides this PxcA-dependent proton exchange system, cya-
nobacterial cells possess a Na*/H* antiport system (14). In
fact, the genome of Synechocystis sp. strain PCC6803 contains
five genes resembling those coding for Na*/H ™" antiporters (4).
Two of these gene products contain an ATP-binding motif. It
is possible that these gene products are involved in PxcA-
dependent proton exchange.

The results presented in Fig. 5 indicate that inactivation of
pxcA affects the uptake of CO, and NO; ™. Recently, Rolland
et al. reported that inactivation of cemA affects the uptake of
inorganic carbon in the chloroplast of Chlamydomonas (15).
These results obtained with Synechocystis and Chlamydomonas
strongly suggest that cem4 and pxcA have the same function in
chloroplasts and cyanobacterial cells, respectively.

Based on the results obtained, we propose a working hy-
pothesis involving two complementary proton exchange sys-
tems, one of which depends on PxcA, to explain the growth
characteristics and inorganic carbon and nitrate uptake of the
WT and pxcA strains. This hypothesis has the following fea-
tures. (i) PxcA-dependent and PxcA-independent proton ex-
change systems play essential roles in maintaining homeostasis
with respect to the intracellular pH and electroneutrality. The
proton exchange catalyzed by both systems is stimulated by
Na™. (ii) Both systems are essential to growth and CO, trans-
port at pH 6.5, but the PxcA-independent system alone is
sufficient at pH 8 when the activity is high at the normal Na*
concentration. However, both systems are required even at this
alkaline pH when the activity of each system is low at the low
Na™ concentration. (iii) At the low Na* concentration, NO,;~
uptake requires the PxcA-dependent system. However, when
PxcA-independent proton exchange is active at the normal
Na™ concentration, the PxcA-dependent system is not re-
quired for NO,™ uptake. (iv) Uptake of HCO;™ requires a
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high activity of PxcA-independent proton exchange at the nor-
mal Na™ concentration in both WT and pxcA cells.

Proton exchange catalyzed by the PxcA-independent system
should be observed as the pH of the suspension medium of
pxcA cells changes. The slow alkalization observed with pxcA
cells in the light may be due to proton influx by the PxcA-
independent system; it is also possible that rapid influx and
efflux of protons via the PxcA-independent system occur with a
small net proton movement that cannot be measured by the
PH electrode used in this study.
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The use of mutants i'n the analysis of the
CO,-concentrating mechanism in
cyanobacteria’ “

Hiroshi Ohkawa, Masatoshi Sonoda, Hirokazu Katoh, and Teruo Ogawa

Abstract: Mutants of cyanobacteria defective in parts of the CO,-concentrating mechanism are classified into three types.
(i) Mutants defective in inorganic carbon transporters. One of these mutants was constructed by inactivating cmpA encoding
42 kDa protein in the cytoplasmic membrane. (i) Mutants defective in NAD(P)H dehydrogenase(s). There are five ndhD
genes in Synechocystis PCC6803, two of them expressed constitutively and three inducible by low CO,. Two kinds of
NAD(P)H dehydrogenase appear to be involved in energizing and inducing the high affinity inorganic carbon transport
system. (iif) Mutants defective in carboxysome with impaired ccm or icfA genes. New type of mutants with impaired cotA
(renamed as pxcA) have also been isolated. These mutants did not show light-induced proton extrusion and were unable to
grow at acidic pHs. A mutant constructed by inactivating cotA (pxcA) in the wild-type Synechocystis was unable to transport
CO, at pH 6.5. We concluded that cotA (pxcA) has a role in light-induced proton extrusion that is essential at acidic pHs to
extrude protons produced during CO, transport.

Key words: CO,-concentrating mechanism (CCM), CO, transport, NAD(P)H dehydrogenase, proton extrusion, carboxysome,

mutant.

Résumé : On classifie en trois catégories les mutants cyanobactériens partiellement défectueux au niveau de parties du
mécanisme de concentration du CO,. (i) Des mutants défectueux au niveau des transporteurs de carbone inorganique. Un de
ces mutants a €té construit en inactivant le cmpA codant pour une protéine de 42 kDa localisée dans la membrane
cytoplasmique. (ii) Des mutants défectueux au niveau de ia (des) déshydrogénase(s) de la NAD(P)H. Il y a cinq génes ndhD
chez le Synechocystis PCC6803, dont deux s’expriment constitutivement et trois sont inductibles par la faible teneur en CO,.
Deux sortes de déshydrogénase de la NAD(P)H semblent étre impliquées dans I’apport en énergie et dans 1’induction du
systtme de transport de carbone inorganique 2 haute affinité. (iii) Des mutants défectueux au niveau du carboxysome avec
des genes ccm et icfA déréglés. On a également isolé un nouveau type de mutant avec le gene cotA (renommé pxcA) déréglé.
Ces mutants ne montrent pas d’expulsion de protons induite par la faible luminosité et sont incapables de croitre aux pH
acides. Un mutant construit par inactivation des cotA (pxcA) chez le type sauvage du Synechocystis s’est avéré incapable de
transporter le CO, au pH 6,5. Les auteurs concluent que le cotA (pxcA) joue un réle dans I’expulsion de protons sous
I'influence de la lumigre, lequel est esentiel aux pH acides pour expulser les protons produit au cours du transport du CO,.

Mors clés : mécanisme de concentration du CO, (CCM), transport du CO,, déshydrogénase de la NAD(P)H, expulsion de
protons, carboxysome, mutant.

[Traduit par la rédaction]

Introduction ' ria is a powerful technique to analyze the CO,-concentrating

The use of mutants of transformable strains of cyanobacte-

mechanism (CCM). Kaplan’s group first isolated the high CO,
requiring (HCR) mutant of Synechococcus PCC7942 defective
in the CCM (Marcus et al. 1986) and mapped the site of mu-

Received July 30, 1997. tation at ccmN in the unstream region of rbc operon (Friedberg

H. Ohkawa and M. Sonoda. Biochemical Regulation Center,
Nagoya University, Chikusa, Nagoya 464-8601, Japan.
H. Katoh. Bioscience Center, Nagoya University, Chikusa,

etal. 1989). Since their pioneering work, many mutants defec-
tive in parts of the CCM have been isolated and analyzed using
transformable strains of cyanobacteria; Synechococcus PCC

Nagoya 464-8601, Japan 7942, Synechocystis PCC6803, and Synechococcus PCC7002
T. Ogawa.? Biochemical Regulation and Bioscience Center, (Ogawa et al. 1987; Abe et al. 1?88; Price and Badger 1989b;
Nagoya University, Chikusa, Nagoya 464-8601, Japan. Ogawa 1990; Yu et al. 1994; Siiltemeyer et al. 1997; Ronen-

1

This paper arises from work presented at a conference on
“The 3rd International Symposium on Inorganic Carbon
Utilization by Aquatic Photosynthetic Organisms” held at

Tarazi et al. 1997). Physiological and molecular analyses of
these mutants reveal that the cyanobacterial CCM consists of
ihree basic systems: (i) C; transporters, (ii) a system for ener-

The University of British Columbia, July 28 — August 1, gizing C; transport and (iii) the Rubisco-containing car-

boxysome system for CO, fixation. The cmp genes that encode
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mura, unpublished data), ndh genes encoding subunits of
NAD(P)H dehydrogenase in the second system (Ogawa
1991a, 1991b; Marco et al. 1993) and ccm (Friedberg et al.
1989; Schwarz et al. 1988; Kaplan et al. 1994; Price et al. 1993;
Ogawa et al. 1994a, 1994b) and icfA genes (Fukuzawa et al.
1992) encoding components of carboxysome in the third sys-
tem. In addition to these CCM mutants, we have isolated a new
type of mutants from Synechocystis PCC6803 that are defec-
tive in CO, transport (Katoh et al. 1996a). The gene (desig-
nated as cotA and renamed as pxcA) impaired in the mutants
is a homologue of cemA in chloroplast genomes that encodes
a protein localized in chloroplast envelope membrane (Katoh
et al. 1996a; Sonoda et al. 1997a; Sasaki et al. 1993). Physi-
ological analysis of a mutant constructed by deleting cotA
(pxcA) revealed that the mutant did not extrude protons in the
light and this resulted in an inhibition of the CO, transport
(Katoh et al. 1996b). In this paper, we shall describe the use
of these mutants in the analysis of the CCM in cyanobacteria

while focusing on the physiological analysis of some of the’

mutants constructed in our laboratory.

Isolation of mutants

Most of the HCR mutants were isolated by the classical
technique of mutagenizing the wild-type (WT) cells by a chemi-
cal mutagen, such as N-methyl-N'-nitro-N-nitrosoguanidine,
and enriched using ampicillin (Ogawa 1990). After mutagene-
sis, cells were washed, grown under nonselective conditions

(at 3% CO,) and then grown under selective conditions (at low -

CO, concentrations where the WT cells grow normally but the
HCR mutants are unable to grow) in the presence of ampicillin
for few days. Cells were subsequently washed and plated on
agar plates containing BG11 medium (Stanier et al. 1971) and
incubated under 3% CO, conditions in the light until colonies
appeared. Colonies are screened on duplicate plates under non-
selective and selective conditions. Mutants defective in the
CCM are recovered as colonies that do not grow or grow very
slowly under the selective conditions.

The other method of generating HCR mutants is to mu-
tagenize the cells by random “tagging” or through insertional
inactivation or deletion of defined regions of DNA (Williams
and Szalay 1983). The principle of this method is depicted by
Vermaas (1993) and the isolation of mutants by tagging is
shown by Dolganov and Grossman (1993). There is also a
technique to express foreign genes on host specific plasmids
or on the host genome (Price and Badger 1989a). These tech-
niques have been used to create various specific mutants of the
CCM.

Complementation test

The method of transformation reported by Dzelzkalns and
Bogorad (1988) has been used for genetic complementation of
mutants. Mutant cells at Jogarithmic phase of growth are plated
in 0.8% top agar onto 1.5% agar plates. After solidification of
the agar, each library (50-500 ng DNA/uL of water) is applied
directly onto the surface of the plate. The transformants capa-
ble of growing under the selective conditions (low CO,) are
detected in 7 days. The complementation test is done with a
fractionated library and then with clones obtained from a com-
plementing fraction. Another method is complementation by
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tagging (Friedberg et al. 1989), which introduces WT gene
tagged with a drug-resistant marker into the mutated gene.
Once the mutated gene is tagged, it can be easily cloned and
analyzed.

Mutants defective in C; transporter(s)

Physiological analysis of C; transport indicated that both
CO, and HCO;" are transported into the cells and delivered to
the interior of the cells as HCO;~ (Volokita et al. 1984). There
are several differences between the characteristics of CO,
transport and HCO;~ transport (Kaplan et al. 1994; Espie et al.
1991; Miller et al. 1991). CO, transport is constitutive and its
activity is high even in high CO, grown cells (H-cells). In
contrast HCO5™ transport is inducible and its activity is low in
H-cells and is increased during adaptation of the cells to low
CO, conditions. Early studies by Omata and Ogawa (1986)
have demonstrated that a protein with the molecular mass of
42 kDa was absent in the cytoplasmic membranes of H-cells
of Synechococcus PCC7942 and was synthesized during ad-
aptation of the cells to low CO, conditions. The gene (cmpA,
cytoplasmic membrane protein A) encoding the 42-kDa pro-
tein was cloned and sequenced (Omata et al. 1990). A mutant
(M42) constructed by inactivating this gene by inserting a
kanamycin resistance cartridge still possessed the activity of
HCO;™ transport and grew under air levels of CO,. Sequencing
of the region downstream of cmpA however, revealed that the
gene has the structure of an ABC transporter and Northern
analysis indicated that cmpA is cotranscribed with cmpB, cmpC,
and cmpD (Omata 1992). These results strongly suggested
that cmp genes encode a HCO;~ transporter. Cells deficit
in cmpA can still grow on low CO, levels. However, the pres-
ence of multiple HCO;™ transporters makes the phenotype of
the M42 mutant not much different from that of the WT. Re-
cently, Omata et al. analyzed the activity of HCO;~ transport
in the WT and the M42 mutant under various conditions and
demonstrated that cmp genes encode subunits of a HCO;5”
transporter (T. Omata, T. Ogawa, G.D. Price, M.R. Badger,
and M. Okamura, unpublished data). Homologues of cmp genes
have been found in Synechocystis PCC6803 (Kaneko et al.
1996). These genes were expressed only under low-CO, con-
ditions but inactivation of these genes had no effect on the activity
of HCO;™ transport under low-CO, conditions (unpublished).
It is likely that the functioning of other HCO;" transporter(s)
may compensate for the inactivation of the cmp genes. Re-
cently, Ronen-Tarazi et al. (1997) have isolated mutants im-
paired in HCO;™ uptake with the aid of an inactivation library
and cloned the tagged genes in the mutants. These genes could
encode another type of HCO;™ transporter.

There are more than 150 transporter genes on the genome
of Synechocystis PCC6803 (Cyanobase, Kazusa DNA Re-
search Institute; Kaneko et al. 1996), but a few of them have
been characterized and their pysiological role established. It
might be possible to identify other HCO5™ transporter genes of
Synechocystis by studying the transporter genes that are ex-
pressed under low CO, conditions.

Regarding the transport of CO, several models have been
proposed. The simplest model will be that CO, and HCO,~ are
transported by two separate systems (Espie et al. 1991; Miller
et al. 1991). In another model CO, is hydrated to HCO;~ as
they are transported into the cells (Volokita et al. 1984). Mu-

© 1998 NRC Canada
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Fig. 1. Changes in the level of the transcripts of five ndhD genes in Synechocystis PCC6803 during aeration of 50 ppm CO, in the light. Cells
grown at 3% CO, were aerated with the low-CO, air for the periods indicated on the abscissas.
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tants defective in CO, transport have been isolated. The gene
that complemented these mutants was cloned and named cotA
(CO, transport A; Katoh et al. 1996). However, a mutant con-
structed by deleting cotA (M29) still possessed the activity of
CO, transport but had lost the activity of proton extrusion in
the light (Katoh et al. 1996b). Based on this result, cotA was
renamed pxcA (proton exchange A). The possible role of pxcA
in the transport of CO, and anions will be discussed in the latter
part of this paper. Thus, the gene encoding a CO, transporter
has as yet to be identified. Isolation of such gene will help to
clarify the mechanism of CO, transport. ‘

Mutants defective in NAD(P)H
dehydrogenase

RKa and RKb are the HCR mutants of Synechocystis
PCC6803 that do not have the ability to transport extracellular
C; into the cells (Ogawa 1990). Genes impaired in these mu-
tants were cloned and identified to be ndhB and ndhL, respec-
tively, both encoding hydrophobic subunits of NAD(P)H
dehydrogenase (Ogawa 1991a, 1991b). An antibody raised
against the ndhL gene product cross-reacted with a 6.7-kDa
protein in the thylakoid membrane of the WT Synechocystis
(Ogawa 1992). The immunoblot of the cytoplasmic membrane
indicated that the 6.7-kDa band was poorly stained. Based on
these results we concluded that the immunoreactive band in
the cytoplasmic membrane preparation originated from con-
taminating thylakoid membranes. However, based on the
Western analysis using the antibody raised against the prod-
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Table 1. The growth rates of the WT and ndhD-inactivated mutants
of Synechocystis PCC6803.

Growth rates (h)*

Cells 3% CO, 50 ppm CO,
WT 6.9 15.7
AndhD1 6.9 15.0
AndhD2 6.7 15.9
AndhD3 10.5 52.0
AndhD4 10.5 17.5
AndhD5 11.1 17.2

*Growth rates at pH 6.5 expressed by doubling times in hours.

ucts of ndh/ and ndhK, Berger et al. (1991) claimed that
NAD(P)H dehydrogenase is present both in the thylakoid and
cytoplasmic membranes. Preparation of cytoplasmic mem-
branes free from contamination of thylakoid membrane is
needed to conclusively determine the localization of
NAD(P)H dehydrogenase.

The C; transport in cyanobacteria is driven by photosystem
I (PSI) cyclic electron flow (Ogawa and Ogren 1985; Ogawa
et al. 1985). After isolation of NAD(P)H dehydrogenase mu-
tants deficient in the CCM, it was presumed that NAD(P)H
dehydrogenase is involved in this process. This hypothesis was
supported by Mi et al. (1994, 1995) who demonstrated that
NADPH donates electrons to plastoquinone in the WT cells
but not in ndhB-inactivated mutant of Synechocystis (M55). It
was assumed that ATP produced by coupling to the cyclic
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Fig. 2. A hypothetical model for the role of NAD(P)H dehydrogenase(s) in energization and induction of high-affinity C; transport system.
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Fig. 3. The size and hydrophobic regions of CemA and PxcA. Shadowed boxes indicate potential hydrophobic membrane spanning domains.
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electron flow may be the direct energy source of the C; trans-
port. Inactivation of ndhB in the WT Synechococcus PCC7942
also produced a HCR mutant and indicated that NAD(P)H
dehydrogenase is essential to C; transport in this cyanobacte-
- rial strain (Marco et al. 1993).

The genome of Synechocystis PCC6803 (~3.6 x 10° bp

DNA) contains one copy of ndhA, ndhB, ndhC, ndhE, ndhG,
ndhH, ndhJ, ndhK (denoted as psbG), and ndhL (classified into
the transporter gene group as ictA in the Cyanobase); two cop-
ies of ndhl, five copies of ndhD; and four copies of ndhF (the
Cyanobase; Kaneko et al. 1996). There is another psbG gene
in one of the plasmids. The presence of multiple copies of ndhl,

ndhD, and ndhF raises the possibility of heterogeneity in the
NAD(P)H dehydrogenase complexes.

Siiltemeyer et al. (1997) have isolated mutants of Synecho-
coccus PCC7002 that lack the ability to induce a high-affinity
CO, transport system and do not grow at pH 6.5 during aera-
tion of 30 ppm CO,. The lesions in both mutants were mapped
at ndhD, which is a homologue of slt11733 of Synecocystis
PCC6803 in the Cyanobase and is named as ndhD3. slr0331,
slr1291, s110027, and slr2007 in the Cyanobase are named as
ndhD1, ndhD2, ndhD4, and ndhDS5, respectively. Northern
analysis has been done using the ndhD genes of Synecocystis
as probes and mutants have been constructed by inactivating
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Fig. 4. Net proton movements in suspensions of WT (curves A~C and E) and MApxcA (D) cells of Synechocystis upon switching the light on
and off. Cells were suspended in 0.2 mM Tes-KOH buffer containing 15 mM NaCl (B, D, and E) or KCI (C) and pH of the external solution
was monitored by a pH electrode with a meter (Inlar 423 and Delta 350; Mettler Toledo, Halstead Essex, U.K.). Curve E was obtained in the
presence of | mM DMQ. DCMU was added as indicated. For details of the pH measurement, see Katoh et al. 19965.
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each of the ndhD genes. The Northern analysis indicated that
there are two types of ndhD genes; ndhD] and ndhD4 were
constitutively expressed, whereas ndhD2, ndhD3, and ndhD5
were induced by low CO, (Fig. 1). A mutant constructed by
inactivating ndhD3 grew very poorly at 50 ppm CO, on pH 6.5
media (Table 1), being consistent with the observation with
the Synechococcus PCC7002 mutants (Siiltemeyer et al.
1997). Inactivation of other ndhD genes did not have a signifi-
cant effect on growth characteristics. These results suggested
that there are at least two kinds of functionally different
NAD(P)H dehydrogenases. The one that has ndhD3 gene
product as a subunit is involved in inducing high affinity CO,
transport system, possibly by redox control of gene expression
or protein phosphorylation, and the other is a component of
PS [ cyclic electron flow to energize the C; transport (Fig. 2).
The fact that inactivation of single ndhD gene did not produce
a HCR mutant suggests that multiple ndhD genes encode the
subunit of the latter type of NAD(P)H dehydrogenase.

Mutants defective in carboxysomes

The E1 mutant of Synechococcus PCC7942 isolated by
Marcus et al. (1986) was the first cyanobacterial HCR mutant.
Since then, many mutants of a similar phenotype have been
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Y
+10 uM DCMU

!

isolated. These include C3P-O (Abe et al. 1988), 0221
(Schwarz et al. 1988), RK1 (Ogawa et al. 1987), and types I
and II mutants (Price and Badger 1989b) of Synechococcus
PCC794 and RK11 (Ogawa 1990), G3 (Ogawa et al. 1994aq),
and G7 (Ogawa et al. 1994b) of Synechocystis PCC6803. All
of these mutants accumulated high concentrations of intracel-
lular C; but were unable to fix it by photosynthesis. The lesions
in the Synechococcus mutants were mapped in the ccm genes
in the 5’-flanking region of rbc operon (Friedberg et al. 1989;
Kaplan et al. 1994; Price et al. 1993) or in the gene (icfA)
encoding carboxysomal CA that was mapped about 20 kilo-
base pairs downstream of the rbc operon (Fukuzawa et al.
1992). Five ccm genes were found in Synechococcus
PCC7942 in the order of ccemK-ccmL-ccmM-ccmN-cemO. In
contrast, ccm genes in Synechocystis PCC6803 are not located
in the vicinity of the rbc operon and showed a cluster in the
order of ccmK—ccmK-ceml-ccmM-cemN  (Kaneko et al.
1996). A homologue of ccmO is not present and five ccmK
genes are found in this strain. These genes are considered to
encode proteins essential to carboxysomal structure and func-
tion. The carboxysome contains most of the carboxylating
enzyme, Rubisco, and defects in its structure lead to the de-
crease in the cell’s activity to fix the intracellular C, by photo-
synthesis.
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Fig. 5. The rates of CO, transport and HCO," transport in the WT and MApxcA measured by the silicon oil filtering centrifugation method
{Volokita et al. 1984) in the presence (right columns) and absence (left columns) of 15 mM NaCl. Cells were suspended in 20 mM Tes-KOH
(pH 8.0) or in Mes-KOH (pH 6.5) and '“CO, and H'*CO;~ were added in the light at the final concentrations of 22 and 145 UM, respectively.
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Fig. 6. Hypothetical model of the role of PxcA and Na*/H* antiporters in regulating the transport of inorganic carbon and other anions. Failure
to function both PxcA and Na*/H* antiporter systems may be lethal to the cells. Functioning of either the PxcA system or the Na*/H* antiporter
system at alkaline pHs and of both systems at acidic pHs may be essential to keep the homeostasis of the intracellular ionic environment.
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Another type of mutants impaired in proton extrusion has

recently been isolated. These mutants were first thought to be
defective in CO, transport (Katoh et al. 1996q). Later the in-
hibition of CO, transport was found to be indirect (Katoh
et al. 1996b). The gene, cotA (pxcA), impaired in the mutants
of Synechocystis PCC6803 encodes a protein of 440 amino
acids (Sonoda et al. 1997a). The same gene in Synechococcus
PCC7942 encodes a protein of 427 amino acids (Sonoda et al.
1997b). These genes showed significant amino-acid sequence
homology to cemA that encodes a protein found in the inner
envelope membrane of chloroplasts in terrestrial plants (Katoh
et al. 1996a; Sonoda et al. 19974, 1997b; Sasaki et al. 1993).
The homology was high in the C-terminal region and low in
the N-terminal region. There are two types of CemA/PxcA.
CemA in chloroplasts of higher plants consists of 229-231
amino acids, whereas CemA/PxcA in liverwort, Chlamydo-
monas (N. Rolland, EMBL Library, Accession No. X90559)
and cyanobacteria are much larger and consist of 421-500

H+ C02

HCO3 -

HCO3" HCO3~ NOj

soy2

amino acids. Both the short-type and the long-type
CemA/PxcA contain four membrane-spanning domains
(Fig. 3).

Mutants were constructed by substituting pxcA in the WT
cells of Synechocystis and Synechococcus with the spectino-
mycin resistance cartridge (omega fragment). These cells were
unable to grow in BG11 medium (~17 mM Na*) at pH 6.4 or
at any pH in a low sodium medium (~100 uM Na*) under
aeration with 3% v/v CO, in air (Katoh et al. 1996b; Sonoda
etal. 1997b). The WT cells grew well in the pH range between
6.4 and 8.5 in BG11 medium but only at alkaline pH in the low
sodium medium. Illumination of WT cells suspended in
0.2 mM Tes-KOH buffer containing 15 mM NaCl resulted
in an extrusion of protons followed by an uptake of protons
(Fig. 4, curve B). However, only proton uptake was observed
with the mutants under the same conditions (Fig. 4, curve D).
The WT cells showed a lower rate of light-induced proton
extrusion when sodium salt was replaced with potassium salt
(curve C) and did not show the activity in the absence of the
salts (curve A). These results indicated that pxcA is involved
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in light-induced proton extrusion, presumably as a result of
exchange of protons with Na* or K*ions.

Proton extrusion was observed in the presence of di-
methylquinone (DMQ), an electron acceptor from photosys-
tem II (PS II), and 3-(3,4-dichlorophenyl)-l,l-dimethylurea
(DCMU) completely inhibited this reaction (Fig. 4, curve E).
The result indicated that linear electron transport via PS I is
essential for this reaction and that the proton extrusion pro-
ceeds without PS I reaction. When WT cells were illuminated
in the presence of DMQ, protons were extruded but net proton
movement was not observable after 10-20 s of illumination
(curve E). Proton uptake occurred after turning the light off or
when DCMU was added in the light. This indicates that proton
extrusion and proton uptake proceed simultaneously in the
light and proton uptake continues for a short period when pro-
ton extrusion was terminated after turning the light off or by
adding DCMU. Probably, the ion gradients produced by pro-
ton extrusion (and uptake of Na* or K*) are utilized for the
uptake of protons and for the extrusion of Na* or K*,

Measurements of the activity of CO, transport in the WT
and pxcA-less mutant of Synechocystis (MApxcA) revealed
that the activity was very low at pH 6.5 and nearly zero in the
absence of Na*. At pH 8.0, there was no significant difference
between the WT and mutant in their activity of CO, and
HCO;" tansport (Fig. 5). We have also measured the activity
of NO;~ uptake in the WT and in the MApxcA mutant. We
found that NO;™ uptake in the mutant was as high as the WT
at pH 8.0 or 6.5 in the presence of 15 mM NaCl but was very
low at pH 8.0 and was absent at pH 6.5 when NaCl was re-
placed by KCI (data not shown). These results indicate that
PxcA has a role in controlling the transport of NO;~ and pos-
sibly other anions in a low sodium medium.

The transport of anions is accompanied by an influx of nega-
tive charges and the transport of CO, is accompanied by the
extrusion of protons as a result of CO, to HCO;~ conversion
that might occur in the cytoplasmic membrane (Fig. 6). Cells
should have sophisticated mechanisms to keep their charge
and pH homeostasis. PxcA may play a role in one of these
mechanisms. Protons produced during CO, transport might be
neutralized at alkaline pH but, at an acidic pH, extrusion of
protons may be essentital for CO, transport. The functioning
of the mechanism involving PxcA appears to be essential to
the transport of NO5™ at acidic pH or in a low sodium medium.
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1. Introduction

The cemA (ycf10) gene codes for a chloroplast envelope membrane protein [1] and is
conserved in higher and lower plants and in algae [2-8]. CemA in higher plants consists
of 229 to 231 amino-acids [2-4] whereas that in liverwort (Marchantia) [5] and
Chlamydomonas [6] is much larger and consists of 434 and 500 amino-acids, respec-
tively. Recent sequencing of whole chloroplast genomes of Porphyra [7] and Chlorella
[8] revealed that cemA in these algae encodes proteins of 278 and 264 amino-acids,
respectively. The function of CemA is not known. Rolland et al [6] have constructed
mutants by disrupting cemA in Chlamydomonas. They showed that the disruption of
the gene led to increased light sensitivity and affected CO,-dependent photosynthesis and
inorganic carbon uptake.

We have isolated a homologue of cemA from Synechocystis PCC6803 as the gene
which complemented mutants defective in CO, transport [9]. The gene, pxcA (formerly
known as cotA), was also isolated from Synechococcus PCC7942 [10]. Mutants were
constructed by disrupting pxcA in these two strains. In this paper, we show that the
primary effect of pxcA disruption is inactivation of light-dependent proton extrusion and
that the proton extrusion is PSII-dependent and is accompanied by an influx of protons.
A possible role of PxcA-dependent proton exchange in pPH and charge homeostasis is
discussed.

2. Materials and Methods

The wild-type (WT) cells and pxcA- mutants of Synechocystis PCC6803 and Synecho-
coccus PCC7942 and psaAB™(PS I-less) mutant [11] were grown at 30°C in BG-11
medium [12] buffered with 20 mM N-Tris(hydroxy-methyl)methyl-2-aminoethanesulfo-
nic acid (TES)-KOH at pH 8.0 during aeration with 3% (vol/vol) CO; in air. Glucose (5
mM) was added to the above medium for the growth of psaAB- . Continuous illumina-
tion was provided by fluorescent lamps at 40 pwmol photosynthetically active radia-
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tion/m?s (400-700 nm) for psaAB- cells which are sensitive to higher light intensity, and
at 100 pmol/m?2s for the other strains.

Changes in pH of the cell suspension (3 ml) kept at 30 °C were monitored by a pH
electrode with a meter (Inlar 423 and Delta 350; Mettler Toledo, Halstead Essex, UK).
Details of this method and the methods for measuring uptake of CO, and nitrate have

been described elsewhere [13, 14].

3. Results
3.1. PHYLOGENETIC TREE OF PXCA AND CEMA

The pxcA genes of Synechocystis PCC6803 and Synechococcus PCC7942 encode
proteins of 440 and 427 amino-acids, respectively [9,10], which were close in size to
CemA of Marchantia and Chlamydomonas (434 and 500 amino-acids, respectively)
[5.6], but was much larger than CemA of higher plants (229-231 amino-acids) [2-4].
Although CemA proteins of Porphyra and Chlorella were smaller than PxcA and
consists of 278 and 264 amino-acids, respectively [7,8], they showed higher homology
to PxcA than CemA of Marchantia and Chlamydomonas. PxcA and CemA contain 4
membrane spanning domains in the C-terminal region [2-10]. The homology was high
in this region but was low in the N-terminal region. Phylogenetic tree for PxcA of
cyanobacteria and CemA of plants and algae, which was computed for the 230 amino-acid
sequences in the C-terminal regions, suggested that PxcA and CemA have the same
ancestor (Fig. 1).

In addition to pxcA (slr1596), another cemA homologue (sl11685) exists in
Synechocystis genome [15]. This gene encodes a protein of 393 amino-acids which was
less homologous to CemA than PxcA. The lower homology can be also seen from the
phylogenetic tree in Fig. 1.

3.2. IDENTIFICATION AND LOCALIZATION OF PXCA
Western analysis using an antibody raised against Synechocystis PxcA (partial) fused to

glutathione S-transferase indicated that a protein in the cytoplasmic membrane with an
apparent molecular mass of 52 kDa cross-reacted with the antibody. No reacting band was
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Rice e | 33.6%
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Figure 1. Phylogenetic tree for PxcA of cyanobacteria and CemA of plants and algae.
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observed in the soluble fraction [16]. The antibody also reacted with the thylakoid mem-
brane preparation. However, the cross reactivity was much less than with the cytoplasmic
membrane and, therefore, is considered to be due to contamination of the cytoplasmic
membrane. The 52-kDa band was not detected on the Coomassie brilliant blue staining
profiles of the WT membranes. The amount of PxcA appears to be low.

3.3. GROWTH CHARACTERISTICS OF THE pxcA- MUTANTS

Mutants were constructed by substituting pxcA in the WT cells of Synechocystis and
Synechococcus with the omega fragment. Both mutants were unable to grow in BG11
medium (N- Na*; ~17 mM Na*) at pH 6.5 or, at any pH in a low Na* (L- Nat+; ~100 M
Na*) under aeration with 3% (vol/vol) CO; in air {9,10]. The WT cells grew well in the
pH range between 6.5 and 8.5 in BG11 medium but only at alkaline pH in the low Na*
medium.

3.4. ABSENCE OF LIGHT-DEPENDENT PROTON EXTRUSION IN THE pxcA-
MUTANTS

Light-dependent proton extrusion, which has been observed with various cyanobacteria
strains, was observed with the WT cells of Synechocystis and Synechococcus. Illumi-
nation of WT cells of Synechocystis resulted in an extrusion followed by an uptake of
protons (Fig. 2, curve A). Similar profile was obtained for WT cells of Synechococcus.
The light-dependent proton extrusion was not observed with the pxcA- mutants (curves B
and C). These results indicated that pxcA is involved in light-dependent proton extrusion.

A mutant constructed by disrupting another cemA homologue in Synechocystis
(s111685) showed the WT phenotype; the mutant extruded protons in the light and grew
normally at pH 6.5 or in L-Na* medium. Another mutant constructing by inactivating
pxcA and s111685 genes showed the phenotype of the pxcA- mutant.

3. 5. PHOTOSYSTEM II-DEPENDENT PROTON EXTRUSION
The proton extrusion was observed with WT cells in the presence of dimethylbenzo-
quinone (DMBQ); an electron acceptor from PS II) (curves A and B in Fig. 3) or with a

PSI-deletion mutant(psaAB-) (curve C). The result indicated that linear electron transport
via PS I is essential to this reaction and that the proton extrusion proceeds without PSI
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Figure 2. Net proton movements in cell suspensions of the WT (A) and pxcA™ mutant (B) of Synechocystis
PCC6803 and pxcA™ mutant of Synechococcus PCC7942 (C). Light was switched on and off as indicated.
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Figure 3. Net proton movement in the suspensions of WT Synechocystis (curveA) and Synechococcus (B)

and psaAB™ (C) cells upon switching the light on and off. Cells were suspended in 0.2 mM Tes-KOH
containing 15 mM NaCl. DMBQ was added prior to illumination for curves A and B.

reaction. Curves A and C in Fig. 3 indicate that the net proton extrusion does not
proceed continuously in the light but ceases after a minute of illumination. This
suggests that in the light both extrusion and influx of protons occur, reaching a station-
ary level where there is no net proton exchange. The influx of proton in the light was
clearly observed with Synechococcus cells (curveB). After the light is turned off (causing
proton extrusion to cease) proton influx continues for a short time until new steady-state
level is attained. Thus, proton extrusion and proton uptake proceed simultaneously in the
light and proton uptake continues for a short period when proton extrusion was ceased.
Probably, Apmf produced by proton extrusion is utilized for proton uptake.

3.6. EFFECT OF Na* AND pH ON THE UPTAKE OF CO, AND NO5".

Protons are produced during the transport of CO,; protons are consumed when NOs- is
reduced to NH, via NO,". Cells have a mechanism to maintain a homeostasis with
respect to the intracellular pH and electroneutrality during these processes. To test
whether the PxcA-dependent proton exchange is involved in maintaining this homeo-
stasis, the uptake of CO, and NO3~ was monitored as a function of the activity of proton
exchange. For this purpose, the uptake of CO, and NO3™ in WT and the pxcA- strain was
measured at pH 8.0 and 6.5 in the presence of normal concentration (15 mM) of NaCl
(N-Na*) or KCl with a low contaminating (~100uM) concentration of Na* (L-Na*). At
L-Na*, the activity of NO3™ uptake was very low in pxcA™ at pH 8.0 and was zero at pH
6.5 (lower columns in Fig. 4). At N-Na*, no significant effect of pxcA inactivation was
observed on CO, and NO3~ uptake at pH 8.0 but CO,-uptake activity was reduced
significantly at pH 6.5 (upper and lower columns). No CO, uptake was observed in the
mutant at pH 6.5 and L-Na*. It is evident that the inactivation of pxcA strongly affected
the CO, uptake under acidic conditions and the NO3~ uptake at low Na* concentrations.
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Figure 4. The rates of CO5 and NO3™ uptake in the WT and pxcA” cells of Synechocystis at pH 8.0 and 6.5
in the presence of 15 mM NaCl (N-Na%) or KCI (L-Na*). )

4. Discussion

Cells have a mechanism to keep their intracellular homeostasis against various environ-
-mental changes. PxcA-dependent proton exchange system may be involved in keeping
intracellular pH and charge homeostasis. Another system involved in such homeostasis
would be Na*/H* antiport. The activity of both systems are dependent on Na* concent-
ration in the medium. The hypothesis that the PxcA-dependent and Na*/H* antiport-
dependent proton exchange are involved in pH homeostasis may explain the growth
characteristics of the WT and pxc- mutant. The ability of cells to keep their intracellular
pH homeostasis depends on the presence of the system(s) and on Na* concentration in the
medium. The ability would be in the following order:

WT(N-Na*)>WT (L-Nat], pxcA~ (N-Na*) >pxcA- (L-Na*)

The highest ability will be attained by WT cells at N-Na* (~15 mM ) and the lowest
ability by the pxcA~ mutant at L-Na*. This may explain why WT cells grow at wide
range of pHs in BG11 medium and the mutant cells are unable to grow at any pHs in the
L-Na* medium [9,10]. This model could be verified by studying the characteristics of
disruption mutants of Na*/H* antiporter genes. Synechocystis PCC 6803 possesses at
least 5 Nat/H* antiporter(-like) genes. We are now trying to construct such mutants.

There is no ATP-binding motif in PxcA, which suggested that PxcA is not a proton
transporter driven by ATP. It is possible that PxcA plays a role in regulating or acti-
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vating an H*-ATPase or it could be a new type of proton pump. Further studies are in
progress to answer these questions on the role of PxcA.
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