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AL, T BIZBITAEA L ARUEEETE A F L AIGE OB
2T UNVTRET 2 7:01Th i,

BLIETH, KEOEZRVA N ALEIIET AN AT R+ &
Do YDAV AILERMEEMAT L LDEER L, #0000 EF N
FE LT, &/ LBAHERT L7 2 # Synechocystis sp. PCC 6803 A5 F 2t
BThHoHILIIDNWTHRRI, F72, Synechocystis IO DNA VA4 707 L A %
RAW/eBEFREBRBTE., 70 BBV TINETIIELPIZSRTWAIER
FLATHEOREEY T L7,

F2ETIE, ANV ARUERBEER PL AN, 7 VB L TR
LARVTEDE ) RGRERIZTHPIZOVTHBFLIERE T O, HBO
HEFIZBWTIE, Spnechocystis (3B A ML AL D U EEFETEA ML XIZIFLT
L DS LR LA, $72, 05M NaCl & L <id 0.5M sorbitol 75| 2=
BREEA M VAL EZRAGREIBKT L0, AV 70T EFHVE
EPR £ & D Ifa B AR DEAL 2 BT L7z, £ ORE. 0.5M sorbitol &, EHf
b7z o THIREARE T KE (g S 555, 0.5M NaCl 12 X %) 13485
B2 <, LA —HRLZIDOTHE 2 ENBL LI h oz, TNL DS,
WAV ZAPHBIZEIZTFRELZDNREIA A VICLBA I LATHD, BiEE
EAMVREGEBLNVTRE>TO0D I EDNH LM R o7,

BIETIE, SHIBETRERBOL NV TOIEA ML A L EEETFA b
VADHEZIT) 7280, DNAY A 207 L A % V70 72 s F 5 BT
w707z TOHER, WAL ARUPERELA PLRIZL Y, &B/EF SO

¥ 1 FOBIEF-A, FEHROFTES L 13252172 2 Lo »ich o 72,



FD)EOHERIE, - K55 Ry BOBEARE STV R WEIET
Thol, INHIE, BMA MV ARFEHEBEELEA b LRI B i K OIS
DB, CNEITEAONTERLLNIPMTHLILERBTLLDTH
5720 T2, DNA A4 207 LA NN BloSFEIE, kD
Northern blotting L& H_T L FNITERELENM N EHWHEIH o 72,
60, A MV AL D RFEOLAHR S NIBEF 2 HEIITIE DTV THH
L7oAER, AP LD LOEERETLA P L AR LEHOB Lz RT
BIEFHPHFAETLHIEPHOPII R o7, TNHDE I, HNOBFEED
REERLILEYOINHIIELL —ED Y Ly HE T~ FLIERTHTHLZ
EWHOPIZ R o7z, HA P UV AFFRICERAPFTES N L E I, VRS
—LF YNNI ERED—ETH ol WEEEA ML AFFENICERIHES
NAEBIEFIE, VRS VN2 ERED—FHThHho7, 65, HAMLALE
RELEA ML AOMWME THREBPFEINDBEZLTIX, B a v o5 0 EHR
IR MRNFLEEDETH o7, BRI, A LV 2ITFERIZIEH O &
oV ABIRT b [ UARRE B D & SR T-M THm O fil# & 5 T 2 s
HHZENWHLPIZR 572 WA ML AFFRIVIZEBH SR 5 EETF T,
JEERRAMEBE R L ED—FFTh o/, T/, MAMLALEREEA ML A
DT H TERBEIIH S BBIZFIXEFERISLT 1 28) V- LK T 5
FyNRTELBED—RTholz, TNLORRIT, HIBBIZBITAIERA ML AL
SIRIEEA b L ADHERADE Y, RV 7T UAREREBOE T RET 5 b
DTHo7, —HT, MHIDA ML AT U 7@ (BT 5831 B0 0142575 7E
TAHIELIRES T,

HAETIE, MEEEEL LT, DNA YA 2707 LAIZL B@FOF L

FBUTESIZE L TR L, £/, AMMEDOSHOBHIZDOWTEREL /2,
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RIELERCESOBEICETIMEOESR

A ITHIER Btk 2 RBEICHER L TV A, FLT, Zlx EELT 55
EE72 B ARIRIEO N Thk 2 7o TP RS 2 B8R L TAE T A, AMDEd i,
RIBICE L EICOEEEZE>THRE TR, TOAD =X LEHBBELTH 2
I3, AL B L OBID Y REMRELOER & E 2 5 LTI EER D
T b,

—H., W, HEREETORBICAHBIZR - T d, BIEick»T
B ZHWEICOWTIIEHERA THLD ., — NI RBELETOIRIBA K X
n. AP ERNCREN, AR, BRALAFORFIRVEIHLEbh T
D, TOMR, EERLBIIEMIIKELNEENRSLEZONDN., ZOKE
B, tHROLBERERORD-CHE AT 2HERA O Y2 EEThd, &
FIBD TEIIERDLOCLEEbND, F, BRI AHERHETOK
FRERVOLEFELEAELTE TV S, EFHEKICEA2MBEOERE(LRL
FHKIZLD2ERBHERGLE, £RFONAT A5 LV RIEI S <
BRI Tuv5, 2 ) LI-RREIE, ERARER & ARt o#FL2E X 5 LT,
BT THEDZLEDOTERVETH Y, AMELTTRIH LD L NEFOEIC
BOTHLEETNEBETHD, ZHLEBEICERYHEAD T, BEXA LA
MERHOENIC LS MEROIIRR, S M AL IF o —ra it b8
WOBAELWST-HFEE., S%RFETETERIIRLEEIOND, TOEEOD
e, MDA B L ASEREREEIND A = X L& L ~VCET
Y THTHBTLIZENTRAIRTHY, WRALEBMEICE I IFROER

BIT-H>Tuwvihkidie 5700,
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DR b U RARGRE R CREERR

AEMPEEOEILICKH LTED LI IEET AN L/~ 5 LT, #iix
FERICERRY TN THD, Lo @HWEIBET 5 2 LR TE RV,
RERSHBLEVSTREIA ML ADLRT LI ERTE RO THL, #Y
(& o TEREA P L AICKHT DB A R4 5 2 LITAfFIBE E L TEHE
REWARD, MK BEARRNOZTLRERA ML AL, K, 2R &R, &
B, WRAE, S, B, KRBRZ, RO ELBEETHY, il
FNDOANLARELTHEOCHBIZEL T, ZHETIILE DMENTH
NTE, EFIRHFT, F SN TDAD A LOEEICERNEE ST
D, —HRIZ, MHRIIIAHREOZLIZHF VR 2 RERARF D
BMEFBHETHZIEN, TA47 72X T 4 AT LA ERLZRITERIKENE
PREIZI VB LENIENTVWA (Strizhov ef al., 1997 ; Banzet et al., 1998 ; Majoul e
al., 2000 ; Dunaeva and Adamska, 2001), “R O OFEIZLVRESIN-RE X b
L ASORHECE D D BIET. RUY v 7 BT 2 MR O—HMid, Lk
MM % /b - fi DO EH Ze S S B &4 (Cushman and Bohnert, 2000), 452
%5 LB FERAED A TIRICRA SO RIZA T, Bz, by ER
ay, KB, Py hA4E, VERCGTZRxLEOMY T, Bl THBIEDOD
THRADIEE > TV D (BEFTBEALEHEEF A8 THB MY ) 2
(http//www.mhlw.go.jp/topics/idenshi/ list. html), LU, ZHhFETIZA b L
A PGB RBEEOEE b TWEE VB EF Nk 2 — RT3 BETFOR
BHITHO A =X LD THLMNMI SN TWADE, ¥/ Lila—FahT
WOET. HEFOEETOHS L, BAO—EBVIZBER, A FLARERY
BREBE@EEOLDIZ, WoltbWERETOROBLRFROZ ICa— &5 4



YT EN, BhoTha0n, EROOBEEBETORRZEYOLSIZHEEN
ThDHD0, 22 LA ONITL72DI0, SLRLRNILELEINT
Wb, O LR EEDSL ET, 7 AT ORT L7 VAMITIERIZ
HReHE L 225, FTYH, T U8 Synechocystis sp. PCC 6803 (X, 47/ Ll
NTOBBFRBAORITVBARLEELME TH Y . EEMIZR TL &%
CEIUMEBERERONRGHEITIWE» S, BREORFELEZ N TERY,

FTFNALRELTISHVBR TS,

AMPIE L TDT 3

HERIC AR E G ATE L THE 35 BEREOMMAR-EEZD
NTWa, TOHTH, FUo8 (V7 /32707y O—EidkbEVWEHO—
DTHD, R LDOH B P DEEN - KIOARERIZFEEL TV D, FoMRIE
KIBE LR U< 2 oA EE OMESBIRER) CHENLTE Y, NEICIEHE
MeF oA FERERIATHS (& 1-1), ZUrBOBILFIZ, 7ar 7y
N, AaF AR BRI LRI THLT7ab ) Ui VRESND,
Brlo, 743043, HFROT7 4o T o7 rax) R ok
I ZODEEEZEALTVAN, BHEIXIT a2 T oo DOENEEMITE N, F
DR, Z< DT UVBERFERAEZELTWS, JUVBEEOTCLI LN TH
HHLOE LTI, MBOY=EHM 777 b (MY A4 X% 2 pm AT O
T b)) ORKREHLWAD Synechococcus Y Synechocystis 2. 7K
iZT kA (KO FRESED Microcystis R Anabaena S0 85, WBIC
BITO7 yBEOREAIL, SHEFEWELERT D LV FKERMBEORIEA
ERRDIEBBNTD, AERDORESCEFEBMOB L2 X2 gL L,



%< OMEN TN T VD, i, 7 BIZEBORC 80°CLL EIC L A5 &HmiR
BIEOBAKIIR E Vo7, R RBESRMFICLART24AmE LTaL T
Do BELRE LI, HROMB TR 2 -7, Oscillatoriales, Nodularia } 1}
Nostoc R°, BRI CTROD > HFEWE Synechococcus 72507 ¥, ZhE
TICHONT-BERETERT ST B ERIBINFZROE CH -7 (Hitzfeld e
al., 2000; Miller ez al., 2000), ZN 5D T L HEIRIE L ORKABEL, FOHED
—#BiX Y AR Y — 24 RNA R EOBERFNIC LD 5 FRFEL ML Than b
IMELE S TWAY, 29I LEEHRI T VEBROENTROBD SRR RE
SIS DENER-TWAH I L, F, ZhbOT U BBEOY ) AT
WIRBE TA T TV b DFe ¥ v Eh a— N LB FIERVEE
THZEERLTWD, ZOXHIZ, 7T A N LARECEEREICODSF
BIEORRIA L WS SIB W THEBEVMEThL A, < OFFFEIZANS

NTWd, ZHhoH 1500 I RET VEBEOF T, kb o EHFENFiE
BRWIRT A T DD, BAMRAMED Z 8, Synechocystis sp. PCC 6803
T&HDH (B 1-1), Synechocystis sp. PCC 6803 (LA Svnechocystisy 13, 1996 4E|Z
Kaneko HiZ L9, 24 4 FEHIZEY / LRSIV I N4 T, D
ZEGFEILRBETHL Z AL TWS, F72, Svaechocystis (THRRAS
(T 5 DNA WA 2B A4, B O OBE TP OMEER & s 280 2+
HEZFELTEY., ZOREZFAL TAESIERFHEEERLERT 2 2 L2
T&EDH, T, T TFAEMFENFEE AWV BT OBERITICLAR A
MThHH, EHIZ, RANF ) LT E LTEHBENS, FTRAZ Y7 —
LAROTaTA—bE Voo BESBRICHIL SN T Y, RER LTI EA
EETNVEMD—D2THDH, PTH, TFEREENIZDNA VA 707 AL

HEEATIZ. BT AE L LTO Synechocystis DANE % BN & o 7=,
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B1-1 J ~ ¥ Synechocystis sp. PCC 6803
WAPED T T, 12 MRS O NaCl s F T
EHWRE, 7/ o710y oy MZED, 1996
w7 LTI ST,




SUBIIBITADNATA 7T LAk

DNAA 77 LAEEZ HT7AERECETOBGEFHR 2 ARy
PL7Z “T A" iZx L, AEFHOR25MBE» LM E742 RNA L L
<id mRNA MO ERERIGICE DGR L7Z 2T8EA D cDNA Z BRI A
TNEAXSHEH LT, WHEMTREENECL-BRTFE2RETHZ &
ZRIBEIC L7 C& 5 (DeRisi et al, 1997; DeRisi and Iyer, 1999),
Synechocystis F17) DNA <A 7 07 L4 | CyanoCHIP (TaKaRa, F &) (. €&
+D 97% (3079/3168 BLF) 2 H —LTEHEY, BLREOWEEAN LT
ZARREIZ LI ARy —Th 5 (K 1-2), AT LA EIZARy b ahi
BEFW R IX.PCR (2 & Y #488 X174 open reading frame DFAA T K LIH 5
1000 bp @ double strand DNA Toh 3, 7=72 L., £KHS 1000 bp (ZiH72 72\ open
reading frame (ZBJ L TidL, # o/ 7Ho— FEEROLSREVI A EE L= L 0%
ANTWo, K7 LAEZRWHIET, JVBEBEBWTERARAMLRAIZE S
TRIABNTILT HABEIETAE257 ALV TCREITTH 2 gz o7, B
ke L By T UBO LS RIFEEAEY T, mRNA [TEEZIZT IR
IND7o, ) LICBETREREOBITZ. kx s 0 ORI E LR
BhHHEEZLND, THETIZ, 87 PRBIRIRS 7 Mo LY BEOH
WG LS 32 ST A EEFICOVWTOHRENH Y . BHOBLELTT
<, B OBEBERFEREBFORENET D L0 TE T (Hihara et
al., 2001; Suzuki eral,, 2001). & I, . EFEE. @il KERZ . RO
B YDA RV RIZLE T, EDL ) RBLFOBEBEBH ST D0 H 8
aniid, 708ICBTH5A PLALERTEROBEG, ROBEL DA L
ADAE LB D LB EEIZ D E TN D,



A b L ARLEL R O A b L Z LB O

S L 7-4RNA S L 724RNA
WR G U & 5 Cy3 WHRE U & % Cys
f s cDNA DA fE cDNA D&Y

l INA T T A X I

v
00000 00000
Cy3 D 7 F IV %kt | Cy5 DY 7 F v & it
| |

ThREby

M1-2 DNA X4 27807 VLAIZ&5BETFREABITH
L —HF—HGHZ & 03 S iifgx Ehdbd, FhEh
DARY MBS Y 7 FIVREDZEILE X b L ADiijf4
TS 5, A, Wz X ) 8BAGEHE S zfx
o FEDATIX, WPRIZ X ) ZEBIAPIH S 7zl n o Hifh
VOTIZALEELZ & 0 BB S L ie o 72l R Fo



WA LARUREBELER b LA ETEO Sy FHE

NaCl {ZRFENDHEA b L ADPKEME D MIREEA ML RL, EY
G UBOEBEAEATAERRA L AD—DOTH%D, %z, NaCl A kL
A, MlEC LTCREBEEA A LA T 09 RE RiTd, HiES L LL
HAKH D NaCl IREO EFiX. KRT v ADIETEERE, BHOKDH
WAMET S, £/, MRPIZ Nat 1 AR HBATHET, o0 BHEOE
PERBEREMEDET, RUEEHELROMENEA LB TS, 07
B, HARIIEA P RIZEL AN D L, IREGIBE/: Nat A A0k
HEITI. SHWHEEGEELFEINIBYTFEEILAY2EHT L2 & THE
DIETE#BIVIEY LT, K DRFRFZHETLEOFET AT > T 5 (Hayashi et al.,
1999),

Synechocystis {ZFV T, Nat 44 OB 5 Nat/HY 7 0 F R
—F—E&a—FLZBGFRTO /OLZERERTIL, EAFLAEHTTO
EFHEEEND &0, FFEOBERRFEEINTWDHEEX LMD (Inaba
et al., 2001), F7-. Svnechocystis Tlk, A ML AL > THETLa—LD—
ThHhrINa ) Ea—LAER. EFINS Mikkat et al., 1996), F 7=,
T e —LOERMIZEDLF N7 E, GgpS R SIpA H 2— R
15 ggpS BELETFRO sipd BEFIE EA ML ALY BRENFE I, £7-,
INODOELRTOMBERILI BEA PV AEHT TOEETRHFEND (Kayet al,
1998; Hagemann et al., 1997), &5 LI®EIR 6, ZAm Ny ) o —Ahit
B> T D EFEZ NS, fhich, 7)) a7 o7 7 (Gep) LIEY
AP {LEESE (Des) Hh 2 — FT 2B LT OMEMTHEA P L RICL Y XEK
R OBBERAEENMET LERBERSBONL Z E08MbN TV 5 (Zuther



et al., 1998; Allakhverdiev ef al., 1999),

T &S, BOMDBIET I, Svnechocystis OMEHHEIZE b - T D
ZERBEONIAR S TETHEMR, 7/ ALVTREES, oo
BEFHIEA R ARE, RUEREOBBICBED > T 200, RERET
Hoh, T WA LAFAA LA RLVAELEERBEA ML AD T DDA
Folandh, 29 LEEERFOREOFEPEA F L ATERE2OH,
FNELERBEAR L ACEHRNADOPE VST BN T
Wigly, IO LA IR T A ET, DNASA 7 a7 LAIIL BT /) LLox
NCOBBFRPEFHEIFECARALRFETHY . @1 DA L ADKE £ H
FET A FCHO TEHERERETHFEOLNLILDEZLLID,
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F2F
< & Synechocystis sp. PCC 6803 IZ511 5

BAMNVARUBEBREEAMLRIZCELSD
ABFHERVHREAEOZEIL
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FURT, BESHEBEOMBIZLATEL TE Y (Garcia-Pichel and
Pringault, 2001; Brock, 1976). H#DHE A F L ARLEIEFE LA b L A 24T 500
EHREE ST LA TORREEZIT ) ETHRARETAVER TH D, —RIZ, &
BREED NaCl IZ L BHEA L AR, MBAPIZEZE L2V sorbitol D& 5 7288
L BEEBETL A b LR, KT v F AR LIMIRE S S DK F ORI
FHER T EEZ LN TVWA (Allakhverdiev et al., 2000a,b), LAsL, 7 8D
. TR T AAL AL (Na') DERRE THREICRYAENH/-5 (Reed e
al., 1986), A b L X OHHIBEIZ BT HM~DODRIL, A F A ML RAITE
HZEBEERBEEA M RACLIDEEL 2T TEZDZVE RHD, TH LK
BT, AFCHEHRTRRRE, RARL L TREE VWAL EEILND A,
IHE TR T T I hots, 20, TTFHRA4IEA LR
EENRBEEA N L ARG VEBEOEF LMBERRICEOL S REELY 5 X 50
IZOWTHHEITo7, TOER, ZVBOEFRXRERBEA L RIZH L,
FOREMETHDL ZEFRALNIRo T, o, TUoBOMBREFREIL. 05M
sorbitol IZ X ABEEETEA b L AIZL W ERA T L LD 30% BREE TR
L PR 2 BRIUEER U b~ &2 55748, 0.5 M NaCl 2 K53 A b LA
L OMETIE, —BEE LD 70% F TR A0, % 45 5 Tro L

AT ETEIET S Z LR LT 5T,
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2.2 MERUCEERGE
ERIZHWEHIR & AF &M

AEEETHW-, 7 8 Synechocystis sp. PCC 6803 (Glucose MiitHER%) 1k
Dr. J. D. K. Williams (Du Pont de Nemours & Company, Inc., Wilmington, DE) J. ¥
e LTz, MIEE, SOml 90 BG-11 #iEESHL (Stanier et af., 1971) &
T, 34 C, JIEEE 70 wEm’s ST CHEE L. ODgp=0.2-0.3 OXHEUHMH

iz

LB TERICH VS (Wada and Murata, 1989), o ~OIEOHE . RO
=%

JEALER S Foodfd U7 SMNaCl i, & L <IE 5 M sorbitol &ifi7 5@
BB UikEEihicins o2 L CHMWEBEIZ LT,

EFMBRORE

A A OD73p=0.2 OXtEIEFEIAIZE U ¢ L 3EEET
ALERZ-1TU, ISIEE 05 M & L7, DI 12 B5[Ef & I EE38 R0 ODgy % 1)1
L. MLBE A 1Tl o -k & OAF 2 e U=, ODqy DMEL. Model 200-20
SHRES (AERIgEY— A BHE) #HWTIT 2/,

Al B R O BB

M HEEONTEIL ALY Y 7o —7 % /= BPR BICEViTo /-
(Blumward et al., 1983, 1984; Allakhverdicv ef al., 2000a), #iflal{£ 30 “C,8000x g T

10 AR ELL CHEEL, 400 p g Chiml 12745 K 512 1.0 mM
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2,2,6,6-tetramethyl-4-oxopiperidinooxy free radical (TEMPO), 20 mM K;[Fe(CN)y] &
' 75 mM Na;Mn-EDTA (RHICHER L7z, 40 pl OBERE EE 0.02em O
FAX X ET) ~Fa—TIEHALRERTCHELIT-, 7722 & LTI,
1.0 mM TEMPO D& EE AL 40 ul ¥+ 7 U—%Hi iz, #IFiT. model
ESP 300E (Bruker, Karlsruhe, Germany) 2 L V., BERT CLL F O &REETFT TIT - 7=,
Field modulation 100kHz; microwave frequency 11.72GHz; modulation amplitude 0.4

mT; microwave power 10 mW; time constant 80 ms; scan rate 0.4 Gs”.
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23 EBER

231 HAFNARUVEEEER L RAIZLDZAEBREDR

FUBOAFTICBITL BA PV ARVGEREBEEA LV ADHRER 2-1
IR L. RPECEFERIIC N - 724082 (0.D.730=0.2) OEFEIEIZ 0.5 M NaCl (2 &
HIA R L AR 0.5M sorbitol (X DEERIBEAR b LA &NTSH I LT, MY
DAFEE T FNFI, 55%KTN40% 25 L=, NaCl rikEgik e Ciifgst
A7, 0.5 M NaCl ik, | osmol DERBEEXELLHIEFTTTHD, Ll £F
FREZhRIL, sombitol DFNKED -T2, T4b LY, Synechocystis 1A+ L
ALV LEBELA M LA L TR OBEOVEZHELTT ZERHLMNNIZ S

7=

232 HBAFLARUBRSBETLEA LU AOHAEER~OREE

MREEEOREFNFNOA L AL TE & E I NS HEIFEE
PRIZ L DHIED L OKSREOBRELRRTLHEEZBNDL, TDID,
HIREFEOEIEZ BT 5L T, BRFEDROAZLE ST HZ ENTE
A, AEBRTIE, A 7a—7%H - EPRECEI - THEA FL ARNER
BEA b ARSI ZMRORBERROBREECZBEILL, BR2EK 2-2
B 23 Wad, ERICERA LAY 70 —7ThHhd TEMPO 7 VA NITE
ERAKBHET DAL THY  HBEMNIZLEETES (¥ 2-2A) (Blumwald et af.,
1983), F& TEMPO 7 H /A EiRE L Mlaraikioxr L, MREMNICIRE LA
VEEARD (Mn(ID-EDTA) #N% 5 2 & C, Mg oFET L7 0 ANDRARY




&2-1

0 12 24 36 48

Duration of incubation (h)

0.5 MNaCl X UF 0.5 M sorbitol iZ & % Synechocystis DHFHELE
O,BG-11 55 ib, [, BG-11 324 + 0.5 M NaCl. &, BG-11 55 Hb + 0.5 M sorbitol
HRIREE AT, OD73=02 2% o ZZEBRY (P> 0 Bl T, B R
BB AT o o PO AR UIRERZER, 30O L 7-3E
AEE L TR L,




NazMn-EDTA (Quencher)

TEMPO radical

1 mM TEMPO only

1 mM TEMPO + NapMn-EDTA

"
d Control, 0 min
rI
¥ |
;': I "I
Lo i -.‘.,-.»""" ] \ mn /
18 .\P{ W ‘.(. a_ﬂ ,\\f‘a‘ﬁf\ 1) T S S Ik
"
1 4
i I
L
Y
+ +0.5 M NacCl, 30 min + + 0.5 M sorbitol, 30 min
A
f1
. -1*'?’ |'.
ERRTIPY 1 e Wy \ .
WA i .fi " “:Ina"",|=‘?!.’kk,‘{h|"l‘i“.r||"-_,mf e
¥4

L

K22 RAEry7u—7ECL2MBEFRRONE
A, TEMPO 7 ¥ A NVIZE B RAE vy 70— 7THEOKAR, B, ZIREE,
TEMPOT ¥ 1 )VDEPRANRYZ bV () L HKAGFHEFCTCTu— NIk o7
ARZ MV (F)e C MIBERNDT I HIVHEDARZ MIVRUEA ML A
BOEEEEA P L AZDIT T30 5HDEPRANRY b,
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125 .
A [No addition

IOO1}—0§-O————0————§———~()E

| B [No addition|

75

50

Relative cytoplasmic volume (%)

0f—T—7T 71T 71 r—T T T T T T T T T 7T T T 1
0 20 40 60 80 100 120 0 20 40 60 80 100 120

Duration of incubation (min) Puration of incubation (min)

M2-3 MBEEAERICKIZT 0.5MNaCl BT 0.5 M sorbitol NFHHE
O.BG-11 Kiib, A, BG-11 35141 + 0.5 M sorbitol, [J, BG-11 551 + 0.5 M NaCl,
AT —7inEh{ib b EPR ALY bk s Sl EH O2 L%
R L7, ey & OSREREGN I 3 [T L Ao T L THMIL 72,




PABTE— N2 =7 OBENRECR DS, ZhiCXviaERND T v
ANTHET AL A TR S 2 ERTEEIC R S, TORETHEX -
LAS LEEEFZEEAR PR ENT D L, KOOFRH &M S
NIZZ TV HNDEe—IRT o — Nondize, BllEahsd EPR 217 hLDi#
BT A (J 2-20), Wio, MlES Ko 2BRIRL, B TEMPO 7 U h L
ARV IAEND & PRI KT D, ZHUT XY EPR A |
A OFRE A GBI MBS E R O A BB T 5 Z EMTEHETH D
fIiA 0.5 M sorbitol TF4E F THEE L7=3E, MR8 oML, BiREE
% 10 T L~ 30% FREDE TR U, LU 2 BERITEIERF L b
VEAED (X 2-3), —F. #MiE% 0.5M NaCl fE7E T CHAE L6, Mg o
AfEIT, HAOEE 10 5 THHL D 70% £ TRT A5, L% 45 45 C
DL ~YLZFETEET L EBHALNIR T, 9 LMl E AT R
X, KF v RN EN LTRSS OKSFORBICEDE Z BT
% (Allakhverdiev e a/., 2000a,b), F 7=, fERE AR OEEIL Na'/H' 72> FHK—
HZ—{Z kD Na' O (Inaba ef al., 2001). R TR Synechocystis DBEEEE & L
THONA 72 Ly Y to—/LOEREICELAWEOEMOER, KSTFO
BRNICEIVEZAEEZ LN TS (Hagemann ef al., 1996), &~ ILLIRT, &
¥ Synechococeus sp. PCC 7942 {240 3T 0.5 M NaCl S K% U8 1 M sorbitol
AELT LY 30 sy PPN E ORI gty 85% BT 45% BUb 45
& BHE LTVWAD (Allakhverdiev ef al., 2000a,b), S EOFE R THIEA F LA K
NEBIEA M ADBEL, Fh s EREDEM AT Lo, NaCl IZ X5 A K
AT, TR AL A B MBAEE S FE L CHIRRR S O A A R E E
B3 D728, sorbitol (L LD EEHBEA ML ADFEITROILE K D R MEAKE
Biih&mai,
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24 EE

241 HAPLVARVEEZELEAR L RAPHBRIZRIETREE

AR REERBELEA ML ABMIRICE 2 DREIT, AR L~
TEp->THWAH I L, B 2-1, 23 OFRLIVHALCAR o7, NaCl (3KiE
WP CIIAEBE S 5700, 0.5 M NaCl Thitid, 1 osmol DFELAELHET T
A M, EFREGRE, 0.5 M sorbitol D FHBKEMN-T-, Fio, MIAEEFE
OB LTH, 05 M NaCl L9 % 0.5 M sorbitol 12 L DENREDF A G-
fro ZTHRHOFERIE, Svrechocystis DHIRIPNIZ, TRV DAL TR DIAZ
FHAHIET, HHHRBBEEEVEM SN TNDL I EIZLDEEZLND,
INETIZ, RIBMFED T o # Synechocystis PCC 6714 7¢ & Tl HEET
HEBEOE (NaCl %) A CHREIZRVAERA ZENMONTEY,
B% 5 Synechocystis sp. PCC 6803 THRBROBENTHETHEEZOND
(Reed ef ai., 1986; Nitschmann and Packer, 1992), Z @ Z L ik, #fastE 2 1 =&
IZE VR AEFERDRIZERD IS, BENMRBEIZRGI L 22 & 2R
LTWd, £/, B 23 TRENCHERPL, NaCl (0L 57 VEOAFTHE
IXFECAA AP VRAZELDLD D EZZ LS, T R T LA B EE
AHEBL. MREICRBECERMT LI ENAA A ML ADTERBHTHY .,
a2 N LR EEOBEITELRETIIR NI EBA LN, 295 L
TRERENG, A ML REREEA ML RAE Blla ORilEE U CHIBIC R &
N TWHAFEE R &7,

Linl, A MR EREEEA ML RACHB LR TR gl T

X A3 ENE L TEY, B2, sorbitol DL D A fHIE R A FIB LV iE A




EREPICHRECHFELLES, T EICERBEICLOHAR L2 %
Zi+ % (Allakhverdiev er ¢, 2000a), L/ L, ZDOHEH . WHAKGERIC X - Tl
FVE RN L, MREICTEET DA AV REN LR T L0, #
FTOALF A RCARGIERIEINLEEZOND, [ 23 (ZHBWT, &%
JEA N LA 10 H5HEOMBE T, MREEES O L~ 0 30% (2F
TUIMEL TV B, ZOREOHBENDA T REFZ 3 FEFLTCHEEE
RoND, ZHLIEAPLVARALFRBEA L ADIAOBRIT, DNA <1

707 AR EOBGTFREBAOENIZCEVWTLEBE T LLENL D,
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E£3F

T U Synechocystis sp. PCC 6803 ITHITAHIEX ML
ARUEBBEER FLRIZKDBEEFHREOEL




3.1 B

TUBIRNEDART T VTR, B, BER L ZOA L AFEEM
B TORHALFETL LT, ZEROEREA ML XIZES LTS (Los and
Murata, 1999; Hagemann et al., 1997), ZiLE TIZT ¥ Svnechocystis sp. PCC
6803 TiX, NaCl IZTLE2BA ML RAIZE»T a7 ta—L v EBE
REEFEILT (ggpS). RNA ~V 1 —E5&IGT (erh). GroEL BT (cpnb0),
T A NFEE Y R HBLT (sid). 7= R¥L 2 NADP' BIrEERE
LT (petH) 7 EOEBEBFEINSLZ LB TS (Engelbrecht et al.,
1999; Vinnemeier and Hagemann, 1999; van Thor er ¢/, 2000), L7:L., ZH & OD1E
EFORBEFETHOMN, NaCl OA F 2L H8Henn, th s LiEBE
R DBBERDN, LV oltRFHIINE TITh T oo, £70, R
PLALEmRBEABLRAEWIHEER, BE LTRERRSATHOND Z &
By, BRECIRIZZLINTCMBMEB CRBEASNFEE L -EEFN
Osmo-inducible gene & L TEZEIINLDH Ty — A HH D (van Wuytswinkel er al.,
2000; Figge et al.,2001), L)L, ZNFETIZHNEMENEEZ L L HA K
VAEERIBEA ML AL, B2 7700 L THIIZRI I T 5 a8
RS, BB 2EDERPOLHALH L HIC, A MR EERELE R
FABRHBERRIIRIETIREIKRESL AR >TVD, BiREER LRI
LA E B OBANT R AEE U220, A ML RIZE S F L6
HTholz, 22 LTEAROENG, 7 BITEA M RAEEREEA L
AR L TRLDINE A LTS EEZLNRD, FRIZ, TNWHDOR LA
LOBERPFHEINIBLGFHOEA N RAEEREEA N AL TIHER -
TWHAREE A EZ bND, £ 2T, REBRTIERA ML ALEREBEEA ML
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AN ENETOBEFOEBRBHEINDO0NEY ) LA — NV TH~ND
72, DNA <A 7 a7 LA ZHOZBIT 2TV, MEOEBVERALNITS
ZEERARE, TORR, HA ML ALEEBRELEA N ARRRIERTFHO
EBEEIC D> T I AL Liz, —FT, #Ava v s d 008
ME, ZODAPLAZEEORBHEARONLBEFO—HENFET L2
ELHLMII L, S, B OMBERRESY VN7 BEE - FLEZEET
BOEBEAFEESL LIRS THWD Z 2L LT,
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3.2 HMERUERFE

ERIZHW- ML AT R

AEEBTH =, T Synechocystis sp. PCC 6803 (Glucose MiHE#R) 13
Dr. J. D. K. Williams (Du Pont de Nemours & Company, Inc., Wilmington, DE) J: ¥
B LT E vz, ML, S0ml ) BG-11 & {EES 0 (Stanier et al., 1971) &
T, 34 °C, MIRE 70 uE/m’s T THEE L. ODs;3e=0.2-0.3 O EIEHIH
127 U7 ER BRIV (Wada and Murata, 1989), FRAR~DIEMF RO
EERALEE L, TR L7 SMNaCl ##E, H L <X 5M sorbitol &5 1HE
EOR UEEE Iz 2 2 & THAREIC L7-, Mannitol 12 X 2D ERIC

X 2M B V1T~ 7,

DNA v 707 LA BIZL 5B EFORERENT |

HALFR ¢ L <X BEE LI A 1T - 248 E, 30 SR EE, Bh
{2 50 mt @ phenol-ethanol R (1:10, w/iv) TRREMERL . HEHE L. total RNA D
AT 7 (Loseral, 1997)., RNA X, Dnasel (Nippon Gene, Iy TULEE L,
{R7E9 5 DNA %r&%wta DNA <A 7 07 LA (CyanoCHIP, TaKaRa, F#() F
7> ¢cDNA X, 20 pg @ total RNA 7/>5 AMV reverse transcriptase (Amersham
Pharmasia Biotech, Buckinghamshire, UK) Tz 5E L CH R L7z, cDNA OIEFRIC
i3 Cy3-dUTP R} Cy5-dUTP W, ~"A TV HFAE—2 30565 CT 6
REEIT 7=, F D%, 2x SSC (1 x SSC; 150 mM NaCl + 15 mM sodium citrate) &

WHT60 °C. 10 &R, 0.2xSSC+0.1%SDS BT 60°C, 10450, &5i202x
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SSC W CEIR. 10 nFOBEET T, WEKIZ, MK T2oMWwEL, V7
ACftFELEAKEE =T A7 LA TROBREZ, GMS 418 Array Scanner
(Affimetrix, Woburn, MA) T 7 FA-OpAER 0D 21T>7, 77 /iE, ImaGene

ver. 4.0 program (BioDiscovery, Los Angels, CA) (2 LV EE L7,

Northern blotting f#Z4T

HHEE A 6 D2 RNA Offith, & T* Northern blotting #EATIE Los DRk

W2 L7237z (Losetal, 1997), 7 — AR D= HIZH W - PCR B 5 A v —
OBH A LLTIOR L (BFNZA LY s-37, F: EHMRE, R: #HHA),

s111799-F : GGCATGACCCAGATATTTGAT

s111799-R : GATGATCAGCAAGTTCCGCTC

slr0967-F : TTCAACAACTGCTGGAAALCC

slr0967-R | ATCGTCGCCGCCGCCAATACCAATGC

s110330-F : CGCCGAAGAACTAGCCAAACAAGGETC

s110330-R ! GATGACTCTGCCAACCCACCAARATT

s111862-F | AGGAAATTACTTGCTGTCGTTAGATGG

5111862-R : TACAGGAGGAGAAACAGGATAAGCAT

$111514~F : TTCTTTACAATCCCCTGC

s111514-R : TCATCTAGGGTCAGGAG
DT T A v —&HT PCR THEIE L 72 F#HE1D Open reading frame
—#B4E T-vector (Invitrogen, Carlsbad, CA) TH 7/ a—=1 7 L1, FO#Hk. i
SREEFE (EcoRI/ Sall) TYIDHL, RL/77 7 A0 100ng &, 7T/

RA T 7 #—¥TZ L L (AlkPhos Direct kit; Amersham Pharmasia Biotech,
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Buckinghamshire, UK) 72 —7& UTHEHR Lz, A 7Y ¥ A E—a %, %
ELm AT LR, HE LD CDP-star iRIZiR L, T/AAVIRAT 74—
P LEORIZE 9 E L S{EFER %, Luminescence image analyzer (LAS-1000;

Fuji-Photo Film, A, BA) TR L., /T ADEEEITT,



33 ERER

33.1 DNA <wA 277 LAIlL 38 TREENT

WA R LA L ERIETA DL ADEBRRRRBRLAMBIE, Thb
DA PR LVAZLYHEROGEEZTOBBF LR 2TV ORREMENRZ L H1
By TIT, TrmOMRNER ML ARVPEREEA FLAICLDED LD
CBETFREROBMAIT o TOENEY ) AL~V THRAHT-0HIZ, DNA <A
7T AL AT AT oo, ERICE, B L]EEEERIC L5088
#% 30 O E HTm, AT NaCl 08 UM EC A AR R LA
T, F70 sorbitol MU TIEERFEE A L AT &5 MBS E R OB D B A
i (H2-3), ¥, EELH Synechocystis [ZBWTIEA b L AR NEEE
FARAZLOEBRBFEINDI AR L, BT EE 2 v 7 57
R EHBAEF (hspd) OFEHODOEFHZL A Northern BREHTIZ LV AT FFE (H
3-1), fARIZ R LT 05 M NaCl & L <id 0.5Msorbitol (ZLDA i A% H %7
e, hspA BIE-FOREHEENL 30 HTIRIERKIGETHZ EBHL NI -7z,

FREER L LT A LA 0T HRIOMERZ 5l L7 2 RNAMNS |
Cy3 BN Cys THIZIZEE#E L cDNA &L, T Aungd 7 # 4 RS
VR EH 324 DR L7z, TNEFNOERGTICHICT 282 OARy D
TFOVEEIL, & mRNA O 7T AR ORI T AE S TEE TS
Global standarization {E{ZEE-SWTHIE L, F£/2. F8ETORBROEILIL,
AR AENTDRIOE mRNA BIZHTHE G LA LA HORE
O AR T Lz, —iC, BREOLFREIILY, BMEEEORTS

mRNA OEEMOTEALe ENE I ALEL LD, AWIEEES WA D & T,



NaCl 0 15 30 45 60 Time (min)

hspA mRNA a8 . - '

S
<
Z 100
a4
E 75
° 50
[P
S 25
(%]
> 0
= 0 15 30 45 60 75
~ Time (min)
Sorbitol 0 15 30 45 60 Time (min)
R 1 1 1
=
= 100
% 75
S 50
L1b]
g 25
0
= 0 15 30 45 60 75
W
& Time (min)

X3-1 hspA BIZTORIDOKHEAL
xS O ML (OD4; 0—0") % 0.5MNaCl L < X
0.5 M sorbitol THLEEL , 1557 T & IR L. ©RNA%
fili L 72,



100

A. Control

(=

Control cells / contorol cells
(% of total signal due to Cy5
to that due to Cy3)

Ll

ol 1l I ool I L1 1111l
100

© . B.0.5MNaCl

01 rasal n 1 sl i [ A R

100

C. 0.5 M Sorbitol

10

Stressed cells / contorol cells
(% of total signal due to CyS5 to that due to Cy3)

0.1

0.01 0.1 1

Control cells (% of total signal due to Cy3)

K32 DNAYAZ7O7LAICLBEAPLVARUVEREEA ML AFEYE
BAZT O bt
A, NEREERESEER, A K L AL & 17> TWaWiiiah SHli L 7z[F—D 4 RNA
£V, WREKIRIED Cy3 RN Cyb TGS N/z cDNA 2G5 L. 7 L1
IR LN TU YA XEE4E8, B, 0.5M NaCl T 30 7L 8E L 7-fiifa & D fliH
L7z4: RNA ZHWiz#E %, C, 0.5 M sorbitol T 30 7 LHE L 7-#ifla K v flith L 72
2 RNA ZH W R, Kho%Eiid, Cy5/Cy3 it =1FEHOZ b L)Z/R L,
flftiE, CyS/Cy3 kb >2 & L < I, Cy5/Cy3 It < 0.5 Gl F-osBin2fsLl L
WML TW5) 2R 7. Mok, 7, ROEOKEIE, TREHUEA b L A
B, EEGBIEA b L ARERE, ROMOA L AL > TRADFHES L <
I S BB T RR T 6 MO LAEREITW, [FERDODNY — 2 215Gz,
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OB GFITH S, A P L AT T2 mRNA BiCxtd 5 E8& A L], §
LSHET T 58 FE2RETZENEHIZMND, [0 RNA A5lx OEFT
R LB E, FOMEBEBAITE 1 1 ICR58, B 324 IR LEL I
ETORIFBRELTEFRELE 2 FE0 0.5 FOMBRONAICENT, Z 0%t
FEFEERNS . £ mRNA BIZHTAHES 2FLL L, b LR 2 &8 E
RO A = K o I O %’Eﬁﬁ?ﬁ%ﬂ Tl LB ThHEVAZSD, LT, K
EBRTIIZOMAREE LTREL, YUEORERTEZIT>7,

% 3-2B %, 0.5M NaCl 4T 30 /3408 L= CcofE~ OBE T3
WA= OFERL TS, A M LRIZEY, 147 BOBEGFOFEENE
B, o, 28EOBBEFORBRBIMH SN, —FH, 2L OBIBEFORE
BIL2fFEUNOEHOFEHE THY , A L AL o TUEEE LR Z & 038
BIZ 75T, Synechocystis (1ZFB\VT, HA b L RITEEFRHE A IME 5 5%
BERdH5HE VNI HEND DA (Hagemann ef al., 1994), HALFRF|OOIREE THSHEY
R R LT HBETOE AELAHEIZ L) FEAMG S 2EHAA RS
N2 &3, 2HLERREEMTDZILOTEH T,

4 3-2C %, 0.5 M sorbitol §24C 30 sy L 7= Hika TOE %~ D&MLEL
B — DA ERL TS, BEBER P LA L0, 113 EOERLGED
RENFEINT, £, 16] HOREFOREEAIMH SN, £o, BREEL
AP ADEEL, £ OBEBFORBIL 2EUANOEBBOFEE Th o7z, Hx
¢X. 0.5 M mannitol THOIE L/~ 4E FWCRIBOER AT/, REE(LD
SNE—ARFERETHY (K 3-3), F7. sorbitol iZ L VI BEMAFTEIN
DEET 1. mannitol (2 Ko THRBEROFEBHFE NS S/, Zhid, sorbitol

AEETFRROTINEBEEA ML ACLEHDTHY | sorbitol 174 R
W7o BAL TldAe VI £ &R L T B,
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100
" A. 0.5 M Sorbitol

10

0.01 Ll ] 1||||||| 1 111111

100 "§'870.5 M Mannitol

Stressed cells / control cells
(% of total signal due to CyS5 to that due to Cy3)

0.01 IIIIIII 1 | IIIIITI I LR
0.01 0.1 1

Control cells (% of total signal due to Cy3)

X3-3 sorbitol & UF mannitol IZX 2 HEBEEFEAPL A L
BIZFRBEADNY — DAL
bk, sorbitol 12 & - THBAGELED L 1
i & szl s o



DNA <A 2707 LAIZLYBoNERIT 2T X DNA RS ARK
L T % Synechocystis sp. PCC 6803 O 4 /) L5 — # ~X— & (Cyanobase;
http://www.kazusa.or.jp/cyano/) DIEFRIZESNTHHT LT, BB FHRa— KN
BT 2 /BRI OMEMEIZE DWW fid . RUHEREIL, Cyanobase [Z1E 572, fif
WofR, HA VAR, b LIMEERER N L AR BG4
T ABRFO—HNFLET D ERHALMI R, £, —BHOEBLGTIT
WA RLVARUERBER L AOEHIZL > TEBEOFE L U ITME1 23597
U TnbHZELHALMNIR-T (’ 3-2B, 3-2C), ZOFEREZ L LI, A
LAROERELEA P L ALY BEFORRANIGLUEE L BIETFE2E |
ICE LD, 610, HAMLARUREEEAR b LRI L0 R R R
T4+ HBEEFERENL, 3207 0—FITHE LT, FRENIC, HEARL A
L VR ERPFEIN LB ETH,. BEEEX L RICL YRR
BENFEINLIEGEFE, ROEHTOARA LA TERNEE XN L #G T
FEEDEZ, R 2ICE, HA ML ARWSEEEA ML RAIZED | @BRFOR
WA 3 FLU LMl En /-8B FeaE Lol TRHTELTH, RRIZA ML

T ORIMOFFRMEN L | BIRTFDO I N—T 55T 21T 272,

3.3.2 Northern 8Tz L AR RDEBR

DNA v A 7 a7 b ABITORE, A b AFRNEEHOLE(L L "1 &
LFOEEEETHZEBHELMCR -T2, L L, DNA A 717 LA fifght
CRTAMBEEL LT, Ye—T0razand T VEALE—2 3080, BIFL
FEREEROT LA ST AR RALES R ENEZ LND, ¥ T, <A

7T LA EAEROMBROT-, Northernblotting HEIZ LV F | THEES
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F1 BAMLVADLAREREER PLRIZL o TRELFFEINL EETF

'ORF 0.5 M NaCl O'S.Ml
Aumber Gene Product —— —%;E%QLQ———
- | HEl + EHERE

BAPVRC Lo TREAFBSFESINDBIZTF ()
slr1704 Protein of unknown function 17.4 % 1.2 2.3 0.6
slr0967 Protein of unknown function 16.0 + 3.6 2.5 0.6
s111621 Membrane protein 8.3 +1.1 1.5 £ 0.3
s111515 Protein of unknown function 7.6 1.1 0.8 + 0.2
slr1501 Protein of unknown function 7.0 1.2 1.4 £ 0.5
111864 Chloride channel protein 6.1 £1.9 1.1 £ 0.2
s1r1932 Protein of unknown function 5.4 £ 0.6 1.2 £ 0.1
s111022 Protein of unknown function 4.7 £ 0.4 1.6 £ 0.6
ssr2194 Protein of unknown function 4.7 £ 1.4 1.4 £+ 0.4
slrl738 Protein of unknown function 4.4 + 0.2 1.9 £ 0.4
slr0095 O-Methyltransferase 4.2 =+ 0.1 1.4 £ 0.2
s111086 Protein of unknown function 4.0 =+ 0.6 1.6 £ 0.2
s1lr0529 Protein of unknown function 3.9 £ 0.7 1.3 £ 0.2
s111167 pbp Penicillin-binding protein 3.8 0.2 1.3 £ 0.5
slrl259 Protein of unknown function 3.7 £ 0.7 1.1 £0.2
s110905 maf maf protein 3.6 £ 0.7 1.3 £+ 0.4
s111236 Protein of unknown function 3.2 £ 0.6 1.1 £ 0.4
slrl916 Esterase ‘3.2 £ 0.5 1.5 £ 0.4
s111594 rbcR Rubisco operon regulator 3.2 0.4 1.2 £+ 0.2
slrl1971 Protein of unknown function 3.1 £+ 0.7 1.7 £ 0.5
s111723 Protein of unknown function 3.1 £ 0.6 1.6 £ 0.4
Slrl604 ftsH Cell division protein 3.1 £ 0.0 1.6 £ 0.3
s111491 Protein of unknown function 3.0 £ 0.4 1.4 £ 0.3
slrl751 prc Carboxy-terminal protease 3.0 0.2 1.4 £ 0.2
110188 Protein of unknown function 3.0 £ 0.2 1.7 £ 0.5
slrl608 gdhB Glucose dehydrogenase-B 3.00.4 1.4 £+ 0.3
s110938 Aspartate transaminase 3.0+ 0.6 1.3 £+ 0.4
s111799 « rpl3 50S ribosomal protein L3 3.0+ 0.2 0.8 +0.2

BREEARA PV AL o TRBENM FEENLEETF

s110330 fabG 3-ketoacyl-ACP reductase 1.2 £ 0.2 23.9 + 6.5
s1lr0423 rlpA Rare lipoprotein A 1.2 £ 0.1 6.2 £ 0.4
slrl748 Protein of unknown function 1.7 £ 0.4 4.6 £ 0.6
slr1119 Protein of unknown function 1.3 £ 0.2 4.2 £ 1.1
slr0381 Lactoylglutathione lyase 0.9 +0.1 3.9 £ 0.9
s110430 htpG Heat-shock protein Hsp90 1.9 £ 0.1 3.8 £ 0.7
ssrl256 Protein of unknown function 0.7 £ 0.1 3.7 £ 0.3

1.6 £ 0.2 3.6 £ 0.5

ss13177 repA Rare lipoprotein A



s110185 Protein of unknown function 1.3 £0.4 *
110293 Protein of unknown function 0.9 = t
slr0753 p P protein 0.6 £ 0.1 0 1.0
BAMALEREERX PVADOHSF TREANESFESNLRIEZT

s111862 ¢ Protein of unknown function 93.8 = 7.5 17.2 £ 5.3
s111514 hspA Heat-shock protein Hspl7 56.2 + 10.7 26.5 £ 4.5
s111863 ¢ Protein of unknown function 52.7 % 10.1 8.3 £1.8
s110528 Protein of unknown function 40.0 + 6.5 20.0 £ 6.0
slrl544 Protein of unknown function 20.3 = 3.3 7.8 £ 0.9
slrl516 sodB Superoxide dismutase 16.5 £ 1.6 4.9 + 0.7
s110939 Protein of unknown function 15.3 * 3.2 3.5+ 0.9
s110846 Protein of unknown function 14.9 + 1.5 10.1 £ 1.4
slrle74 ¢ Protein of unknown function 14.2 % 0.8 10.6 £ 1.2
ssr2595 High light-inducible protein 13.4 * 1.6 7.0 £ 1.4
s111106 Protein of unknown function 12.6 % 2.8 3.4 0.8
111085 ¢ glpD Glycerol-3-P dehydrogenase 11.8 £ 2.1 3.2 £ 0.5
s110306 rpoD RNA polymerase sigma factor 11.5 % 0.3 7.2 2.3
s110170 dnaK DnaK protein 11.5 + 2.8 4.1 £+ 0.9
s111566 ¢ ggpS Glucosylglycerol-P synthase 10.7 £ 1.5 3.7 £ 0.5
slrl675 ¢ hypA Hydrogenase-related protein 10.1 + 1.5 7.8 2.1
slrl963 Protein of unknown function 10.0 % 1.4 9.1 2.4
slr0093 dnadJ DnaJ protein 9.6 £ 1.6 3.2 £ 0.8
s111884 Protein of unknown function 9.4 £ 1.1 3.9 £ 0.3
slrl687 vy Protein of unknown function 9.4+ 2.2 3.2+ 0.9
slrl64l clpB ClpB protein 8.4 +1.2 3.5 +1.2
s110788 Protein of unknown function 8.3 £1.3 7.0 £ 0.6
111483 Protein of unknown function 7.8 1.3 22.9 £ 0.6
slrlé603 . Protein of unknown function 7.2 £ 0.8 3.9 +1.1
sl1lr0959 Protein of unknown function 6.6 +1.2 4.2 £+ 1.1
ss11633 CAB/ELIP/HLIP superfamily 6.5 + 0.9 5.1 % 0.5
s110416 groELZ2 60-kDa chaperonin 6.2 £ 0.4 3.2 1.1
ss13044 vy Hydrogenase component 5.7 £1.5 3.5 1.2
ssr2016 Protein of unknown function 5.5 £ 0.9 4.6 £ 0.5
ss12542 hliA HLIP 5.0 £+ 0.8 4.8 £ 1.8
slrl1204 htrA Serine protease 4.8 £+ 0.3 4.6 £ 0.7
s110789 B copR Response regulator 4.4 + 0.9 3.9 £ 0.9
ss12971 Protein of unknown function 4.3 £ 0.7 4.0 £ 0.2
slr0581 Protein of unknown function 3.9 £ 0.7 3.3 £ 0.3

T EFETER DML (OD730=10.2) % 0.5 M NaCl K& T° 0.5 M sorbitol T 30 5L
L., £ RNA 2 L7 XEFOHEMEIX., MifaFD4L mRNA BT 5%
NEFNDBEFORBEE % L L MEBZETHEE - 72, RUERSEZE S

35




Yo BB, HIIZiThbN7: 6 BDFEERDFHE, Open reading frame M
- f5%1%, Kaneko et al. (1995, 1996) 5> DHEIZET <, &BEFDY A M i,
LT84 MIABELTYWA, http//synecho.genome.ad.jp: 8081/




%2 BAMLVABLLBEREEA ML AIZL o TREIIHI SN B EIEF

0.5 M
0.5 M NaCl .
ORF Gene Product —  _sorbitol
number

Extent of repression

WA PMLVRIZE o TEBEFECHFN SN BT (5

slr0294 Protein of unknown function 3.7 £ 0.9 1.3 £ 0.2
s111453 nrtD Nitrate transport protein 3.5+ 0.4 1.3 £ 0.6
ssr0536 Protein of unknown function 3.4 £ 0.5 1.7 £ 0.2
slrl658 Protein of unknown function 3.3 £ 0.5 1.3 £0.2
s111693 Protein of unknown function 3.2 + 0.6 1.7 £ 0.5
slr0213 guaA GMP synthetase 3.1 0.8 1.7 £ 0.2
ss12084 acp Acyl carrier protein 3.1 £ 0.5 1.4 £ 0.6
s1lr0591 Protein of unknown function 3.0 £ 0.8 0.9 £+ 0.2
s110262 desD Delta-6 desaturase 3.0+£0.3 1.3 £ 0.3
ss12874 Protein of unknown function 3.0 £ 0.7 1.2 £ 0.5
BEEERX FVAIZE > TEBEFHESHH SN SHBIETF

slrl634 Protein of unknown function 1.5+ 0.7 7.2 1.0
s110381 ( Protein of unknown function 0.5 0.1 5.9 £ 1.1
s110382 ( Protein of unknown function 0.5 £ 0.1 3.7+ 0.6
slrl272 Protein of unknown function 1.4 £+ 0.1 3.7 0.7
s1l11626 lexA  SOS regulatory protein 1.2 £ 0.5 3.4 £ 1.1
s110383 { cbiM CbiM protein 0.5 £ 0.0 3.0 £ 0.9
BAMVALBREEA MV AOHATRAI R FEINLRIET

111783 q Protein of unknown function 8.9 £ 2.0 6.8 £ 0.2
slrl854 nq Protein of unknown function 8.9 £ 1.6 10.3 £ 2.0
s111785 7 Protein of unknown function 8.0 + 2.1 5.4 £ 0.5
slrl852 nq Protein of unknown function 7.7 £1.3 5.5+1.0
s111784 n Protein of unknown function 7.2 1.6 5.0 £ 0.5
slr0737 psaD Photosystem I subunit II 5.8 £ 0.9 3.6 £ 0.1
slrl855 7 Protein of unknown function 5.5 1.2 5.0 £ 0.7
s1lr2051 cpcG Phycobilisome rod-core linker 5.5 % 1.1 4.3 £ 0.3
slrl277 gspD Secretion pathway protein D 4.9 £ 0.7 3.7 £ 0.4
s11081¢9 psaF Photosystem I subunit III 4.5+ 1.3 4.5 % 0.8
s111091 Bacteriochlorophyll synthase 3.9 = 0.3 3.0 £ 0.5
slr0335 apckE Phycobilisome LCM linker 3.8 0.6 4.3 £+ 0.1
slr0653 rpoDI RNA polymerase sigma factor 3.8 1.2 4.0 £ 0.5
slrl459 apcF Phycobilisome core component 3.8 £ 0.5 3.6 1.0
s111305 n Protein of unknown function 3.7 £ 0.8 3.0+ 0.6
slr2067 1 apcA Allophycocyanin a chain 3.6 £+ 0.7 4.1 £ 0.1
slrl986 1 apcB Allophycocyanin b chain 3.6 £ 0.5 3.3 £ 0.4
110427 psbO Mn-stabilizing polypeptide 3.5+ 0.8 3.5+ 0.3
s111580 6 cpcC Phycocyanin-associated linker 3.4 % 0.8 8.2 0.4
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s111577
s111712
s1r1859
s110661
slrl276
slr0011
slrl856 n
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NEEONPOBEBGTORBREZEA N ARVEEZELEA b ARG T THE L
7= (A 3-4 RUFE 3), WA N ABRGLBEFY L R T REFAHICEERD
sl1799 (rpl3y KX slr0967, MR BEERRAGEIFTEL R TERTHIISEN
% sl0330 (fabG), TH DA N L ALY BEPFEINLIBEETHRICEEND
si1862 KX sll1514 (hspAd) BT ORIRIT, FNEFNLT LA & REROMHEE % 7R
L7 (K 3-4), & B{Z Northem {ETH LN 7 F /% 16SRNA ETHTEL,
BERETOREBEESL | L ULEGEEORELEE, DNATA 707 LA DOfFERE
Witz (F 3) TORE, DNAVA 71T A TiHELNLHEETRIROFBEL
i%, Northem {ETHELNDLEDK 12 BETHDH I EBHL IR -7, DNA
v A /a7 LAY TO 7 AHHIERL Global standarization (2 K 5728, [EH
BOREILTE RV AY, Northern E S IZIERIBEORHMETH LD Z LR

B G M7,

333 HERAPFLABRMIIRBENSEINIEGTFH

BANMLVALCEEROICEBDPFEINTEGFODI B, 3 FLI LS
HMPBEINT-DIL )R — L F IR (rpl3), ¥ 37 B OOAEERR SRR )
M LEER (pre KO fisH), LA A v Fx o (sll1864), EEBFRENR T
(rbcR), THRBNEDEEEICBR B & L /X0 E (sil1621, pbp TR maf), BiFERORE
F (gdhB), RS < DIBBERRITE S 737 G (siri704. 50967 5111515, slri 501
slr1932 K O® sl1022) & W o -BinF T o 7=,

Synechocystis D77/ L DNA LTI, VRV —LH o308 rpl2, 1pl3,
rpld R X rpl23 \Z—D0OF N BHERLTVWS (K 3-5A), HA ML RICLK

S>TINLDBIRFORBBEILNZI 2065, 3.0F, 23, RU2.7 F8E0
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2 Y
o
RSN
< S
& DD
@) ) P}
@ NS

sli1799

4 — 1.3 kb
(rpl3)
0.6 kb
-— 1.0 kb
slr0967
— 0.5 kp

5110330
(fabG)

< 1.0 kb

sll1862
— 0.4 kb

sll1514

‘ « (.4 kb
(hspA)

16S rRNA — 1.4 kb

[]3-4 Northern blotting HEIC X AHA M VAR UBBELEA b L AGFEME
BART O S BIRHT
0.5M NaCl & L < & 0.5 M sorbitol ¢ 30 LEE U 72l 20 & 4l L 7245 RNA
DTN & AT o 720 FEBRIZIE S g D4 RNA & HIV . 1.4% formaldehyde
BV (1%) TIkE) % 47 - 720 2B OIS OSBRI X 0 [FEEDRS I & 75720
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7 3 NorthernFEE DNATA 707 LA EDE
Northern #E12 L o TH S U244 orf 12855 4 mRNA DV F
(I 3-4) [T ffZ, 165 TRNA TR L7ze i IREE COZET L
1 & LTHEILEHIBL DNAYA 707 LAIZI Yo

AL IR L7,

ORF Northern v AT LA
Na(l sorbitol NaCl sorbitol
s111799 2.8 1.1 3.0 0.8
sir0967 335 4.1 16.0 2.3
sHG330 t.8 53.1 1.2 23.9
sl11862 135.8 379 93.8 17.2
slisl4 129.9 71.9 56.2 26.5
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A. Induced by salt stress

R )
sI11802 5111801 1118005111799
(rpl2) (rpl23) (#pld) (#pi3)

B. Induced both by salt stress and by hyperosmotic stress

(3) slel687  (y ) (d)
§110790 5110789 sII07SS 5513044 s111863 5111862
(Hik31) (cepR) slr1674 slr1676
slr1672 slr1673 slr1675
slr1670 (@IpK) (spol}y (pd) ©€)
T ITIIISS. I

E - . k- |
5111085 sll1566
(glpD) (2gpS)

C. Repressed by hyperosmotic stress

T TR RS (&)

5110384 5110383 5110382
s110385  (chir) 510381

D. Repressed both by salt stress and by hyperosmotic stress

sIr1852sIr1853sir1 854 sIr1855sIr1856 ()

sl11307  sll1305 sl|l785 sIll784 511!783
sll1306 sl1304

(0) NS
IR T
ss13093sU11580 5111579 5111578 5111577 sIr2067 sIrt986 ssr3383
{cpcD) (epcCY (epeC) (eped) (cpeB) {apcA) (apcB) (apcC)

35 BAMVARUVEREEA MPLRAICI YV RBBEOBHMEST S
BIEFIIRAY —
AEA B L ARSI IS EE SN AU 7 AT —, B AT LA
ROEERELEA ML 2LV EWPFFHFEsINL 7 T 28—, C WiEET
AN L ARSI REIHOIIS R N A MET 7 7 A5 —, DAL A
RUERETA P L AL D BEBOIR PR S 28\ inT 79 A5 —,
FRENDLANOM B TR T- ORGHI e L, £HOE S Open
reading frame D& ST 5, LOEANIEMA 3 HELIEFE, L i
POHN S AL T G RS2 20 273§, FHRO DL aRNE B o %L
D2UELL L3N TH - 72l B F 2 R d o BWRHNIEA b L AN SRS
LA B L AL D3EBUIBAL R b b - foiltfm T2 75§,
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L7z, #7-, Northemn fEHTORER., Zh O OEETIXE CEBEGHEA AR LT
WATAREME S B W Z ERA LM o7 ([ 3-4), BRIZHL SN TWD,
DR —b7 =TTy hORSSIEEIE L BT 2 L mpi2, i3, RO
rpld BlIrFRa2— K95 L2, L3, RO¥ L4 # "2 &lF, _7FFINVv b7
A7 7 IEWEHAOEFEICFEETH I LN LR o7 (Ban e al., 2000;
Nissen ef al., 2000),

ATP KTFHE&B 7 07 7 —1t, FsH 357 24 RECHFEEL, RiEFL
72Dl &N EOBRRICED S TND I ED, el XF AT THRES T
% (Lindahl ef al., 1996, 2000), Synechocystis 047/ LI fisH ORE T 71T 4
STEELTEY ., ZHBIL, slI463, sir0228, slri390 KO sirl604 % ORF
[Za— RENTW5D (Kaneko et al, 1995, 1996), Z D 5 b slri390 KX slr1604
EEFORBIL, HEAMLRIZEY 21 &, KU 30 FEMNLZA, i ORF
DREBICEIIR SN T,

HNRFIINVERB T 2T T —F, CpA ik, HLFH I OIEHPOTE
1E5° % D1 # /37 BOERICB D S8 T, DI & 2/ 7 HHIBRED C RKim oD
16 BEAZDM L, LA DI #o XV BAPART AR EMESTD
(Shestakov ef al., 1994; Inagaki N ef al., 2001), CtpA % =2 — F¢ H#IET. cipd.
BOREDRED S THD pre BEFORBITEA M LRIZEY . £hEh 27
BRUBOMGEFEINIY, BREEA LA TEFEE IR o7,

TURE, AT VT B E TR EREIN TV 2Ek A A
YF v b (CLC 77 2 Y —) (Thiemann et al., 1992) OBLRTHRED 7 E—
DITTEON, FOEBLEA R AKRNIIFEESI N, . TRV OA
A A DI IR, ROHEHIZE % | sodium-coupled permease 2 (X Na'/H™ 7

YFR—H—F - NTL5EET, £, TR ULDHEHBETRY AN
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AL EBAMBINTWED N T AAF DT v AR—H—TERF72 Y OBEIL

BMARLARZL>THFEEINL T,

334 BEEEX FLABERNIIEEANFTEINIERTH

EIZBEEA M LA L) RREOICEBENAFE SN EBEFD B, 36
YU ERENRBE SN, 3-7 M T U -ACP BIEEHE (fahG). LT U IRE
XTI (ripd KX repA). B a7 2 8TE Hsp90 (hpG ). T2 UK
FA B (sIr0381) RUMBRERRIE X /37 & (slr1748. sirll19. sli0185
BR sl0293) B FTHoTz, ZTROLOBRETORBIZEA ML RIZL-TiE
FEINLhoTzZENG, EAMLALEERBTLA ML RIS o THEBDH)
HENDZBETHIIALMDICRR S TWDZ ENBALMNIR T2, Synechocystis
ZBWT, HA MV ATEBESNT., ®EBEA MLV AORIL > THEBRR
FHINIBETVPBEINLIOE., ZNHBFHTTHD,

3-47 b7 L L-ACP 2 EEFR . FabG (X, 3-7 M T L L-ACP B LT
3-E RaeXx o7 L -ACP AT SRS AT 5. EiERGAuBRIZBIT 2
REHEMRERISICULERER TH D, Swnechocystis D/ LTI, sl0330,
sir1994. BN sir0886 @ 3 FEFHO FabG OFRT 0 V% 70— K3 B A0 FEE
TEHR, BRBER DLV ATERMNFEEINDIDE, s/0330 BIZTDOHTH -
7o ERINOLOLEDBETOFERSL, A MR- TIIBEI L -
7o, —iRIC, EHEIREORFHBRRISIZEDS 3-47 F T L L-ACP BIBEED
C RIS RN R TS — T 0FET D05, sll0330 BinTFria—FT54 38
JEOTAET I/ HEYIO CRRIZIZFADLIERS Lo,

HipG # /7 Eix, A7 V7, BRNROLEFEMOREIZETERL
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a5, Hsp90 77 2 V—D—H TS (Buchner, 1999), Synechococcus sp.
PCC 7942 Tld. hipG BE T OB 3 » 7IZ L 0FHF 4, SRt
WAL B P ETHD I ENBIIHRE SN T2 (Tanaka er al., 1999), sir0381
HBlinfiE, 272 bANITAEFA N T —EOFTa /2 a—FLTEY, #
FaP OBELETTIREORIBNZ L 2{bam TH L Z & F 4 - OB -
TWARIBEMEMFE 2 LD (Cabiscol er ol., 2000), LvL., Z#H5HDBET DR
M7y, BMIRELEEHGT COLFEIND Z & OEYENLREWRIIFHTLH S,

335 HAPLARUVEBRBEEA ML ADOBEF CRENHEI NI BT

WA RLARUDREBELEA N L ADNFIZL Y BEOFENR LA
BEFOI B, BHOARNLAZLY 3 B ERBEPFEIN &G, S
Na ) e —LElREDERLRTF (gpD RO ggps), B v 2R
& (hspA. dnaK, dnal, htrd, groEL2, RF clpB), A—/3—FF L KU ALY
—F¥ (sodB). t FNua 7T —EEEDEEA(hypd), HACHFGHEEERT (Wid,
ssr2595, TS s511633), > 7~ 70 B+ (poD) RV AR AL Fa b—H—
(copR), RUMBRERRBIEDELGIHTH -7 (£ 1),

Inan )t O8KICEDD gipD RO gops &L, #
heEh, 7V Eea—n) VEBEBRERIZ7 Va7 ) a0 ) o EEE ki
#Fa 22— FLTWD (Hagemann et al, 1996), £/, Zh & oz Fiz
Synechocystis D7 /) L EIZEEY G- TIEA T 5, ¥ 3-5B 12, F | OEGF
Do, FITAZ—EWET HLDOERR U, MPoFY oy FE, £
D IFITHRIET D,

Mg v I AR ERIRTORRIT., HEFHIZBWTE Y 3 v 2 D4



BHY, A NCA TS VRN, RURERZICLAVEEIND I R
H 54 TVNB (Hecker ef al., 1996), Synechocystis (Z8W T, B a » 712480
gy 7 4oV ERIETORBNFEEINDL Z LEBRICHRE A TN DHH
(Lehel et al., 1992; Lee et al., 1998), FALLIADA R L AZL Y 2 b O@ERFO
%ﬁ%%%%mb%ﬂtwﬁ\éﬁﬂﬂbfﬁ%éommaky)@\tUVf
a7 7 —tO—fT, FIaf FEIIREL, #LKELL DI ¥ 20 i
FORERTEMED & 230 A 5ET % (Itzhaki et al., 1998), HspA 13, BAZEMH: L
s N BEZEL L, DnaK/Dnal/GrpE T GroEL/GroES i v X112 K v
bT 2o kBB TEDY Tk NT 4 TITVE T B (Tordk et al.,

2001),
336 MR ML RABEAOIREIDE SN BEFE

WA AL LD R RAIZRBPME SN EBEFOI B 3 B LR
WOSH SN 7= IRE AR EBERE (desD), 7 LV EEIRBESE (acp). GMP
BRREES (quad). TEEE b T v RB— % — (D). R OHEHE K R OB E T8
(sIr0294. ssr0536. slri658. sl1693, ssl0213, sir0591, (X 5512874) Tl -1 (F
2),

Synechocystis 4/ LiZid, 4 BEORBE ~Mafu{bkEE D ERE T
(@m\@w\wm‘&ﬁmmnﬂﬁﬁbfﬁb\%h%ﬂﬁ?ywﬁg®ﬁ$
HEORLHHMIC_EESEEAT LI ANV E 22— F LTS (Murata
and Wada, 1995), ZN 6D X 37 B, A EBEOME & #4215, 5
ZefEh & %5 - TUvD (Los and Murata, 1998), Fx {3, Zh 6 DOfsE T fafn{ ke

FD 5B desB, desC. N desD BlnFORBENAEZA ML ALY FhFNn
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20 %, 2.7 1%, BUV30 SHHI s S xR L7 (desB RK desC Wi
F3FE 2 ) A ERTWRWYY), TS ORI, BIEE O EE A
P AR TR B A L2 RIBE L TS EEZLND,

337 BMRBER P UAKRERMICEBRNNE SN BETE

FHEEEA P LRCKOBROICERSH SN B ETFOI L, 3 #F
VL ERBERIME SN0, 2200 8 T RF - (ehiM), SOS ISEERE
MK F (Jexd) RUMKBERRF E &G 18 (slr1634, sHU0381, sl0382, B
slri27)YTH -1,

INGOD DB sl0381, sH0382, B chiM BInF1L., —DDERT 7
AL -ZEENTEY BEORREHZ T TODHAEEEINE Y (B 3-50),
TN M A AT ANRT I DFERICHETH DA, migEE & ORfRILHFA
ATV,

SOS &L, MIRIZHW T DNA OBRENREHSIZBE I A0S
BiE T, KBE TE<OmREAELN TS (Shinagawa, 1996), ExEMHIE+
THhd lexd BIETORBIHIL, FEGEEA R L RITLY DNA OBENIR &

oL LDEEZILNS,

338 HAFLAKUVEBBEER L ADOWF CERIAH SN AEEFE

WA RNLAROEESEEA P AOEFIC L VB NG S h - dE

FDHH, MADANLAZLY 3 FU EBENFEINELE T, s

F 1 (psaD BTN psaF), 7 4 AE ) S — LS NV E (epeB. cpeC. epeG,



apcA. apcB., apcE BT apcF), 7~ TJ0HT (rpoDl). EH Y /08 (gspD)
R OHRERRIE Y AV BB FRHTH- T,

HFER L RP7 38— LEEET 22 R EDELIL 7
JALETEERFZIAL =R LTS (® 3-5D), ZhED s A0
EFNABEFEET, IBAFLVARTCERETLR FLAOEGIZLY FEHN 2
ZLL B st

7. WEREREICEbDL 2 R EDBET gspD ORBLEHD
A b LR Ko TRl &7z, GspD # o8B, SMEICRET DS I LA,
Pseudomonas aeruginosa TG STV 5 (Bleves et al., 1999), g ik g
i s & 7 OBIGT & LTI, Synechocystis (32 20 gspD En+. &
W2 2D hofG #EEFEI-FLTWDA, ZTRALETHEFORXFLRICE

VB 2 5L B STz,
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34 EE

341 A MLARERNRERORIZTTRERMEETFOSE

DNA<A 2707 LAICX VLMo MEL DA L AR
EROFEL LML T EETFHO O G, HMEND T I BES
RRBEFID Z R 7 HERETR P—E R L D&, MEEhZaE L, X 3-6 (IR
L7z, ZO&E, VR —LDV 7=y b, BETRANEELR Y, H¥E
OREEDL L IXHERBICE DA —BHOBERFOREIL., 2 b RAERNICHE
BINDHZEBBLMNIRST, o, MDA R LA > THBADPFES
N BEFL, B a v 7 200 rnas vy U tu— L Eliikig o
FRE, BEOHRERCIGHIZEDLLI OB ENZ EPHLMNI -7, —i%
W2, MBI DA R LA EBEBLER N ADOHRIT, BE, BER. ¥
NRIEOEM R EBIGIIRSEZEZLNDN, DR LB 3-6 TRENTE
EFRBEOMEGENL, ZALDA ML ADERRIIHLMNIEL-THHZ &
DRI,

342 H|APVARRMRBEROFTEDS L 30 2% 5B FRE

WA N L ABBREICRBEABEEINIEERTIE, FCEX LR Lo
THIZFREZISNDA AV AP LRICL > THBOFER2Z T T HEEZ LN
Ao FIZIE, BWEBEZVR Y —LOBEORETILESI R ITEIND
7osb, ABRRIE 12, L3, BN 14 H LRI ED de novo BEEITH 2 ETY R

S AOTEMN R L TV ATRIREMEAE Z bR D, 7o, HEFEFR 1T OGEE
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A. Stress-inducible genes

sodB
rpf2. rpi3. hsp A, dnak, dnal, ‘
rpi. grofElL. elpB, clpC JabG
rpl23
gpS. giph ripA
pre
sigh) frpoD) rep
fistH
hiid
Hyperosmotic
Salt stress stress

B. Stress-repressible genes

cpeB, epeC, epe,

desB, desC. aped, ap CB; lexd
desD apck, apcF
: chidf
acp psal), psak
gspD
Hyperosmotic
Salt stress stress

36 BATLVARURBEEA N ALV RROMBEXITS
BIZFOTE
AEA ML AKNEEETA P L AL 0 SEASEE XN D LT O 5.
B, A P L AKNEEEFEA ML AIZL D SEHAIG 2L AHET- OB,
FRENLDOMOKE SE, FNLFNOA L R L) EEALLL 78T

CHB4 %, MOELVERSIZ, FIHFOX ML AL L - THEBAHSEL L 13
S 1 R I ASTC Wi S T I




DIZEET D DI X7 HONERICELL T a7 77— (FisH), KO de novo
BHRENTZ DI Z o BRI EDEMIZEDL L AN REF NV RIET 00T T —
¥ (CipA, Prc) OB TOREPEA L ABRANIFEINLS L. M4
AMLARIZED D1 &3 HEORBSAERZZ T HRREEL R L TV 5, —
ARIZ Dl # U 30 B, SEMATEE T CRBESICRETOHEA R - TEY (Aro
et al., 1993), HEMIABAITIEE L7- D1 # o R EEAEER I OFSH LIS
R LTA a7 a7 T—ETHiRL, HIZEENT DI 230 %
RIGPLAIAHEG S®DL T E TRERIEELHERF LTS, 20 Dl #27F
DFFVRBHL, R I OFEOREICERT I CEBLRFIZ R LT D,
INHLORERIE, HEAMLRIZIVHBNTO DI # "7 BB, 5
Lok, FIRRLV A DR LT RIEHOSER S 7 ERIBEEOER O U
AN EBNWTHHIT o N TS ATREMZ R L TV 5, FisH, CtpA KT Pre %
DE NI EE - RYLBETFOREFHIT, BLLL I LIEA MR
LANBMAELHE T LD EEZLND,

Fih, kA A P AR—F R e S OBIGFSEA B LR
BRNIEBROFELZ T2 403, MREN~OEEH A A 0BENPEE T
WO PRREM R N ORE OFE S HREARORERCEMMEICERETH DL Z &
ERMELTWA, W2, 7 hU DAL A BEORFECEMMEICEDS EE 2L
LT 5 sodium-coupled permease, Na'/H™ 7 57— 4 — (Inaba et al., 2001),
RUOBIV T AL T F X RN EOBEFORBBITEA ML AL - THE
ENfedot, THIT. THLDF T BB HS B THEELTWST]
B, RUOEGFRBLUAD LA TH 37 BOFRMEEFIE SN TV 5 A[EE

PERITRIB LTV A,
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343 BEBZEA ML ARERMALZEHOFTEL LM LRI 28EBFH

—RRiZ, BREEA L RIZL SN0 OKSOREIT, MIE
PRI, BEESHSNRY 77 A LOBERPREOELAEFI &SR T
(Wilkinson and Northcote, 1980), % 7= HilaE 1ML T 5 2 & CHRREROIE
E@ﬁ&yﬂ&ﬁmﬁﬁéné&%iénrwé(MmmmmwNmmm,
1980), =9 L7z Y 7T R4, 4 LITHIREEREOWENE(LIE, filErasir
BEA ML AR L TEBEFHEROBE LT LTORIIO L 7 & 5H
REMENREZ LN D,

KB, SRGEAR P ARRNICHEIN BB a - FT5F 8
7 EOHIZIE, FOBIENHMEERSTF K7 Y H L DEKRE OBERRIE S
NHLDORRHEIN, FIZE, ®MEBEARAFLAIZL U RLEEROFEE
DORLNTBIGTFTHD. fabG (s10330) BT B a— RT3 23F R 7HLEFBH
FHRIEZ D Zeamays L. D GL8 Z 32 E1X, REY v 7 AEEHRT HLE
MICEENHBEHBHEDOERIZEDL s TWAZ EBHALNIZR->TND
Xuetal, 1997), Z5 LERET v 7 AL, BkAY 7L LTOBE2FHL &
hTEh, HHTHH LA, sl0330 B FHa—FLTWDHF 78, &
FEEEMEICEDL A LD EY, b L TMRELER TS5 U ARRY
H1 74 R EORBRREHEALEHOERICEHD > TW A AEMENRE X G D,

e, BREEA ML TOA, ZOREBEIPFEINT-LT YR
Z R E, rHpd. R repd BinF b MERSSTF K7D o OEREE
Do TWHAREMERH S, KIBE T, FilakEInir 7 IR 0 E
X, —H, Y77 A aCEmE SN %, BB AN S RIS RIE T

DT EBAMLN TV (Takase er al., 1987), & ST ripd BInFiX. KIBEO Y

52



S ETRTF R B BRGRDEER. mrdAB L3I~ o CEFER L T
D, BIRERICLYABREEESEY LGS, BERESENE D TF R
TV BIEIRKELSHFA-DVEZITHETHINHN, MEZ > Ling o8
SR GTICAR L, MEREOERBE LTS Onvh Ly,

344 HAFLARUBEBEER FLAOMBATREANTEL L IIMEEh
Y33 (e it

EIREEA ML ALY MIEFENEY T 5 & MIRERNOEND
R A DORENBENT A, MICIEETOEA R R HE 00> TWAH|
FEMENEZOND, BHFDOR LRI > THRBEOFEENBEN I NT-BETD
—HOIL, HAPMLRAZL>TEDHBEWFEERROLNDLDRE o2 &
i, IO LHEBREO LRI OERETHLIER LB L NS, BAE, 7
a7V ea— ORIt S, gpD BTN geps B, BiREESR
LD BEAPLAZFHETTLIVEIBELTESY, ZOZErsrvainys
Jtzo—nds, HBA ML AZRENRESEE TH L st 4" LT D,

05, Ba v 7 AUV HRETORBIL, A ML ARSRBER
FLABRELDZ RN BOEEERIEC Lo TWELZEAR LTINS,
AR L ARERBEIEA P AFHT TR, HAIEERIE LS 3 AN
ICEE SRV, vy R R a T T —EEER LTS EELI LN
%, & 512, Hagemann efal. (1994) 5%, run-onassay (X 9. 684 mM @ NaCl
FTEF Tk Synechocystis DBRF ORI, RSN DLZ L2 8MEL T3,
oDyt ARVRACESTETF L7, BEFEBICED S
IDE R EOEE A HET AT DICREANTEINDIONL L,
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AP LARPEBEEA VAT T, SELSAVTOELGTFHREOH
BL LS IEBEORENEE TWAAREMEEZ RTHOERIE, ZALBEHFDOA
FLRIZEY, 250 rpoD BET (510306 BTF s112012; Goto-Seki et al. (1999)
BIC kAT UBDY S 10 BFOREIZNED & FnFEh sigB RO sigh 12
MILT D) ORBEPFEIN (K1), H rpoD] BIGT (sigd) OFEBIIH S
N ETHA (F2) 512012 13F 1 121XV A FER TV, Synechocystis
.5 20D 7= JORFORER VT HFF> TS, BEOMEZ R S50 rpoDI
BRFIE, £EFEHLEBRY 7 RFTHDLA, sil0306 B s112012 & Fiefho
4 DOFER VIR BOTHRE R TOETICEENENT LNHL
T3 (Goto-Seki et al., 1999), Z 5 L7z 7~EHFIX, BMEOHEZE 4 #HET
5tbﬂ%ﬁ?é%®&%i6néok%%%ﬁﬁ%@@\ﬁVay7fyﬂ
JEOA b L AKFRRRBIL, HENR L TEHAICL > THIHEN TV D,
L7 U, Synechocystis W23V Tit, g v 7 & 03 BlGEFDOEA R LA
BUOEBEEA FLATIZBITAREBEN, LV /<vEHFIZL->TEDL D 2HH
BT AIERERHH ST, L, 12012 R sil0306 &= T
. REED sigh EET & EVESHIBRAMLE R, FEORIEE S T
AAREM L ZE LGNS, EHIZ, HEHEDAFMLRIZEY, rpoDI BT DR
ENE X3, W2 5D Y 70 BIGF (sIr0306 BT sli2012y O3B NFHHE
Ehf-Z i3, MREAR N L RIS THRAO Y 7~ R ORE 21T -7
D, VK ENLBEFORERRARH AT o720 L TWARHREM A2 RIE L T
A

—H. BA MV ARU&ERSEEA P LRSS0 BHRAMG SN B RS
W, MEERL RUG7 420 )V — LBk T2 08X a2— 458
GFNELEFNLZ LT XEREHEORESBETRRO LUV TITbh
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TWAIEEFLTVD, Fxik, A ML ARUREBEBEZEERA FLRIZLY
bk FER I OEFLEEESAETFEND ZLE2HIIBEL TV DH A
(Allakhverdiev ef al., 2000a,b), T 56 OBIEEFORESMEIEND 2 L BHEERK
EMORBICEETHL EEZLND, T, ThbDF VIV EDEL T
Faf FRICBELTEY, HA ML ARVEEBESBER L L RIZL D BEORHEE
RS R EOEENHE SN S REEMA TR END, . DEEERE
DB S R EEa— N BB FHEOBRLEITOR ML AT L > TH
Ml Lid, WA PV ARVGEEREEAR D LVADT =5 F3, AECH
BB, RO S 3y BOTEMER & IRV EEIC R S RTREME & SR L T
Do

345 A MLV AREBMLRERE OB TIMERFAERELFOTE

DNA v A 7 a7 LAIZ L DT ORR, BiloiZGbhn=mie LT, &
APLABLLEEREEA PLRICL>TREHREOBED L ITIHNR L
FBEFDOILOHFERIII— R LTV A Y 7 EOBENRRETHS =
ERBITBND, TORRIE, HEAPLAPLERBEEA PV RICHT SEED
SFEEO L, REPLMIERTWRNG DRSS TEET D fEM 4R
LTS, [ 3-7 (23, WEERFIEREBETIZOWTR M ARFHIRFEB R
F— L DR EOBREE L DT,

WA R L ARROICERSFE SNIBETO I, sir0967 BT,
AXLXX pentapeptide repeats % ¥, 7 U ENLBEFEMY E TR RFEINT#E
GF77IV—D—2Ch-oT-, LHL I 5D pentapeptide repeats DHEREIL

FKIZH G S I TRV, Synechocystis X, ZDEF—TEFHF L0
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A. Stress-inducible genes

51862
5111863
si0528
sirl544
si0846

slrl704
sir0967
slii62i
siisls
slr1501

sirl748
siriil9
ssri256
sH0I85

Salt stress Hyperosmotic stress

B. Stress-repressible genes

sii1783
sir1854
si1785
siri852
511784

sir0294
ssr)536
sli658
sl11693
slr0591

Salt stress

Hyperosmotic stress

M3-7 HAPLARUBEBEEA M LVRIZLDBRBEOHM ST 5
BHEANRETFROSHE
ABAMNVARUEEEFRA FL AL D BESFE IR L BETOES,
BIEAMLVARUBEELEA NV ZIZL W BEAH E NS EIEFOBE,
FREFROPOKE SE, FNFRLOA L AL D RBEIBIL L - BET
BT A, HOBER DML, MEFORA ML AL > TEBAPFHFEDL L i
SR (A o A Sl N
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BETORER 2 16—~ FLTHAENR, b0 S sir0967 BinFO
REHOLBEA FL AL THRESND ZEBELMI AT, K 37 TR
Lz k2, BEDEERIZEL I —BOF "V HE 2 — FLILEERTFO
FEHIZA ML AREAREME ST 00, RER TR S - HBEERFIE
ARy EOBEDL, K 3-6 THEHEINT-Z "V EOBRELEEL TV DT
REMELZEX LN,

WA NV ALERBELEA ML ADE DA VAT, BROME %2

BETFOI S, 2 DOBREREEBETOZ 7 A4 —RR2ho7 (K 3-5D
Me ZNODBEFZITAZ—E7 /A ETHFMIZWATEY, EHRHIZ
MboElaEd LTV AR H D, ZHoDBIGF2 7 AF2—id, A
PLARTERBEA P LVAORRLT | ARIRA L AL - THRBEHINHG
END (Suzukieral,2001), ZOFERIT, TN EOBEF, BERL2A L AE
EOMEIZE > TW D alEEEA R LTV D, F/, A b L AR %
TR EGFRIE. 20 LEREIICEROFEICED S @O F — 7 BEET
AAEREM L R I, ZRETO L Z ABMEARTIIR 2D - T,

346 HAFMLARUVEBRBER LR E T AIGE

3-6 RN 3-7 MBI L 52, Synechocystis {WZEBWTA M LA
(ZHEIS T DT DI BROFE S L <ITIHIA Tl 5@ 5-F O & s
WA RNLVALERBEAMNVAOM TR TS, ZiUE, BARLRLE
ZIBEEA R LVAIZEIET AT2ODRA D =X LB GIHNIRL->THDE EWD) =
FERRLTWD, THLDFERNG, Swmechocystis [IHEA b LA L EiREBE A

ML AHBHEDA ML RAELTHEML COHDEEEMNEV, £/, Z0OI En




5. AMLVAICEBRNGE L S FAGREORBNTEET S AEENEL b5,

— R, NI TV T O T T AMRZBILI e AF V=B LIRS
NREZDZ 3T BN > TWA Z L%, Synechocystis THEEIZ, K
BERETAHAERATFVUFFT—ERRATEINTVD (Suzuki ef al., 2000), B |
VARUDBBEA ML ADOBRME L7 GECIES T AF VT —+F,
BEOINLDA N VAGEILTA-00BGFORERMIEbL S 7

DEIENESHDBETH D,
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AL, T UBOEARA ML ARDERBELA b L AREOBEL ST
LAULTHREAT 2 Z & & BEEIfThI -, FORE, ZhbOX MLART
BOET, HRERBRRUEBETRRIIMLTCRERIDRELRITET LWL
Az L=,

AFFETHWLN DNA = 707 LA 209 FiEk, ZE CES
R STV BIRFOREEY, 7/ AUV THBITTAZ 2RI LI
EWTHD, ZTEELTEBET S CyanoCHIP ORXOFSGIT, EHA LA
EOREBEEA FLVAICEOEBR A PREETHAEGETIL. 22 TRIN
EHLOLUAMIBEELRZVE WS FERBBELNDI LD, HES A,
fAOFIIEA R L ARVVERELEAR ML AL E > TRBIZE{EBR BN,
BLFOIEIDBERMNIEZNE NI ETHS, AMEICLVBLNIZ T,
A PLRIZEVERIFE, L LIRS DB ETEOEEGFEICAT
HEIGIE. A VAT 11.8%, ®IEZBEA FLVAT 86% &, Kz —HIFTE
TLMRY, ZHLEARIE. ZTRODAMLRILE>THRBEOFESL LT
I ZZ T EBEINT— R T A X7 EOMEN, BitEd L<idtEx ~
VAR BWCHERICEERERH AR T THAI ZE2THL TS, %
o, IO DBRFOMFEN, WERREDS A7 HEa2—FLTWzk
WIORERIZ, 29 LB FOMBERITHEA F L ADOFEZHET DL L TERD
TEETHLZ LA RLT, BE, SEBALMICR>T-ERERFRIERRTHO
EREEE OEREZHBEY CHY, TRLOBETHINECICHLMZEIA
TWAHEMECEREEMREOHE L YO LB TV DO ERMLT
WE U,

F/.DNA A7 07 LA DOL S IEERNSRITEOH AL LT, BD
AL AMTOBBFERONI - 2B THI LT, lHr0A ML RIZE
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HFOME., RORENLR Y VPN GEREEZALNIT L I EBAREETH S,
Fl i, ., MEEEOHRL LT, Bk, AR, SR, BiR. RE. R
REl ¥, B2 BREGETOBGTREIADO RN —VEEBETHZ LT, ENEN
DA N RZEERIZEIH I NS BETFHEIPELMNIRLETREND, 29
LE-BETORBRAHBETL VAL A OBITRe, ZloHERRED Y
TFNMREIZEb S Z N e a— F LD G OMEKRES RV i &
D . RIEENTIL, Synechocystis DET D7 FNARERIEE &1 < Z & BATEEIZ
fHEBbhsd, IO LEHEROERHT., £WELSCHEEESEF TOMRD
BIBRA~DE—HERDEEZ LD,

—JH . DNA VA 787 bAIZEDFONIEROEEITIZIEZ, BOHD/
HAZETAHVENRDD, Bliid, 7u—TOEBENLE A7) XA XITL
DEMTE, BHEHAIELLTWA IR ZLBEIFDEET D AREENRH D
Z LR, mRNA ORBEBL A AV7EOSKEBRERLTLL—HK LW L, F
7=, AEBRTIHBRERIZLY FEZ mRNA ORBEOE(A 265 LTE
LN, EREINTZTORBEYENICEREFONIEFAG A TIE AW
el THB, IO LB RRRL, BEIELLIZEGETOBRESE X ML
AMittEOE DY 2B DIE, F N7 H L UL TORERBRRT L OB
VETHY, a7t — LR LELE TEFNTLILETH D, Fiz, ¥
YRVEBREOEMEN, APLRIZELD FOL BTN E Vo ERD
HETHY ., EBR, GgpS ¥ /7 BT, BREO LFIZ L v BREES HES
BB EFMON TS (Hagemann ef al., 1996), Z 9 L7z, #lER1#% OBERE
PEOFREN & ETHE O & OBRIT. EITRMALESNE, SHOKE R
BETHLEEZOND,
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Acclimation of microorganisms to environmental
stress is closely related to the expression of various
genes. We report here that salt stress and hyperos-
motic stress have different effects on the cytoplasmic
volume and gene expression in Synechocystis sp. PCC
6803. DNA microarray analysis indicated that salt
stress strongly induced the genes for some ribosomal
proteins. Hyperosmotic stress strongly induced the
genes for 3-ketoacyl-acyl carrier protein reductase
and rare lipoprotein A. Genes whose expression was
induced both by salt stress and by hyperosmotic stress
included those for heat-shock proteins and the en-
zymes for the synthesis of glucosylglycerol. We also
found that each kind of stress induced a number of
genes for proteins of unknown function. Our findings
suggest that Synechocystis recognizes salt stress and
hyperosmotic stress as different stimuli, although
mechanisms common to the responses to each form of
stress might also contribute to gene expression. o 2002
Elsevier Science

Key Words: DNA microarray; cyanobacteria; salt
stress; hyperosmotic stress,

Microorganisms including cyanobacteria acclimate
to various kinds of environmental stress by regulating
the expression of numerous stress-inducible genes (1-
3). For example, when the cyanobacterium Synechocys-
tis sp. PCC 6803 (hereafter Synechocystis) is exposed to
salt stress, expression of the following genes is in-
duced: the ggpS gene for glucosylglycerolphosphate
synthase (4); the erh gene for RNA helicase (3); the isiA
gene for iron-stress-inducible protein A (5); the isiB
gene for flavodoxin (5) and the petH gene for ferre-
doxin:NADP~ reductase (8).

'To whom correspondence and reprint requests should be ad-
dressed at National Institute for Basic Biology, Okazaki 444-8585,
Japan. Fax: (+81) 564 54 4866. E-mail: murata@nibb.ac.jp.
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The terms salt stress and hyperosmotic stress have
often been used in a confusing manner, such that genes
induced upon exposure of organisms to high concentra-
tions of NaCl have sometimes been defined as osmo-
stressed genes (7, 8). However, the accumulated evi-
dence suggests that the two kinds of stress are
perceived as different signals. Incubation of the cya-
nobacterium Synechococcus sp. PCC 7942 in medium
supplemented with 1 M sorbitol decreases the cytoplas-
mic volume to 45% of the original value (9), whereas
incubation in 0.5 M NaCl only decreases the volume to
85% of the original value (10). These findings suggest
that cyanobacterial cells might respond to salt stress
and hyperosmotic stress in different ways. We won-
dered whether these two kinds of stress might induce
the same set or different sets of genes. To examine this
issue, we used a DNA microarray to investigate gene
expression in Synechocystis in response to salt stress
and to hyperosmotic stress.

DNA microarrays allow monitoring of changes in
levels of transcripts of almost all genes in specific or-
ganisms (11, 12). Such arrays have been used to exam-
ine gene expression in response to various kinds of
stress in Saccharomyces cerevisiae (13} and in Synecho-
cystis (14, 15).

In the present study, we obtained clear evidence that
salt stress and hyperosmotic stress regulate different
sets of genes, although expression of some genes was
induced in common by both kinds of stress. Further-
more, we found that expression of a number of genes
for proteins of unknown function was induced or re-
pressed by salt stress and hyperosmotic stress.

MATERIALS AND METHODS

Strain and culture conditions. A glucose-tolerant strain of Syn-
echocystis sp. PCC 6803 was kindly provided by Dr. J. G, K. Williams
(Du Pont de Nemours & Co., Inc., Wilmington, DE). Cells were grown
at 34°C in 50 ml of BG-11 medium (16) buffered with 20 mM Hepes—

0006-291X/02 $35.00
© 2002 Elsevier Science
All rights reserved.
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FIG. 1. Effects of NaCl and sorbitol on the volume of Synecho-
cystis cells. Circles, control (no additions); squares, 0.5 M NaCl was
added at time 0; triangles, 0.5 M sorbitol was added at time 0. The
volume of cells was monitored by EPR spectrometry (see text).
Each point represents the mean *= SE of results of six independent
experiments.

NaOH (pH 7.5) under continuous illumination from incandescent
lamps, as described previously (17). Cells at the exponential growth
phase (ODy, = 0.2) were incubated with 0.5 M NaCl, sorbitol, or
mannitol, after addition of an appropriate volume of a 5 M solution
of NaCl or sorbitol or a 2 M solution of mannitol to the culture. Cells
were incubated under the standard growth conditions for 30 min
unless otherwise noted.

Measurement of cytoplasmic volume. The cytoplasmic volume
was determined by electron paramagnetic resonance (EPR) spec-
trometry as described previously (9, 18). Cells were harvested by
centrifugation at 30°C at 8000g for 10 min and were resuspended at
400 pg Chl ml™ in a solution of 1.0 mM 2,2,6,6-tetramethyl-4-
oxopiperidinooxy free radical (TEMPO; a spin probe), 20 mM
K;[Fe(CN)yl; and 75 mM Na,Mn-EDTA. TEMPO that was oxidized
by K;[Fe(CN),]; penetrated plasma membranes rapidly and reached
an equilibrium in all phases of the suspension of cells. The addition
of the paramagnetic quencher Na,Mn-EDTA, which cannot pene-
trate the plasma membrane, broadened all the EPR signals except
those that originated within the space bounded by the plasma mem-
brane. The internal volume of cells could be calculated from the
difference between the EPR spectrum obtained from the treated cells
and that from control cells. Cells were enclosed in a sealed glass
capillary tube (i.d., 0.02 cm) in a final volume of 40 pl and EPR
spectra were recorded at room temperature in an EPR spectrometer
(Model ESP 300E; Bruker, Karlsruhe, Germany). The EPR signal
from the 40-pl capillary filled with 1.0 mM TEMPO alone was mea-
sured as a blank control. Measurements were made in darkness
under the following conditions: 100 kHz field modulation at a micro-
wave frequency of 11.72 GHz; a modulation amplitude of 0.4 mT;
microwave power of 10 mW; a time constant of 80 ms; and a scan rate
of 0.4 Gs™.

Profiles of transcriptional activity. Cells that had been exposed to
salt stress or hyperosmotic stress were killed instantaneously by the
addition of 50 ml of a mixture of phenol and ethanol (1:10, w/v) to 50
ml of the cell suspension and then total RNA was extracted as
described previously (19). The RNA was treated with DNase I (Nip-
pon Gene, Tokyo, Japan) to remove contaminating DNA (19).

A Synechocystis DNA microarray (CyanoCHIP) was obtained from
TaKaRa Co. Ltd. (Kyoto, Japan). This microarray covered 3079 of the
3168 open reading frames of Synechocystis (20). We used Cy3 dye-
labeled and Cy5 dye-labeled ¢cDNA, synthesized by reverse transerip-
tion of 20 pg of total RNA, for hybridizations, which were allowed to

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

proceed at 65°C for 16 h. After the incubation, the microarrays were
rinsed with 2x SSC (1X SSC is 150 mM NaCl and 15 mM sodium
citrate) at room temperature. They were washed with 2x SSC at
60°C for 10 min and 0.2x SSC 0.1% SDS at 60°C for 10 min and then
rinsed with distilled water at room temperature for 2 min. Moisture
was removed with an air spray prior to analysis with the array
scanner (GMS418; Affimetrix, Woburn, MA). Each signal was quan-
tified with the ImaGene ver. 4.0 program (BioDiscovery, Los Ange-
les, CA). The signal from each gene on the microarray was normal-
ized by reference to the total intensity of signals from all genes with
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FIG. 2. DNA microarray analysis of salt stress-induced and hy-
perosmotic stress-induced gene expression. (A) Internal-control ex-
periment (control experiment). RNA extracted from unstressed cells
was used to synthesize both Cy3-labeled ¢DNA and Cy5-labeled
cDNA. Dashed lines correspond to reference lines, which indicate the
limit of experimental deviations. (B) RNA, extracted from cells that
had been exposed to 0.5 M NaCl for 30 min, was compared with RNA
that from unstressed cells. (C) RNA, extracted from cells that had
been exposed to 0.5 M sorbitol for 30 min, was compared with RNA
from unstressed cells. Red circles correspond to genes whose expres-
sion was regulated only by NaCl stress. Blue circles correspond to
genes whose expression was regulated only by sorbitol. Yellow circles
correspond to genes whose expression was affected both by NaCl and
by sorbitol. The assay was repeated six times in independent exper-
iments and essentially the same results were obtained in every case.
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the exception of genes for rRNAs. Then we caleulated changes in the
level of the transcript of each gene relative to the total level of
mRNA.

RESULTS AND DISCUSSION
Effects of NaCl and Sorbitol on Cytoplasmic Volume

Salt stress and hyperosmotic stress depressed the
growth of Synechocystis cells. Addition to the standard
culture medium of 0.5 M NaCl or 0.5 M sorbitol de-
creased the growth rate to about 50% of the original
level (data not shown). In our subsequent analysis, we
used 0.5 M NaCl and 0.5 M sorbitol to induce salt
stress and hyperosmotic stress, respectively,

We examined the effects of NaCl and sorbitol on the
cytoplasmic volume of Synechocystis cells by monitor-
ing the EPR spectrum of TEMPQO, as described under
Materials and Methods (Fig. 1). When cells were incu-
bated with 0.5 M sorbitel, the cytoplasmic volume de-
creased to 30% of the original level within 10 min and
then remained at this level subsequently. When cells
were incubated with 0.5 M NaCl, the cytoplasmic vol-
ume decreased to 70% of the original level within 10
min but returned to the original level within 45 min of
the start of exposure to salt stress. These observations
were consistent with our previous finding that incuba-
tion of Synechococcus sp. PCC 7942 with 1 M sorbitol
and with 0.5 M NaCl decreased the cytoplasmic volume
to 45 and 85% of original level, respectively, within 30
min (9, 10). The previous reports that Na™ ions pene-
trate the plasma membrane might explain why NaCl is
less effective than sorbitol in exerting hyperosmotic
pressure (21, 22).

The results in Fig. 1 suggested that the inhibitory
effect of 0.5 M NaCl on the cell growth might be due
mainly to ionic stress. Therefore, we postulated that an
increase in the concentration of Na' ions in the cyto-
plasm, due to the penetration of ions through the cell
membrane, might be the main feature of salt stress,
with osmotic pressure across the plasma membrane
being a minor feature of such stress. By contrast, os-
motic pressure due to sorbitol results from the fact that
the plasma membrane is impermeable to this com-
pound (9). However, sorbitol might also have an ionic
effect, albeit a minor one, because a decrease in cyto-
plasmic volume to 30% of the original value would lead
to a three-fold increase in the concentrations of salts in
the cytosol. Thus, our findings suggest that the stress
due to NaCl and the stress due to sorbitol might have
different effects on cell physiology and might be recog-
nized as different stimuli by cyanobacterial cells.

Analysis of Gene Expression with ¢ DNA Microarray

To study the responses of Synechocystis cells to salt
stress and hyperosmotic stress in terms of gene expres-

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

sion, we used a DNA microarray. First, we performed
an internal-control experiment in which Cy3- and Cy5-
labeled ¢DNAs were synthesized from total RNA that
had been extracted from unstressed cells. Figure 2A
shows that all the data points appeared between the
two reference lines, which corresponded to ratios of
expression of 2.0 and 0.5. This control experiment sug-
gested that data points that appeared above the upper
reference line or below the lower reference line could be
regarded as representing those genes whose expression
was induced or repressed, respectively.

Figure 2B shows the effects of the incubation of
Synechocystis cells with 0.5 M NaCl for 30 min on the
expression of individual genes. Upon exposure to the
salt stress, 147 genes appeared above the upper refer-
ence line and 228 genes appeared below the lower
reference line. However, most of the genes appeared
between the two reference lines, indicating that the
expression of most genes was unaffected by salt stress.
Figure 2C shows the effects of incubating Synechocys-
tis cells with 0.5 M sorbitol on the expression of indi-
vidual genes. Upon exposure to the hyperosmotic
stress, 113 genes appeared above the upper reference
line and 161 genes appeared below the lower reference
line. We also examined the effect of 0.5 M mannitol on
Synechocystis cells; the profile of gene expression was
essentially the same as that obtained with 0.5 M sor-
bitol. This observation indicated that the changes in
gene expression due to the sorbitol were caused by
hyperosmotic stress and not specifically by sorbitol. We
also examined the effects of extended incubation for 2h
with 0.5 M NaCl or 0.5 M sorbitol on the pattern of
gene expression. We obtained essentially the same re-
sults as those obtained after a 30-min incubation (data
not shown).

The genes, whose expression was highly enhanced or
was strongly repressed to an extent that corresponded
to a ratio greater than 3:1, are listed in Tables 1 and 2.
We found that half of genes, whose expression was
enhanced or was repressed by each kind of stress,
encode proteins of unknown functions. It suggests that
a number of proteins of unknown functions may be
related to the known or unknown mechanisms for the
acclimation to these kinds of stress. We also found that
salt stress and hyperosmotic stress regulate the ex-
pression of different sets of genes (see red spots or blue
spots in Figs. 2B and 2C). It should be noted here,
however, that salt stress tends to depress gene expres-
sion in general (23). Eventually, gene expression was
reduced to 75 and 90% of the control level in response
to 0.5 M NaCl and 0.5 M sorbitol, respectively. The
results in Figs. 2B and 2C reveal the changes in the
contribution of the expression of individual genes rel-
alive to the total level of gene expression, which was
estimated from signals that reflected the extent of
hybridization.
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TABLE 1
Genes Whose Expression Was Enhanced by Salt and/or Hyperosmotic Stress

Extent of enhancement

ORF number Gene Product 0.5 M NaCl 0.5 M sorbitol
Genes whose expression was strongly enhanced by salt stress (fold}
slr1704 Protein of unknown function 174 =12 23 =06
slr0967 Protein of unknown function 16.0 = 3.6 2.5 +06
sl11621 Membrane protein 83=11 1.5 0.3
sll1515 Protein of unknown function 7611 0802
slr1501 Protein of unknown function 70x12 14205
sll1864 Chloride channel protein 61+19 1.1 =02
slr1932 Protein of unknown function 54+06 12=01
5111022 Protein of unknown function 47 =04 1606
ssr2194 Protein of unknown function 47>+ 14 1404
slr1738 Protein of unknown function 4.4 = 0.2 1.9x04
slr0095 ()-Methyltransferase 42> 01 14 *0.2
s1l1086 Protein of unknown function 4006 1.6 0.2
slr0529 Protein of unknown function 3907 1.3 +0.2
sll1167 pbp Penicillin-binding protein 3.8>02 1.3 =05
slr1259 Protein of unknown function 3.7 =07 1.1 =02
s110805 maf maf protein 3.6 0.7 1.3 =04
5111236 Protein of unknown function 32+0686 1.1 =04
slr1916 Esterase 32=x05 15=04
5111594 rbcR Rubisco operon regulator 32=x04 12202
slr1971 Protein of unknewn function 3.1 =07 1.7+05
5111723 Protein of unknown function 31x086 16 =04
Slr1604 ftsH Cell division protein 31200 16 +03
5111491 Protein of unknown function 3004 1403
slr1751 pre Carboxy-terminal protease 3.0*+02 1402
sl10188 Protein of unknown function 3.0=0.2 1.7+ 056
slr1608 gdhB Glucose dehydrogenase-B 3.0*+04 1.4 =03
5110938 Aspartate transaminase 3.0=06 1304
sl11799 «rpl3 508 ribosomal protein L3 3.0+02 0.8 =02
Genes whose expression was strongly enhanced by hyperosmotic stress
5110330 fabG 3-Ketoacyl-ACP reductase 1202 239 *+6.5
slr(423 ripA Rare lipoprotein A 1.2 +0.1 62+x04
slr1748 Protein of unknown function 1.7+ 04 46 =08
slr1119 Protein of unknown function 1302 42+ 1.1
slr0381 Protein of unknown function 098=x01 3909
5110430 htpG Heat-shock protein Hsp%0 1.9x0.1 3.8=07
8511256 Protein of unknown function 0.7 =01 3.7+x03
5513177 repA Rare lipoprotein A 1602 3.6=*05
5110185 Protein of unknown function 1304 3.3+05
5110293 Protein of unknown function 0.9+01 3.1>x086
slr0753 p P protein 06 =01 3.0x1.0
Genes whose expression was strongly enhanced by salt and hyperosmotic stress
5111862 € Protein of unknown function 93875 172+ 53
sll1514 hspA Heat-shock protein Hspl7 56.2 = 10.7 265 =45
sll1863 € Protein of unknown function 52.7 = 10.1 8318
5110528 Protein of unknown function 40.0 x 6.5 20.0 £ 6.0
slr1544 Protein of unknown function 20333 7809
slr1516 sodB Superoxide dismutase 165146 4.9 =07
5110939 Protein of unknown function 15332 35x09
sll0846 Protein of unknown function 149+ 15 10,1 = 1.4
slrl674 € Protein of unknown function 142 + 0.8 106 1.2
ssr2595 High light-inducible protein 134 =16 7.0=x14
sii1106 Protein of unknown function 126 = 2.8 34x08
sl11085 egipD Glycerol-3-P dehydrogenase 118 =21 3205
5110306 rpoD RNA polymerase sigma factor 11.5 £ 0.3 7223
sll0170 dnaK DnaK protein 1156 2.8 4.1+ 09
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TABLE 1—Continued

Extent of enhancement

ORF number Gene Product 0.5 M NaCl 0.5 M sorbitol
5111566 € ggpS Glucosylglycerol-P synthase 10.7 = 1.5 3.7+ 05
slr1675 € iypA Hydrogenase-related protein 10.1 = 1.5 7821
slr1963 Protein of unknown function 10,014 91+24
slr0093 dnaJ Dnad protein 9616 3.2+08
5111884 Protein of unknown function 94+ 11 39+03
slr1687 ¥ Protein of unknown function 9422 32+09
slri641 clpB ClpB protein 84+12 35+12
sli0788 B Protein of unknown function 83+13 7006
sil1483 Protein of unknown function 78=x13 2298+ 0.6
slr1603 Protein of unknown function 72+08 39+11
slr(959 Protein of unknown function 6.6+ 12 42+ 1.1
5511633 CAB/ELIF/HLIP superfamily 6509 5105
sll0416 groEL2 60-kDa chaperonin 6.2 *04 32x11
5513044 ¥ Hydrogenase component 57+ 15 35+12
5512016 Protein of unknown function 5609 46+ 05
5512542 hliA HLIP 50+ 0.8 48+ 1.8
slr1204 hirA Serine protease 48+ 03 46 = 0.7
5110789 B copR Response regulator 44*09 39+09
3512971 Protein of unknown function 43207 4002
sir0681 Protein of unknown function 3.9x07 3303

Note. Cells grown at 34°C (to OD,; = 0.2) were incubated with 0.5 M NaCl or 0.5 M sorbitol for 30 min. Each value indicates the ratio of
the level of expression in stressed cells to that in control cells. Values shown are means = SE of results of three independent experiments.
The numbering of ORFs corresponds to that of Kaneko et al. (20, 29). Genes marked by the same Greek letter are located in tandem on the

Synechocystis genome.

Genes Whose Expression Was Strongly Enhanced
by Salt Stress

Figure 3 shows that salt stress due to 0.5 M NaCl
strongly induced the expression of genes for proteins
involved in translation (rpl3), the modification and
degradation of proteins (pr¢ and ftsH). The expression
of these genes was not induced by osmotic stress due to
0.5 M sorbitol.

In Synechocystis, genes for ribosomal proteins,
namely, rpl2, rpl3, rpl4, and rpl23 are located in a
putative ribosomal-protein operon (20). Salt stress en-
hanced the expression of these genes by factors of 2.0,
3.0, 2.3, and 2.7, respectively. The crystallographic
structure of the large subunit of ribosomes has re-
vealed that the ribosomal proteins, L2, L3 and L4,
encoded by rpl2, rpl3, and rpl4, respectively, are lo-
cated near the peptidyltransferase center (24, 25).
These observations suggest that salt stress might de-
stabilize ribosomes and that the synthesis de novo of
L2, L3, and L4 might be necessary for maintenance of
the activities of ribosomes.

The D1 protein at the photochemical reaction center
of the photosystem II complex is rapidly damaged un-
der strong light (26). The rapid degradation of photo-
damaged D1 and regeneration of D1 by synthesis de
novo are important if photosynthetic organisms are to
maintain the activity of photosystem II. We found that
the proteins that are involved in the degradation of
photodamaged D1 are also induced by salt stress. Lin-

dahl et al. demonstrated that an ATP-dependent met-
alloprotease, FtsH, located in the thylakoid membrane
in Arabidopsis thaliona, degrades photodamaged D1
(27, 28). Synechocystis has four open reading frames
(ORFs) that encode homologs of FtsH, namely, sil1463,
slr0228, slr1390, and slr1604 (20, 29). We found that
the expression of slr1390 and slr1604 was enhanced
2.1- and 3.1-fold by salt stress, respectively, whereas
levels of expression of the other proteins were basically
unchanged.

The CtpA protein catalyzes the cleavage of the
carboxy-terminal region of the precursor to the D1
protein to generate the mature D1 protein (30). The
expression of the cfpA gene and that of a homologous
gene, prc, were also enhanced 2.7- and 3.0-fold by salt
stress but were unaffected by hyperosmotic stress.
These results suggest that salt stress might inhibit the
turnover of D1 not only at the transcriptional and
translational levels, but also at the levels of degrada-
tion of photodamaged D1 and the processing of the
precursor to D1. The enhanced expression of the fisH,
prec and ctpA genes might compensate for the inhibition
via the synthesis of FtsH, Prc, and CtpA.

Genes Whose Expression Was Strongly Enhanced
by Hyperosmotic Stress

Hyperosmotic stress strongly induced the expression
of the fabG gene for 3-ketoacyl-ACP reductase, the
ripA and repA genes for rare lipoproteins. Salt stress
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Genes Whose Expression Was Repressed by Salt and/or Hyperosmotic Stress
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TABLE 2

Extent of repression

ORF number Gene Preduct 0.5 M NaCl 0.5 M sorbitol
Genes whose expression was strongly repressed by salt stress (fold}
slr(294 Protein of unknown function 3709 1.3 +0.2
5111453 nrtD Nitrate transport protein 3504 1.3+ 06
ssr0536 Protein of unknown function 34 =05 1.7+02
slr1658 Protein of unknown function 3305 1.3 +02
s111693 Protein of unknown function 32x08 1.7+ 05
slr0213 guaA GMP synthetase 3108 1.7+ 0.2
5812084 acp Acyl carrier protein 3105 1.4 06
slri591 Protein of unknown function 3.0+08 09 =02
5110262 desD Delta-6 desaturase 3003 1.3 x03
3812874 Protein of unknown function 3007 1.2+ 05
Genes whose expression was strongly repressed by hyperosmotic stress
slr1634 Protein of unknown function 1.5 0.9 72+ 1.0
5110381 { Protein of unknown function 0501 59=x11
5110382 L Protein of unknown function 05=x01 37x06
slr1272 Protein of unknown function 14~+01 3707
5111626 lexA S0S regulatory protein 1205 3411
5110383 { cbiM CbiM protein 05040 3.0=x09
Genes whose expression was strongly repressed by salt and hyperosmotic stress
sl11783 7 Protein of unknown function 8920 68+ 0.2
slr18564 7 Protein of unknown function 89+16 103 = 2.0
sl11785 7 Protein of unknown function 8.0=x21 54 =05
slr1852 n Protein of unknown function 7.7x13 55* 1.0
5111784 0 Protein of unknown function 72+16 50=05
s1rd737 psaD Photosystem I subunit II 58=09 3601
slr1855 7 Protein of unknown function 55+ 1.2 50+ 0.7
slr2051 cpec Phycobilisome rod-core linker 55=*1.1 4303
slr1277 aspD Secretion pathway protein D 49+ 07 37204
s110819 psaF Photosystem I subunit ITI 45=* 1.3 45> 0.8
sl11091 Bacteriochlorophyll synthase 39+03 3005
slr0335 apcE Phycobilisome LCM linker 38x08 43=>0.1
slr0653 rpoDI RNA polymerase sigma factor 3812 4005
slri459 apcF Phycobilisome core component 38=x05 36=*10
s111305 1 Protein of unknown function 3.7x08 302086
slr2067 L apcA Allophycocyanin a chain 36 =07 4101
slr1986 vapcB Allophycocyanin b chain 3605 33+x04
sl10427 psbO Mn-stabilizing polypeptide 35208 35+03
5111580 @ cpeC Phycocyanin-associated linker 3408 8204
sH1677 8 cpcB Phycocyanin b subunit 34211 7208
sl11712 DNA-binding protein HU 3410 37x11
slr1859 Protein of unknown function 33204 3006
5110661 ycf3s Protein of unknown function 3308 3608
slr1276 Protein of unknown function 3201 34086
slr0g11 rbeX Protein of unknown function 3108 35>10
slr1856 n Protein of unknown function 30=03 4.2 > 0.6

Note, See Table 1 for details.

did not induce the expression of any of these genes, the
result suggests again that salt stress and hyperosmotic
stress affect the expression of different sets of genes.
The efflux of water from cells due to hyperosmotic
stress reduces the volume of the cytoplasmic space and
such reduction can lead to plasmolysis and changes the

state of the periplasmic space (31). A decrease in the
cytoplasmic space might cause close packing of mem-
brane lipids and membrane proteins in the plasma
membrane (31). Such changes in the periplasm and/or
the plasma membrane might be the first signal of hy-
perosmotic stress that is perceived by the cell and that
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FIG. 3. Categorization of salt stress-regulated and hyperosmotic
stress-regulated genes by reference to the specific stress that affected
gene expression. Each of the two overlapping circles in A and B
includes genes whose expression was altered by salt stress or hyper-
osmotic stress. The overlapping regions of the circles include those
genes whose expression was affected by both kinds of stress. The
area of each circle and of each overlapping region reflects the number
of genes whose expression was affected by each kind of stress.
(A) Stress-inducible genes. (B} Stress-repressible genes. Genes
annotated by Cyanobase (http://www.kazusa.or.jp/cyano/} are indi-
cated (20).

results in changes in the levels of expression of certain
genes.

The FabG protein, 3-ketoacyl-ACP reductase, which
catalyzes the production of 3-hydroxyacyl-ACP (ACP,
acyl carrier protein) from 3-ketoacyl-ACP, is required
for the elongation of carbon chains in the synthesis of
fatty acids. Synechocystis has three fabG genes:
sll0330, sir1994, and slr0886. However, of these three,
only 5110330 was induced by hyperosmotic stress, sug-
gesting that synthesis de novo of lipids might be re-
lated to the acclimation of the cyanobacterium to hy-
perosmotic stress. If the cytoplasm shrinks and
membranes become closely packed under hyperosmotic
stress, synthesis de novo of membrane lipids might
assist in restoration of the original volume of the
cytoplasm.

The RlpA protein, rare lipoprotein A, in Escherichia
coli is exported to the periplasm where it is fatty-
acylated to allow anchorage in the plasma membrane
(32). It is previously demonstrated that the gene for
this protein is located in a cluster of mrdARB genes for
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peptidoglycan synthesis in E. coli (33). Synechocystis
has two genes for homologs of rare lipoprotein A (ripA
and repA) and both were specifically induced by hyper-
osmotic stress. Shrinkage of the cytoplasm by plasmol-
ysis might damage the peptidoglycan layer. Thus, it is
possible that the cell might strengthen or reconstruct
the cell wall under hyperosmotic stress.

Genes Whose Expression Was Enhanced
by Both Kinds of Stress

Both salt stress and hyperosmotic stress induced the
expression of genes for heat-shock proteins (ZspA,
dnakK, dnad, htrA, groEL2, and clpB), superoxide dis-
mutase (sodB), proteins for the synthesis of glucosyl-
glycerol (glpD and ggpS), and sigma 70 factors (two
rpoD genes). The efflux of water from cells due to
hyperosmotic stress reduces the veolume of the cyto-
plasmic space and, thus, increases the concentration of
ions in the cytosol. Therefore, hypercsmotic stress
might be expected to have effects similar to those of
salt stress. Such effects might explain why a large
number of genes were induced both by salt stress and
by hyperosmotic stress.

The gipD and ggpS genes for proteins involved in the
synthesis of glucosylglycerol are located in tandem on
the chromosome of Synechocystis (20). Hagemann et al.
demonstrated that GgpS is a key enzyme of the syn-
thesis of glucosylglycerol, which is synthesized as a
major compatible solute upon exposure of Synechocys-
tis to salt stress (34).

The expression of genes for heat-shock proteins
(hspA, dnaK, dnad, htrA, groEL2, and clpB) was in-
duced both by salt stress and by hyperosmotic stress. It
is demonstrated that, in Bacillus subtilis, the expres-
sion of these genes is induced not only by heat shock
but also by salt stress, by ethanol and by starvation (1).
In Synechocystis, heat shock induces the expression of
these heat-shock genes (35, 36). In the present study,
we found that a group of heat-shock proteins was
also induced both by salt stress and by hyperosmotic
stress in Synechocystis. The HtrA protein (DegP), a
serine protease that is localized on the thylakoid mem-
brane, degrades membrane-bound proteins that in-
clude photodamaged D1 (37). Torok ef al. demonstrated
that HspA stabilizes proteins that have been heat-
denatured in vitro for subsequent refolding by the
DnaK/DnaJ/GrpE and GroEL/ES chaperone network
{38). These cbservations suggest that the effect of both
salt stress and hyperosmotic stress might be related to
the stability of proteins. Cells might avoid the accumu-
lation of denatured proteins by synthesizing chaper-
ones and proteases under salt stress and hyperosmotic
stress. Furthermore, It 1s demonstrated that both tran-
scription and translation in Synechocystis cells might
be inhibited when cells are incubated in medium sup-
plemented with 684 mM NaCl (23). Thus, chaperones
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might protect the transcriptional and translational ap-
paratus under salt stress, as well as under hyperos-
motic stress.

Both salt stress and hyperosmotic stress induced the
expression of the two rpoD genes (sli2012 and sll0306)
that encode sigma 70 factors. These findings suggest
that transcription might be one of the targets of salt
stress and hyperosmotic stress. The induction of these
genes might represent the strategy whereby Synecho-
cystis compensates for the salt stress-induced depres-
sion of transcription. In E. coli and B. subtilis, the
stress-dependent expression of genes for heat-shock
proteins is regulated by specific sigma factors, namely,
SigH and SigB, respectively (39). However, it is unclear
which sigma factor regulates the expression of genes
for heat-shock proteins in Synechoeystis. The induction
both by salt stress and by hyperosmotic stress of two
rpoD genes (sll2012 and sll0306), which are homolo-
gous to genes for SigB of B. subtilis, suggests that these
sigma factors might be involved in regulation of the
expression of heat-shock proteins.

Genes Whose Expression Was Strongly Repressed
by Salt Stress

Figure 3B shows the genes whose levels of expres-
sion were reduced by more than 3.0-fold upon incuba-
tion of cells with 0.5 M NaCl or 0.5 M sorbitol for 30
min. Salt stress specifically depressed the expression of
the genes for a desaturase (desD) and acyl carrier
protein (acp).

The genome of Synechocystis includes the genes for
four acyl-lipid desaturases (desA, desB, desC, and desD),
which introduce double bonds into fatty-acyl chains (40).
These enzymes play an important role in the mainte-
nance of the structure and function of biological mem-
branes (2). We found that expression of desB, desC, and
desD genes was specifically reduced by salt stress, with
reductions of 2.0-, 2.7-, and 3.0-fold, respectively.

Genes Whose Expression Was Strongly Repressed
by Hyperosmotic Stress

Hyperosmotic stress specifically depressed the ex-
pression of the cbiM gene, the lexA gene. The cbiM
(s{l0383) genes are included in the gene cluster that
encodes components of ABC-type cobalt transporter.
Cobalt ions are necessary for the biosynthesis of cobal-
amin. The lexA gene encodes a transcriptional repres-
sor of SOS function. The SOS response has been well
characterized in E. coli, in which the reduce expression
of the lexA gene under severe hyperosmotic stress re-
sults in damage to DNA (41).

Genes Whose Expression Was Repressed
by Both Kinds of Stress

Both salt stress and hyperosmotic stress depressed
the expression of genes for components of photosystem
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I (psaD and psaF), components of phycobilisomes
{epeB, cpceC, cpeG, apcA, apeB, apcE, and apch), a
sigma factor (rpoDI}, a general secretion protein (gspl})
and proteins of unknown function.

Most of the genes for components of photosystem I
and phycobilisomes are located in tandem on the Syn-
echocystis chromosome (20). We demonstrated previ-
ously that salt stress and hyperosmotic stress have
inhibitory effects on the electron-transfer activity of
photosystem I (9, 10). Repression of the expression of
genes for photosystem I and phycobilisomes might be
important for maintenance of a certain level of photo-
synthetic activity.

Synechocystis has five homologs of sigma-70 factors.
The rpoD1 gene (slr0653) encodes an indispensable
sigma-70 factor, whereas the other rpoD genes encode
sigma-70 factors that are not essential for growth un-
der normal conditions (42). Both salt stress and hyper-
osmotic stress induced the enhanced expression of
sigma-T0 factors, slr0306 and s112012, which are not
essential for normal growth but might be involved in
regulation of the expression of stress-inducible genes
in Synechocystis.

Expression of the gspD gene for a protein in the
general secretion pathway was also depressed by both
salt stress and hyperosmotic stress. The GspD protein
is located in the outer membrane in Pseudomonas
aeruginosa (43). The repressed expression of the gspD
gene sugpests again that the outer membrane and
plasma membrane are the targets of salt stress and
hyperosmotic stress.

The regulation by salt stress and hyperosmotic
stress of the expression of different sets of genes
suggests that different mechanisms are operative in
Synechocystis for acclimation to salt stress and hyper-
osmotic stress and, moreover, that Synechocystis rec-
ognizes salt stress and hyperosmotic stress as different
kinds of stress. However, the components of the signal-
ing pathways for salt stress and hyperosmotic stress
remain to be identified.
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Summary

A histidine kinase, Hik33, appears to sense decreases
in temperature and to regulate the expression of
certain cold-inducible genes in the ¢yanobacterium
Synechocystis sp. PCC6803. To examine the role of
Hik33 in the regulation of gene expression, we
analysed a AHIk33 mutant using the DNA microarray
technique. In wild-type cells, genes that were strongly
induced at low temperature encoded proteins that
were predominantly subunits of the transcriptional
and translational machinery. Most cold-repressible
genes encoded components of the photosynthetic
machinery. Mutation of the hik33 gene suppressed
the expression of some of these cold-regulated
genes, which could be divided inte three groups
according to the effect of the mutation of hik33. In the
first group, regulation of gene expression by low
temperature was totally abolished; in the second
group, the extent of such requlation was reduced by
halt; and, in the third group, such regulation was
totally unaffected. These results suggest that expres-
sion of the genes in the first group is regulated solely
by Hik33, expression of genes in the third group is
regulated by an as yet unidentified cold sensor, and
expression of genes in the second group Is regulated
by both these cold sensors.

Introduction

Some organisms acclimate to low temperatures by
regulating the expression of certain genes. For example,
enhanced expression of genes for acyl-lipid desaturases
at low temperatures is one of the essential events for
acclimation to low temperature, increasing the extent of
cis-unsaturation of the fatty acids in membrane lipids
and, thus, maintaining the fluidity of membranes at an
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appropriate level (Murata and Los, 1997). Inactivation of
the desA and desD genes for A9 and A12 desaturases
reduces the capacity for acclimation to low temperature of
the cyanobacterium Synechocystis sp. PCC 6803 (here-
after Synechocystis, Tasaka et al., 1996). Desaturation of
fatty acids in membrane lipids at low temperatures has
been well characterized in various other poikilothermic
organisms, such as several strains of cyanobacteria (Sato
and Murata, 1980; Murata and Wada, 1995; Sakamoto
et al, 1997), Bacillus subtilis (Aguilar et al, 1999),
Tetrahymena (Thompson and Nozawa, 1977), Acantha-
moeba (Avery et al, 1995), Caenorhabdilis elegans
(Tanaka et al., 1996) and carp (Cossins, 1994}).

We found recently that a membrane-associated histi-
dine kinase, Hik33, and a soluble histidine kinase, Hik18,
appear lo be involved in the perception and transduction
of the low-temperature signal that regulates the low
temperature-dependent induction of the genes for w3
and A6 acyl-lipid desaturase and for RNA helicase in
Synechocystis (Suzuki et af,, 2000). We suggested that a
change in membrane fluidity might be important for the
perception of temperature that results in induction of the
synthesis of the desaturases (Vigh et al,, 1993}. There-
fore, we concluded that Hik33, which is located in
membranes, is a low-temperature sensor that regulates
the expression of some low temperature-inducible genes
in Synechocystis {(Suzuki et al.,, 2000).

Various cold-inducible genes have been identified in
cyanobacteria {Los and Murata, 1999), tor example genes
for fatty acid desaturases (Murata and Wada, 1995),
RNA-binding proteins {Sato, 1995), ribosomal protein 521
(Sato et al., 1997), ribosomal protein L9, cytochrome Gy
(Malakhov et al., 1999) and two RNA helicases {Chamot
et al,, 1999). Thus, acclimation to low-temperature stress
includes the co-ordinated regulation of the expression of
multiple genes. The roles of proteins encoded by low
temperature-inducible genes in the acclimation to low
temperature are not fully understood. It is also not yet
clear how all the genes on the chromosome are regulated
during acclimation to low temperature.

As described below, we used a recently developed
technique, known as DNA microarray analysis {(Watson
et al., 1998; DeRisi and lyer, 1999), to monitor simulta-
neous changes in levels of transcripts of almost all the
genes in Synechocystis. We found that low temperature
induced the expression of genes for some components
of the translational and transcriptional machinery and
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repressed the expression of genes for components of
photosystem | and phycobilisomes. Mutation of Hik33
suppressed the induction by low temperature of the
expression of certain genes for components of the
transcriptional and translational machinery and also
decreased the extent of suppression of the expression
of some cold-repressible genes, such as genes for
proteins in the photosynthetic apparatus.

Results

Modulation of gene expression by inactivation of the hik33
gene

From our earlier work (Suzuki et al., 2000), the hik33 gene
appeared 10 be involved in the cold-induced expression of
certain genes. In this study, we examined whether Hik33
might affect the expression of certain genes under
isothermal conditions using a DNA microarray. Figure 1A
shows the effects of the inactivation of Hik33 on the
expression of individual genes when wild-type and mutant
cells were grown at the same temperature {34°C). The
inactivation of Hik33 enhanced the expression of one
gene and repressed the expression of several others,
However, most data points appeared between two lines,
which corresponded to ratios of the expression between
the two cultures being 2:1 and 1:2, respectively {Fig. 1A),
indicating that the respective levels of expression of each
gene were similar in the two types of cell.

In order to verify our results, we prepared Cy3- and
Cy5-labelled cDNAs from a sample of RNA that had been
extracted from wild-type cells grown at 34°C and allowed
the cDNAs to hybridize 10 the DNA microarray (Fig. 1B).
All data points appeared between the two reference lines,
which corresponded to ratios of the expression being 2.0
and 0.5. Even for genes with signals as low as 0.01% of
the total signal, the ratios of levels were between 2:1 and
1:2. These results suggested that data points that
appeared above the line 2:1 or below the line 1:2 in
Fig. 1A corresponded to genes whose expression had been
significantly enhanced or repressed by the inactivation of
Hik33.

The genes whose expression was affected by the
inactivation of Hik33 are listed in Table 1. The inactivation
of Hik33 quadrupled the levels of expression of the hiyA
gene, which encodes a homologue of haemolysin (Bhaya
et al, 1999). it also repressed the expression of genes
designated sl1407, sll1404 (exbB), sli1406 (fhuA), sli1408,
sir1484 and slr1485.

To verify the results in Fig. 1A and Table 1, we
examined the levels of expression of the fiyA gene and
sll1404 by Northern blotting analysis (Fig. 2). The hiyA
gene was more strongly expressed in AHik33 cells than in
wild-type cells. Incubation of AHik33 cells at 22°C tor
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Fig. 1. The expression of genes as revealed by DNA microarray
analysis.

A, Wild-type cells, grown at 34°C for 16 h, were compared with
AHik33 cells grown under the same conditiens. Afler growth at
34°C for 16 h, cells were harvested, and total RNA was extractec.
The ANA from witd-type and AHik33 celis was used to synthesize
Cy3-labelled and Cy5-fabelled cDNAs respectively.

B. Control experiment with wild-type cells grown at 34°C. RNA from
wild-type cells was used to synthesize Cy3- and Cy5-labelled
cDNAs, which were allowed to hybridize to the DNA microarray.
Dashed lines correspond 10 reference lines that indicate the Iimit of
experimental deviations.

20 min slightly depressed the expression of this gene. In
wild-type cells, the downward shift in temperature to 22°C
induced the expression of hiyA, although the level of
expression at 22°C was much lower than in AHik33 cells
at both 34°C and 22°C (Fig. 2A).

The sil1404 transcripts appeared as a smear. Their
lengths ranged from 0.8 kb to 5.6 kb, and they were
abundant in wild-type cells grown at 34°C. Incubation of
wild-type cells at 22°C for 20 min markedly depressed the
levels of these transcripts. Two bands of RNAs of
apparently 2.1 kb and 1.4 kb were considered to be
artifacts because of the dense bands of rRNA of 1.4 kb
and 2.5 kb. The largest RNA, which was 5.6 kb long, was
mast probably the transcript of the entire gene cluster that
consists of sll1404, sli1405, s111408, sli1407 and sll1408
(see Discussion), and its appearance suggests that
these genes were co-transcribed as a single operon.
The expression of this operon was repressed by low
temperature in wild-type cells. Inactivation of Hik33 almost
completely eliminated the transcription of the operon
irrespective of the growth temperature of the cells. The
results obtained from the DNA microarray were qualita-
tively consistent with the results of Northern blotling
analysis.
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Table 1. Genes whose expression was strongly enhanced or strongly suppressed by inactivation of HIk33.

QRF no. Gene Product 34°C celis 22°C cells

Enhanced expression AHIK3IIWT AHiIkIZWT
511951 hiyA Haemolysin 4.29 + 1.39 215+ 0.70

Suppressed expression WT/AHIk33 WT/AHIK33
511407 Methyt transferase 673 £1.27 341 =222
sil1404 extB Bicpolymer transpont 510 * 0.53 1.82 = 0.67
sll1406 fhuA Ferrichrome-iron lransport 4.20 = 0.32 3.28 £ 172
311408 Transcriptional regulator 415 x 1.48 3.00£1.72
slr1485 Protein of unknown function 2.80 £ 003 1.02 = 0.50
slr1484 Protein of unknown function 249 * 017 1.78 = 0.48

Wild-type and AHik33 cells were grown at 34°C for 16 h (34°C cells) and then incubated at 22°C for 20 min (22°C cells). Each value indicates the
ratio of levels of expression in wild-type cells (WT) and AHik33 cells {AHik33). Genes that gave ratios greater than 2.0 are listed. The values shown
are the means = SE of results of four experiments. The numbering of ORFs corresponds to that of Kaneko et al. {1995; 1996). The complete list

can be accessed at hitp://www.genome.ad.jp/kegg/expression

Cold-induced genes in wild-type and A Hik33 cells

Figure 3 shows the effects of the inactivation of Hik33 on
the cold-inducible expression of genes. Most of the data
points lie between the two reference lines in the case of
both wild-type and AH33 celis, indicating that the
expression of the majority of genes was not affected by
low temperalure in either type of cell. Spots that do not fall
between the reference lines correspond to those genes
for which the downward shift in temperature altered the
level of expression (Fig. 3). The extent of deviations from
the reference lines was much smaller for AHIk33 ceils
than for wild-type cells (Fig. 3), suggesting that the ability
of various genes to respond io low temperature was
reduced by the inactivation of Hik33.

Table 2 lists the genes whose levels of expression were
more than doubled in wild-type cells during incubation at
22°C for 20 min. These genes encode proteins involved in
transcription {crh, rpoD, nusG and rpoA), translation (fus,
rbp1, rpi23, rpl3, roi4, rps12 and mpl20), dehydrogenation
of NADH {ndhD2 and ndhD$), synthesis of cofactors (folE
and cbiM) and synthesis of peptide glycan {(murA}, as well
as proteins of unknown function (sIr0082, slr1544, yof39,
sl1911, sir0551, sll0668, slr1974 and slr0955).

Inactivation of Hik33 eliminated the cold inducibility
of the ndhD2, rpoD, slr544, folE and murA genes.
Furthermore, inactivation of Hik33 reduced the levels of
expression of the sIr00B2, crh, fus, ycf39, ndhD6 and
sl1911 genes. In contrast, cold induction of the rbp1, rpi3,
rpl23, rpl4, rps12, rpl20, nusG and rpoA genes was
unaltered by the mutation.

The cold inducibility of des4, desB and desD genes for
acyllipid desaturases in Synechocystis has been well
established (Los ef al.,, 1997), and the activity of the desB
promoter was used to identily the cold sensor, Hik33
(Suzuki et al, 2000). However, the cold inducibility of
these genes did not appear to be significant in the DNA
microarray assay. Inactivation of the hik33 gene reduced
the levels of induction of the desB and desD genes

© 2001 Blackweil Science Ud, Molecular Microbiology, 40, 235-244
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Fig. 2. Northern blstting analysis of the temperature-dependent
expression of genes that were affected by inactivation of Hik33.
Total RNA was extracted from wild-type cells (A) and AHik33 cells
(B) that had either been grown at 34°C for 16 h or had been grown
at 34°C for 16 h and then incubated at 22°C for 20 min. Aliquots
{20 wg) of the extracted ANA were fractionated on 1.2% agarose
gels that contained 1.4 M formaldehyde. Numbpers in squares
indicate ratios for the induction {A) and repression (¥} by iow
temperature of individual genes that were determined by DNA
micrcarray analysis.
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Fig. 3. Regulation of gene expression by low temperalure in wild-
type and AHik33 cells,

A, Wild-typs cells, grown at 34°C for 16 h (34°C cells), were
compared with wild-type cells that had been grown at 34°C for 16 h
and then incubated at 22°C for 20 min (22°C cells).

B. AHik33 cells, grown at 34°C for 16 h, were compared with
AHik33 cells that had been grown at 34°C for 16 h and then
incubated at 22°C for 20 min. ANA extracted from 34°C cells was
used to synthesize Cy3-labelled cDNAs, and RNA extracted from
22°C cells was used to synthesize Cy5-labelled cDNAs. The cDNAs
were mixed and allowed to hybridize to the DNA microarray.
Dashed lines correspond to reference dines that indicate the limit of
experimental deviations.

from 1.82 *+ 0.23 and 1.90 * 0.43 to 1.45 + 0.11 and
1.67 = 0.43 respectively (data not shown).

We also examined the effect of extended incubation at
22°C (namely 60 min instead of 20 min) on the pattern of
gene expression. Essentially the same results as for the
incubation for 20 min were obtained on the cold induci-
bility and effects of inactivation of Hik33 {data not shown).

To confirm the effects of the inactivation of Hik33 on the
cold induction of genes listed in Table 2, we examined the
cold induction of the various genes by Northern blotting
analysis (Fig. 4). Induction of the sIr0082 gene in AHik33
cells by low temperature was much less efficient than in
wild-type cells (Fig. 4). The low temperature-dependent
induction of the rpoD, ndhD2 and sli1544 genes was almost
eliminated by mutation of the hik33 gene. However,
expression of the rbpT and /pi3 genes was unaffected by
the mutation. Thus, the results of DNA microarray analysis
were qualitatively consistent with those obtained by North-
ern blotting. It appears that genes whose expression is
enhanced by low temperature can be divided into three
groups according to the effect of the inactivation of Hik33. In
the first group, the regulation of gene expression by low
lemperature was tolally eliminated; in the second group,

the extent of such regulation was reduced and, in the third
group, regulation was unaffected.

Cold-repressible genes in wild-type and 4 Hk33 cells

Table 3 lists the cold-repressihle genes whose levels of
expression were reduced more than twofold after incubation
of wild-type cells at 22°C for 20 min. These genes encoded
components of photosystem | (psaD, psaF, psaJ and psal),
components of phycobilisomes (apcA, apeB, apeC, apcE,
apcfF, ¢pcA, epeC and cpe@G), a protein involved in the
photosynthetic transport of electrons (petd) and proteins
involved in the synthesis of porphyrin compounds (chiP,
hemA, hemF and ko). Low temperature also depressed the
expression of several genes for proteins of unknown functicn.
in particular, the expression of the sll1783, sll1784, sll1785,
slr1852, sir1855, slr1856 and sll1549 genes was strongly
depressed by low temperature. Extended incubation of wild-
type celis at 22°C for 60 min did not change the pattern of
gene expression (data not shown), suggesting that eary
events of gene expression in Synechocystis cells were
observed in our experimental system.

The inactivation of Hik33 affected the expression of most
of the cold-repressible genes, although the extent of the
effect depended on the individual gene, Cold repression of
the sir0147, sir0145, slr0144, slr0149, sirt0151, hemF,
im30, sIri535, InA and AT703 genes was diminished by
the mutation of the hik33 gene. In contrast, the expression
of some cold-repressible genes, such as sufA, apcF and
cpeG, was unaffected by the mutation. The extent of the
cold-dependent regulation of expression of other cold-
repressible genes was reduced somewhat by the mutation.
Thus, the cold-repressible genes can also be divided into
three groups according to the effect of the elimination of the
activity of Hik33. In the first group, the regulation of gene
expression by low temperature was totally abolished; in the
second group, it was reduced somewhat and, in the third
group, regulation was unaffected.

Discussion
Effects of inactivation of Hik33 on gene expression

Expression of the hiyA gene for a homologue of haemolysin
was enhanced by low ternperature and also by mutation of
the hik33 gene for Hik33 (Figs 1 and 2 and Table 1). The
expression of two gene clusiers, sll1404 1o sll1408 and
slr1484 plus slr1485, which encode components related to
transport (Braun et a/., 1994) and some unknown proteins,
was depressed by low temperature and by mutation of the
hik33 gene (Figs 1 and 2 and Table 1).

Figure 5A shows the genomic structure of the sll1404~
sll1405-sli1406-s111407-sl11408 operon and the sir1484—
slr1485 operon. The two operons are located adjacent to
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Table 2. Cold-inducible genes and effects of ihe inactivation of Hik33 on their cold induction.

Wild type AHik33
ORF no. Gene Product 22°C/34°C 22°C134°C
Genes in which cold inducibility was diminished in AHik33
slr1291 rohD2 NADH dehydrogenase subunit 4 2.80 £ 0.55 0.89 = 0.14
sir1544 Protein of unknown function 2.65 > 0.68 089 + 0.25
sli2012 poD o’? factor of RNA polymerase 2.53 + 0.69 073 * 0.14
sir0426 folE GTP cyclohydrolase | 2.31 £ 037 0.96 + 0.16
slr0017 murA Enoylpyruvate transferase 2.03 £ 0.56 1.01 = 0.14
Genes in which cold inducibility was marginally affected in AHik33
slr0082 Protein of unknown function 501 =027 213 2 0.06
sirh083 crh ATP-dependent RNA helicase 474 128 2.86 = 0.80
sir1105 fus Elongation factor EF-G 2.44 + 0.64 1.34 = 0.19
sIr0399 yef39 Protein of unknown function 2.40 = 0.87 1.14 = 0.16
s5Ir2009 ndhD& NADH dehydrogenase subunit 4 212 =018 1.66 = 0.32
si1911 Protein of unknown function 2.01 = 0.21 1.29 2021
Genes in which coid inducibility was unaffected in AHIk33
sli0517 bt RANA-binding protein 1 3.98 = 0.68 416 = 0.81
sli1801 pl23 50S ribosomal protein L23 2.65 £ 0.73 2.32 = 0.26
sll1799 pi3 505 ribosomal protein L3 2.63 = 0.70 2.44 * 043
sil1742 nusG Transcription antiterminator 2.59 + 0.83 357 £ 1.1
slr551 Protein of unknown function 2.42 + 0.87 254 * 0.43
sli0668 Protein of unknown function 2.41 = 0.60 2,57 * 0.60
sl11818 oA a-subunit of RNA polymerase 2,28 = 0.64 208 = 0.24
s10383 child Cobalamin biosynthesis protein M 210 = 0.22 1.77 £ 0.14
sl1800 rpld 50§ ribosomal protein L4 2.08 + Q.09 214 = 0.08
slr1974 Protein of unknown function 2.04 £ 0.79 212 £ 035
si1096 psi12 308 ribosomal protein $12 2.02 +0.25 2.00 + 0.24
sir0955 Protein of unknown function 2.02 = 0.47 2.36 £ 0.51
sll0767 ml2¢ 508 ribosomal protein L20 2.01 + 063 2.05 = 0.28

Cells were grown at 34°C for 16 h (34°C cells) and then incubated at 22°C for 20 min (22°C cells). Each value indicates the ratio of levels of the
mRANA from 22°C cells and 34°C cells. Genes that gave ratios greater than 2.0 are listed. The vafues shown are the means = SE of the resuits of
three independent experiments. The numbering of CRFs correspends to that of Kaneko et al. (1995; 1996). The complete list can be accessed at

http://www.genome.ad.jp/kegg/expression

one another on opposite strands of DNA, and they appear
to share an upstream regulatory region.

Cold-inducible genes in Synechocystis

The DNA microarray analysis demonstrated that expression
of a number of genes was enhanced after a downward shift
in temperature. The genes encode components of the
transcriptional and translational machinery, and they include
crh, mpoD, fus, nus@ and rpoA, genes for subunits of
NADH dehydrogenase and a number of genes for
proteins of unknown function.

We demonstrated previously that low temperature inhibits
the repair of photosystem |l after light-induced inactivation
and that the synthesis of proteins de novois essential forthe
repair of the photosynthetic machinery (Gombos et al., 1394,
Wada et af., 1994: Kanervo etal., 1997; Sippola et al., 1998).
Our finding that low temperature induces the expression of
various genes for components of the protein-synthesizing
machinery demonstrates the presence in cyanobactenial
cells of a mechanism that compensales for the depression
of protein synthesis at low temperature by the synthesis de
riovo of the proteins that are required for protein synthesis.

The slr1544 gene is located downstream of ssr2595

® 2001 Blackwell Science Ltd, Molecular Microbiology, 40, 235-244

(hiiB; Fig. 5B), which is a homologue of the hfiA gene and
induced by strong light in Synechococcus (Dolganov et al,
1995). Northern blotting analysis revealed that the hybrid-
izing transcript was =700 bases long {Fig. 4}, Such a
transcript might correspond to the co-transcript of sir1544
{309 bases) and ssr2595 (210 bases).

Cold-repressible genes in Synechocystis

The DNA microarray analysis demonstrated that low
temperature strongly repressed the expression of a variety
of genes, in particular genes for subunits of the photo-
system 1 complex, such as psaD, psafF, psaJ and psal,
and genes for subunits of phycobilisomes, such as apck,
apcB, apcA, cpeA, apcC, cpeC, apcF and cpeG. This
observation may be related to the findings of Constant et al.
{1997) and Alfonso et al (1999; 2000} that exposure of
Synechocystis sp. PCC6714 cells to strong light repressed
expression of the psaE gene for a subunit of photosystem |
and the cluster of cpcB and cpcA genes for subunits of
phycobilisomes. As photosystem Il activity is decreased at
low temperature (Gombos ef al., 1994; Wada ef al, 1994;
Kanervo et al., 1997; Sippola et al., 1998), the repression
of expression of the genes for pholosystem | and
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Fig. 4. Temperature-dependent expression ¢f genes that was
affected by inactivation of Hik33. Total RNA was extracted from
wild-type cells (A} and AHIk33 cells (B) that had either been grown
at 34°C for 16 h or been grown at 34°C for 16 h and then incubated
at 22°C for 20 min. Aliguots of 20 g of RNA were fractionated on
1.2% agarose gels that contained 1.4 M formaldehyde. Numbers in
squares indicate ratios for the induction by low temperature of
individual genes that were determined by DNA microarray analysis.

phycobilisomes might be important in the maintenance of a
balance between the activities of both photosystems.

Low temperature also depressed the expression of the
chiP, hemA, hemF and ho! genes, which encode
proteins involved in the synthesis of porphyrin com-
pounds, such as chlorophyll synthase, glutamyl-tRNA
reductase, co-porphyrinogen 1ll oxidase and haem
oxygenase respeclively. Repression of the expression
of genes that are related to biosynthesis of the
photosynthetic pigments appears to be co-ordinated
with that of certain genes for components of photo-
system | and phycobilisomes.

The expression of genes for several proteins of unknown
function was also strongly repressed by low temperature in
wild-type cells. In particular, the expression of genes in two
gene clusters, namely sll1783-sil1784~sl1785-sl11304-
sll1305 and slr1852~{sir1853)-slr1854-5Ir1855-slr1856
(Fig. 5C), was strongly depressed at low temperature.
These gene clusters are located on opposite DNA strands
and share an upstream regulatory region. The extent of the
suppression of expression of these genes after the shift o
22°C was larger than that of other cold-repressible genes
{Table 3), suggesting, perhaps, that the suppression of
their expression might play a particularly important rcle in
acclimation of Synechocystis to low temperature.

The expression of the gene clusters of sll1549-5l11550
(Fig. 5D) and slr0144 to sIr0151 (Fig. 5E) was aiso
strongly suppressed at 22°C (Table 3). These gene
clusters are located in tandem in the vicinity of some of
the genes for photosynthetic components, such as psal,
psal and petF. The proteins of unknown function,
encoded by the other genes in the cluster, might be
related to photosynthesis.

Understanding the mechanisms of acclimation of cyano-
bacterial cells to envirenmental stresses requires identi-
fication of genes whose expression is altered during
acclimation. DNA microarray analysis allowed us to
identify such genes during acclimation to low temperature.
We identified a number of genes for proteins of unknown
function in Synechocystis, whose expression was induced
or repressed by low temperature. Our current efforis to
identify the functions of these novel proteins might
enhance our understanding of the molecular mechanisms
of acclimation to low temperature.

Pathways for transduction of low-temperature signals in
Synechocystis

The mutation of the hik33geneledto the complete loss of the
low temperature-dependent regulation of expression of
certain genes, such as ndhD2, rpoD, slr1544, sliD144,
sli0145 and sil0147. The low temperature-inducible regula-
tion of other genes, such as slr0082, crh, sll1783 and
slr1852, was inhibited to a limiled extent by mutation of the
hik33 gene (Tables 2 and 3). In contrast, the low tempera-
ture-dependent regulation of genes for ribosomal proteins
and of the sufd and apcF genes was unaffected by mutation
of the hik33 gene (Tables 2 and 3). Therefore, cold-
regulated genes can be divided into three groups according
to the effects of inactivation of Hik33 on their expression.
The cold regulation of the expression of the genes in
the first group is completely under the control of Hik33,
whereas that of the genes in the third group is
independent of the activity of Hik33. It is very likely that
an additional cold sensor exists in Synechocystis that
initiates another signal transduction pathway for the coid
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Wild type AHIK33
ORF no. Gene Product 34°Cr22°C 34°Cr22°C
Genes in which cold repression was diminished in AHk33
slr0147 Protein of unknown function 2.98 * 075 1.08 + 0.24
slr0145 Protein of unknown tunction 2.58 £ 0.21 098 = 012
sir0144 Protein of unknown function 2.54 £ 0.16 1.25 + 0.07
sl1185 hemF Coproporphyrinogen 1l oxidase 2.50 £ 0.94 0.79 * 0.03
sho617 im30 Chloroplast membrane protein 231 £ 023 1.09 = 0.12
sir1535 Protein of unknown function 213 £ 0.17 0.90 = 0.13
s10947 InA Light-repressed protein 210 £ 0.32 1.05 = 0.3C
sir0149 Protein of unknown function 2.05 £ 025 0.98 = 0.24
sir0151 Protein of unknown function 203+ 0.28 1.07 * 0.16
Genes in which cold repression was marginally affected in AHK33
sl1783 Protein of unknown function 489 = 1.86 1.68 = 0.44
slr1852 Pretein of unknown function 4,69 = 0.98 276 £ 0.46
sli1091 chiP Chilorophyll synthase 463 *+ 0.68 1.47 = 0.29
sli1785 Protein of unknown function 4.44 * 1,57 2,06 = 0.09
sll1549 Protein of unknown function 4,35 £ 1.02 1.77 £ 0.40
sIr1855 Protein of unknewn function 4.27 £ 1.02 235 = 0.16
sl1784 Protein of unknewn function 418 + 1,10 2.04 = 0.40
sirQ737 psaD Subunit H of photosystem | 3.83 £ 0.77 2.25 + 0.18
sir0335 apckE Phycabilisome core—membrane linker 3.59 * 0.99 1.82 x 022
slr1986 apcB Allophycocyanin B chain 318 = 0.7 1.74 + 0.36
sll0B19 psafF Subunit 11 of photosystem | 312 =071 2,27 £ 0.23
slr2067 apcA Allophycocyanin A chain 3.08 = 0.42 1.83 = 017
slr1808 hemA Glutamyl-transfer RNA reductase 2.91 £ 0.33 1.84 + 015
slr1856 g-regulatory protein 2.76 £ 0.89 1.17 = 0.18
siM578 cpcA Phycocyanin A chain 2.64 * 0.59 1.76 = 0.18
smi0008 psad Subunit IX of photosystem | 2,64 * 0.55 1.64 = 0.4B
slr1128 Protein of unknown functicn 2.52 + 0.59 1.55 = 0.27
55r3383 apcC Phycobilisome LC linker protein 247 + 0.32 1.72 = 0.38
sir1655 psal Subunit X! of photosystem | 2.46 * .37 1,57 £ 0.30
sir1854 Protein of unknawn function 2.41 > 0.26 1.92 = 017
sli1184 hot Haem oxidase 239 +0.19 1.31 = 0,18
sll1304 Protein of unknown function 233 =028 1.57 = 0.07
sl1305 Protein of unknown function 233+ 022 1.57 = 0.07
sli1579 cpeC Phycocyanin linker protein 2.17 = 0.08 1.92 + 0.08
sl11550 Protein of unknown function 2.14 = 0.33 1.59 = 0.20
sir1752 Protein of unknown function 2,12 = 0.19 1.34 = 0.22
sli1214 AT103 Phytochrome-regulated bZIP protein 2.09 £ 0.24 1.26 = 0.16
sii1712 DNA-binding protein HU 2.07 £ 018 1.60 = 0.27
sHo051 Protein of unknown function 2.03 + 0.26 1.47 = 0.01
Genes in which cold repression was unaffected in AHIk33
slr1295 sufA {ron transport protein 3.02 + 0.45 2.24 = 0.50
slr1459 apcF Component of phycobilisome core 265 = 0.91 210+ 029
slr2051 cpeG Phycobilisome rod—core linker 2.44 = 0.65 2.08 = 0.19
slr1397 Protein of unknown function 2.14 = 0.68 1.63 + 0.40
sl1621 Pratein of unknown function 2.07 £ 0.45 1.81 = 0.44
sl1580 cpcC Phycocyanin linker protein 2.06 = 0.35 1.95 £ 0.27
sir1841 Protein of unknown function 2.03 £ 041 2.06 + 0.24
slit317 petA Apocytochrome 1 2.03 £ 0.50 1.76 = 0.22

See Table 2 for details. The complete list can be accessed at hitp:/www.genome.ad.jp/kegg/expression

regulation of the expression of genes in the third group.
The expression of genes in the second group might be
controlled by both Hik33 and the unidentified cold sensor.
A search for the unidentified sensor is in progress.

Experimental procedures
Cells and culture conditions

A strain of Synechocystis sp. PCC 6803 that is tolerant to
glucose (Williams, 1988) was provided by Dr J. G. K. Williams

© 2001 Blackwell Science |1d, Molecular Microbiology, 40, 235244

{DuPont de Nemours). The mutant with a defect in histidine
kinase 33 (AHIk33) was obtained as described previously
(Suzuki et al., 2000). Wild-type and AHIk33 cells were grown
at 34°C in BG-11 medium (Stanier et al, 1971} buffered with
20 mM HEPES-NaOH (pH 7.5) under continuous illumina-
tion from incandescent lamps, as described previously
{Wada and Murata, 1989).

DNA microarray analysis of gene expression

A DNA microarray, CyanoCHIP, was obtained from Takara
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Fig. 5. Gene clusters in which gene expression was affected by
inactivation of Hik33 and by a downward shift in temperature.
Arrows indicate directions of transcription and lengths of open
reading frames. Shaded arrows, genes whose levels of expression
changed by more than twofold (listed in Tables 1, 2 or 3); stashed
arrows, genes whose levels of expression changed by 1.6- to 2.0-
fold; open arrows, genes that were apparently unregulated by
inactivation of Hik33 and a downward shift in temperature (< 1.1-
fold}.

A. Gene clusters exbB-gxbD—thuA-sl1407-sl11408 and slr1484—
sIr1485, whose expressicn was suppressed by inactivation of
Hik33.

B. Gene cluster hliB and sir1544 whose expression was enhanced
by low temperature.

C. Gene clusters sl1783—sll1784-5l11785-sil1304-sl11305 and
slr1852-5Ir1853-slr1854-5lr1855-slr1856, whose expression was
suppressed by low temperature,

D. Gene clusters sll15489—sl1550 and psal—psal, whose
expression was suppressed by low temperature.

E. Gene cluster slr0144—slr0145-51r0146-50147—fdx—slr0149-
petF-slr0151, whose expression was suppressed by low
temperaiure.

Shuzo. This microarray covers 3079 genes (=97% of the
total genes) and does not cover B9 insertion seguences
that are related to transposons in Synechocystis (Kaneko
et al, 1995; 1996). Fluorescent dye-labelled cDNAs were

synthesized from 20 pg of total RNA in the presence of
Cy3-dUTP or Cy5-dUTP (Amersham Pharmacia Biotech).
Reverse transcription was performed in 40 pl of a mixture
that contained 300 pmol of random hexamer, 0.5 mM each of
dATP, dGTP and dCTP, 0.2 mM dTTP, 0.1 mM Cy3-dUTP or
Cy5-dUTP, 100 units of RNase inhibitor and 50 units of AMV
reverse transcriptase XL in 1x reaction bufier attached to the
reverse transcriptase. After incubation at 42°C for 1 h, 50
units of the reverse transcriptase were added again, and
incubation was continued further at 42°C for 1 h. All the
reagents apart from Cy3-dUTP and CyS5-dUTP were pur-
chased from Takara Shuzo. The reaction was stopped by
gel filtration on a Centri-Sep spin column {PE Applied
Biosystems Japan). The eluate from the column was purified
by washing with a mixture of phenol, chloroform and
isoamyl aicohol (25:24:1, v/v), and the labelled cDNA was
precipitated in ethanol,

Hybridization of the mixture of Cy3- and Cy5-labelled
cDNAs with DNA that had been immobilized on the DNA
microarray was allowed to proceed at 65°C for 14-18 h in
20 ! of 4x SSC {1x SSC is 0.15M NaCl and 0.015 M
sodium citrate), 0.2% SDS, 5x Denhardt's solution and
100 ng pl~" denatured salmon sperm DNA. After hybridiza-
tion, the microarray was rinsed with 2x SSC at room
temperature, washed with 2x SSC at 60°C for 10 min, with
0.2x SSC plus 0.1% SDS at 60°C for 10 min and finally with
0.2x SS8C at room temperature. After the final rinse, the
microarray was centrifuged at 1000 rp.m. for 2 min to
remove residual salts before scanning on an array scanner
(GMS 418; Genetic MicroSystems).

The intensity of each signal was determined with scan-
analysing software (ImaGene version 2.0; BioDiscovery).
The flucrescent signal specific for each gene was normalized
by reference to the sum of the flucrescent signals specific for
all 3079 genes. The large amount of rANA in the original
preparation of RNA resulted in high background signals from
each spot on the microarray. Thus, the relative levels of
mRNAs were very low. However, the results were repro-
ducible, suggesting that background levels were similar in
independent experiments and that the results were, at ieast
qualitatively, reliable.

Northern blotting analysis

Total RNA was extracted from cells as described previously
(Los et al, 1997). The RNA was then incubated at 37°C for
30 min with 100 units of RNase-free DNase | {Nippon Gene)
to eliminate contaminating genomic DNA, purified by washing
with a mixture of phenol, chloroform and isoamyl alcohol
(25:24:1, viv) and precipitated in ethanol. Northern blotting
analysis was performed as described previously (Los ef &/,
1997). DNA fragments correspanding to the rpoD, ndhD2,
hiyA, sil1544, sli1404, rbpi, rpl3 genes and the gene for 165
rANA were conjugated with alkaline phosphatase (Alkphos
Direct kit; Amersham Pharmacia Biotech), and the resultant
conjugates were used as probes. After hybridization, blots
were soaked in CDP-star solution (Amersham Pharmacia
Biotech), and signals from hybridized transcripts were
detecled with a luminescence image analyser (LAS-1000;
Fuji-Photo Filmj.
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Low temperature is an important environmental factor
that has effects on all living organisms. Various low-
temperature-inducible genes encode products that are
essential for acclimation to low temperature, but low-
temperature sensors and signal transducers have not
been identified. However, systematic disruption of
putative genes for histidine kinases and random muta-
genesis of almost all the genes in the genome of
the cyanobacterium Synechocystis sp. PCC 6803 have
allowed us to identily two histidine kinases and a
response regulator as components of the pathway
for perception and transduction of low-temperature
signals. Inactivation, by targeted mutagenesis, of the
gene for each of the two histidine kinases and
inactivation of the gene for the response regulator
depressed the transcription of several low-
temperature-inducible genes.

Kevwords: histidine kinase/low-temperature-inducible
gene/response regulator/signal perception and
transduction/Synechocystis

Introduction

Poikilothermic organisms. such as prokaryotes, plants and
fish, sense changes in ambicent temperature and acelimate
to such changes with greater or lesser efficiency (Kaye
and Guy, 1995; Thieringer er /., 1998). Numerous low-
temperature-inducible genes have been found in a wide
range of organisms, e.g. csp genes for cold-shock proteins
in Escherichia coli (Jones er «f., 1987} and Bacillus
subritis (Willimsky et of.. 1992), cor and cas genes in
plants (Gilmour et al., 1992; Wollraim et al.. 1993), and
genes for fally acid desaturases in cyanobacteria (Wada
er al., 1990: Murata and Wada, 1995; Murata and Los,
1997). plants (Gibson er af., 1994) and fish (Tiku et af..
1996). These low-temperature-inducible genes are thought
to play an important role in acclimation to low temperature.
To date. however. mechanisms for the perception and
transduction of low-tcmperature signals remain o be
characterized.

In a previous study (Vigh er af., 1993), we demonstrated
that decreases in the degree of unsaluration of fatty
acids in the plasma membrane of the cyanobacterium

© European Mclecular Biology Organization

Svuechocystis sp. PCC 6803 ¢hereafter Svnechocvstis) by
catalytic hydrogenation i vive enhanced the expression
of the desA gene for the A12 acyl-lipid desaturase. which
is otherwise induced primarily by low temperature. Thus,
a change in membrane fluidity appears 1o be important
for the perception of temperature that results in induction
of the synthesis of the desaturases (Los er al.. 1997).
However, it remains unclear how a change in membrane
{luidity is perceived and how the signal is ransduced rom
the membrane to chromosomes to induce the expression
of low-temperature-inducible gencs, such as genes for
desaturases,

The physical state of the membranc also alfects the
high-temperature-induced expression of heat-shock genes
(Vigh et al.. 1998). Modification. by genctic manipulation,
of the ratic of unsaturated to saturated fauy acids in
Saccharomyces cerevisiae has a significant effect on the
expression of the heat-shock genes fsp70 and hsp&2
(Carratu er al., 1996). These findings support the hypo-
thesis that changes in the stale of the membrane might
also be important in the regulation of the expression of
heat-shock genes,

Physical and chemical stimuli that are generated extra-
and intracellularly are perceived by a group ol proteins
that includes histidine kinases. These proteins are localized
on the plasma membrane or in the cylosol in various
prokaryotes (Appleby er af.. 1996), yeast (Maeda er al.,
1994) and plants (Chang er af.. 1993: Kakimoto, 1996).
It scems likely, therefore, that wmperaure-induced
changes in membrane fluidity might be mediaed by a
membranc-bound histidine kinase. Kancko er af. (1995,
1996) determined the sequence of the genome of
Svaechocystis and identified 43 putative genes for histidine
kinases (Mizuno er al., 1996).

In this study we attempted to identily components of
the pathway for perception and transduction ol low-
temperature signals. Among the various low-temperature-
inducible genes that had been identified previously., we
focused on the desB gene for 3 fany acid desaturase
in Svrechocystis because the low-temperature-induced
cxpression ol this gene has been characterized in detail
(Los et al.. 1997: Los and Murata, 1998). We monitored
the promoter responsc of the dfesB gene to low wemperature
using a gene for bacterial luciferase as the reporter.
Systematic mutagenesis of genes for histidine kinases and
random mutagenesis of almost all the genes in the genome
allowed us to identify gencs for two histidine kinases and
a response regulator as components of the pathway for
perception and transduction of low-temperature signals.

Results

Systematic mutation of putative genes for
histidine kinases in pdesB::lux ceils

In order 1o monitor the inducibility by low temperature
of the desB gene. we generated a strain of Syaechocystis,
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designated pdesB:ilux, in which the promoter region of
the desB gene was ligated o the coding region of the
IxAB gene for a bacterial luciferase (Los er al.. 1997),
Thus. luciferase activity. monitored in terms of lumines-
cenee, could be used as an indicator of low-temperature-
inducible changes in the activity of the desB promoter.

The preducts of some of the 43 putative genes for
histidine kinases in the genome of Synechocvstis (Kancko
er al.. 1995, 1996: Mizuno er «f.. 1996} might plausibly
be expected 1o function as sensors or transducers of
environmental or intracellular stinuli (Appleby et al.,
1996: Mizuno er al., 1996), We designated the histidine
kinases Hik1-Hik43 and their genes hik/-hikd3, Te
investigate the contributions of the various histiding kin-
ases to the induction by low temperature of transcription
of the desB gene, we attempted to inactivate each of the
genes for histidine kinase in pdesB::fuv cells by inserting
a spectinomycin-resistance gene (Sp") cassette (Prentki
et al., 1991} into the coding region or by replacing part
of the coding region with the casseue, creating a gene-
knockout library.

Each cyanobacterial cell containg > 10 copies of (he
chromosome (Mann and Carr, 1974). Therefore, replace-
ment of the wild-type chromosomes by mutated chromo-
somes required & lengthy period of time under selective
pressure due to spectinomycin in the medium. The
43 lines of transtormed cells were cultured tor 6 months
on agar-soltdified BG-11 medium  supplemented  with
20 pg/mil spectinomycin, If the gene that was the target
of the mutation were not cssential, we would expect all
the copics of the wild-type chromosome cventually to
disappear. If the gene were essential, some copies of the
wild-type chromosome would be expected to remain.
Therefore, using the polymerase chain reaction (PCR). we
monitored the extent to which wild-type chromosomes
had been replaced by mutated chromosomes {data not
shown). The wild-type gene was completely absent from
all copics ol the chromosome in 33 of our mutant strains.
It appeared, therefore. that these 33 ik genes were not
essential for survival under our growth conditions. Eight
hik genes were not completely removed. However, the
number of copies of wild-type chromosomes relative to
the total number of copies of the chromosome was quile
small in cach case (data not shown). It seemed likely that
these eight frik genes were important for the growth
and survival of Symrecfiocvstis cells under our culture
conditions, We failed to oblain any spectinomycin-resistant
cells in our atlempts to mutate the hik/3 (s111003: this
nomenclature refers to designations of open reading frames
by Kancko er af., 1995, 1996} and hik 15 (sH1353) genes.
These two ik genes might have been essential for growth
under our conditions, Detailed information about these
mutants can be found on the web page on which mutants
of Svnechocystis are listed: CyanoMutant, at  htip//
www.kazusa.orjp/cyano/mutants/.

Inactivation of the hik33 and hik12 genes prevents
the induction by low temperature of luciferase
activity in pdesB::lux cells

We cxamined luciferase activity after a decrease in
growth femperature in pdesB:cfux cells and in each line
of ¢ells with a mutation in a gene Tor histidine kinase.
Figure 1A shows that the shift in growth temperature
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Fig. 1. Temperature-dependent changes in the aclivily of the deads
promoter in pdesB:cdny, pdesB::ad AHIK0, pdesBe: i AHIK33 and
pedesBe:na/AHIKTD cells, and sites of insertion of the Sp7 cassette i
pdesB: I AHIK33 and pdesB:dndaHik DS cells. (A Cells were grown
on agar-solidified medium at 34°C and then transfered 1o 22°C.
Luciferase activity was measurced in terms of the intensity of
luminescence. as described in Materials and methods. O. pedessi:chiy:
O. peler B Al AHKTO: @ pdes B otndAHIKZR B pedes 8. dusdAHiK LY,
The results are the averages of results of three independent
experiments. (B) The Neol sites m the fikd3 (110098} and frik 7y
(s111905) genes at which (he Sp” casselte (halched rectangle) was
fnserted are indicated by dashed vertical lines. Open rectangles
mdlicate open reading frames.

from 34 to 22°C increascd the lucilerase activity ~10-
fold in pdesB::lux cells. By contrast, in the two mutants
pdesB:ludfAHIK33 and pdesB::hodAHIKT9, in which,
respectively, the k32 gene and the hik]9 gene had
been inactivated by the nsertion of the Sp” cassetie. no
increase - luciferase  activity  was  observed  upon
incubation of cells at 22°C (Figure 1A). This result
indicated that mutations in the k33 and k!9 genes
climinated the inducibility by low temperature of the
desB promoter. By conurast, the luciferase activity in
other lines with mutant genes for histidine  kinase
resembled that in pdesB::fix: for example. the response
of luciferase activity 10 the shift in temperatore in
pdesBi ol AHIKID  cells. in which the k10 gene
(s1r0533) had been inactivated, was the same as that in
pdesB::tux cells (Figure 1A). The sites of nsertion of
the Sp” casselte in k33 and k79 genes are shown in
Figure 1B. Anpalysis by PCR revealed, however, that
the native genes had not been completely ehiminated in
these lines, suggesting that the genes were essential
under our growth conditions. '

Expression of low-temperature-inducible genes in
wild-type, AHik33 and AHik19 cells

We next inactivated, separately, the k33 and ikl1y
genes in wild-type cells 1o examine the effects ot these
genes on the expression ol low-temperature-inducible
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Fig. 2. Induction of desB. desDd. desA and ovft genes in wild-type.
AHIK3Z and AHIKI9 cells after a downward shift in temperatuce, Cells
thai had been grown at MBC for 16 h were trausferred 10 22°C and
incubated for the periods of time indicated. Northern bloting analysis
of the expression of the desB, desf). desA and crfr genes was
pertormed as described by Los er of. (19973 Total RNA (30 pg for
analysis of dey mMRNAs and S ug for analysis of erfi mRNA}Y was
loaded in each lane. (A) Northern blots, (BB) Quantification of
transcripis. Open bars, wild-lype cells: tilled bars. AHIK19 cells:
hatched bars, AHik33 cells. The results are the avevages from thiee
independent experiments with experimental deviations,

genes. There are four genes for fauty acid desaturases in
Synechocystis. The desC gene is expressed constitutively,
while the desA, desB and desD genes are induced after a
downward shift in temperawre {Los er af.. 1997). We
performed Northern blotting  analysis to examine he
expression of the desB. desD and desA genes in wild-
type, AHik19 and AHik33 cells before and after a shift in
temperature from 34 to 22°C (Figurc 2A). As observed
previously in wild-type cells {(Los er «f., 1997), the
increase in the level of the desB transcript was the most
conspicuous. There was also a distinet increase in the
level of the desD transeript. The level of the desA transcript
increased least of all among the transeripts of the three
genes lor desaturases. Prior o exposure of cells to 22°C,
the levels of the transcripts of the desB, desD and desA
genes in the mutant cells were as low as those in wild-
type cells (Figure 2A). However, the extent of induction
at 22°C of the desB and desD genes. but not that of the
desA pene, appeared to be reduced in both AHik19 and
AHIk33 mutant cells.

Figure 2B shows the quantitative changes in the levels
of the transeripts. The level of the desB transeript in wild-

Low-temperature signal transduction

Relative level of desB transcript

Time alter addition of rifumpicin (min)

Fig. 3. Dependence en temperatere of the stability of desB mRNA in
wild-type. AHIK33 and AHIK19 cells, Celts were grown at 34°C tor

16 h and then incubated for 2 h either at 22 or 34°C. An inhibitor of
transcription, rifampicin. wis added o the culiores ot SO pp/ml o time
zero, Aliquots of cultures were withdrawn at the times indicated and
levels of deaB mRNA were determined by Nosthern blotting. analysis.
Q. wild-type cells: @, AH:k33 cells; B, AHIKIY cells. The resulls are
averages from three independent experiments,

type cells was 8-fold higher after incubation for 60 min
at 22°C than belore the incubation. However, inactivation
of the k33 gene significantly  depressed the Tow-
temperature-induced increase in the level of the desB
transcript. The low-temperature-induced increase in the
level of the desf) wranscript in AHiIk33 cells was also
reduced to two-thirds of that in wild-type cells after
incubation tor 60 min at 22°C. In addition, inactivation
of the k!9 gene depressed the low-temperature-induced
enhancement of expression of the desB and desD genes
(Figure  2B). However, the  Jow-temperature-induced
enhancement of the cxpression of the desA gene was
unaffected by the mactivation ol fikd3 and  fik]Y
{Figure 2B). These resulis indicated that inactivation of
hik33 and hiki9 suppressed the low-temperature-induced
expression of the desB and des genes, but not of the
desA gene.

The crh gene for a homolog of RNA helicase is also a
gene that is induced at low temperatures (Chamot e aof..
1999). Figure 2 shows that the level of ¢rh mRNA
increased within 20 min afler a shift in temperature trom
34 w0 22°C and then decreased during further incubation
at 22°C. The pattern of expression of orfi mRNA in wild-
type cells differed from that of the mRNAs for desaturases.
Nonctheless. the increases in the Tevel of erfi mRNA in
20 min in AHik33 and AHik19 cells were smaller than
those in wild-type cells.

Degradation of desB mRNA in wild-type, AHik33
and AHik19 cells

In general, the level of an mRNA is regulated by the rae
of transeription of the corresponding gene and the stability
of the mRNA itselt, These factors also control the accumu-
lation of desB mRNA when Sviechocyvstis cells are
exposed to a low temperatare (Los ¢r af.. 1997). Therelore.
we cempared the stability ot des8 mRNA at 34 and 22°C
in wild-type, AHik33 and AHik19 cells in the presence off
an inhibitor of transcrption. rifampicin, Figure 3 shows
that the rate of degradation of desB mRNA was the same
m wild-type and mutant cells at both high and low
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Fig. 4. Changes in the activity of luciferase upon a change in
temperature in pdeaBiuy and 2C cells. {A) pdesBboy and 2C cells
were grown on agar-solidified mediom at 34°C and then ransferred 1o
22°C, Luciferase activity was measured in erms of the intensity ot
luminescence. as described in Materials and methods. O. pdesB:: iy
@ mutant 2C. The results are the averages ol (hree independent
experiments. (B) The site of insertion of the Sp” cassette in the
chromesome of mutant 2C cells (haiched rectangle) and the sites of
insertion of the §p' cassette in wild-type cells {triangles) are indicated.
The open reading frame sN0038 corresponds to the response regulator
Rer!.

temperatures. The hall-life of the desB transeript was
15 min at 22°C and | min at 34°C. These results
indicated that the reduction in the low-temperature-induced
accumulation of the desB transeript in AHIK33 and AHik 19
cells was due to a decrease in the rate of transcription
and not to a decrease in the stability of the mRNA, and
they suggested, moreover, that both Hik33 and Hik1Y
might be involved in the low-1cmperature-induced regula-
tion of transcription of the desB gene.

Random mutagenesis and screening of mutants
with altered expression of the desB gene

In order to find other components in the pathway for low-
temperature signaling, we used random mutagenesis. We
introduced the Sp” cassette randomly inte the chromesome
of pdesB::lux cells by cassette mutagenesis (Hagemann
ei al.. 1996). From among ~20 000 spectinomycin-resistant
mutants, we isolated 18 mutants in which the response of
luciferase activity to a downward shift in temperature was
different from that in paremtal pdesB::lux cells (Figure 4).
We postulated that in cells of cach of these mutant lines
a component of the low-temperature signad-transduction
pathway might have been mutated. We determined
sequences on both sides of the sites of insertion of the
cassette in these mutants. We found that in two of the 18
mutanis the 2ikl9 gene for Hik19 had been inactivated
by insertton of the Sp” casseue (data not shown).

In another of these mutant lines. designated 2C. in
which the desB promoter was not activated by low
temperature (Figure 4A). the Sp” cassetle had been inserted
in the upstream region of two operons, as shown in
Figure 4B. The results suggested that one of the genes in
the vicinity of the site ol inscrtion encoded a component
of the low-temperature signal-transduction pathway. In

1330

order to identify the gene responsible for the elimination
of the transcriptional activity, we inactivated five putative
genes  separately  (sHOO37. sly0032. sIr0031. 10038,
sHO040Y in pdes::lux by inserting an Sp” casseue, as
indicated by triungles in Figure 4B. Inactivation of gene
s10038, but not ol any ol the other genes. depressed the
low-temperature-induced increase in luciferase activity in
the same way as observed in 2C cells (data not shown},
The amino acid scquence deduced from the nucleatide
sequence of this gene indicated that its product was one
of the 38 response regulators identified in Svnechoeysiis
{Mizuno er of., 1990). We designated the gene rer/ and
its product Rerl.

Inactivation of the rer1 gene in wild-type cells
inhibited the induction of the desB gene by low
temperature

Tao examine the rofe of Rerl in the regulation of expression
of low-temperature-inducible genes. we inactivated the
rerd gene in wild-type cells by mserting the Sp”™ cassette
at the Msel site. The cxtemt of the low-temperature-
dependent induction of the desP transcript was reduced
o half that in wild-type cells (Figure 5). By contrast, the
inducibility by low temperature of 1he desD. desA and ¢rf
genes was unaficeted by the mutation (Figure 3). These
results indicated that Rer] might specifically regulate the
expression of the desB cene. but not that of the ather
genes examined.

Discussion

Advantages of using Synechocystis for systematic
inactivation of histidine kinases

There are 43 putative genes for histidine kinases in the
chromosome of Svnechocvsiis {Kancke er af., 1995, 1996
Mizuno er af.. 1996). Since histidine kinases have been
shown, in many cascs. 10 be sensors or components of
signal-transducing systems (Appleby er af., 1996 Mizuno
et al., 1996), some of the histidine kinases in Svnechocysiis
ntight also be expected to have similar functions. However,
it is impossible (o predict the function of cach individual
histidine kinase on the basis of its primary structure, The
functions ol ~30 histidine kinases have been identified in
E.coli, but these enzymes have no cbvious counterparts
in Synechocystis (Mizano e al., 1996),

Using Syriechocvstis, we were able 1o identify genes
for histiding kinases that appear w be involved in the
perception and transduction of low-temperature signals
cven though these genes are essential for  survival
andd cannot be completely  climinated. Each cell of
Sviechocysiis containg ~10  identical copies o the
chromosome and, thus. essential genes can be inactivated
lo some extent but not otally with detectable changes
in phenotype. The k33 and k79 genes were ot
completely eliminated even under selective pressure due
to spectinomycin and. therefore, they can be regarded
as essential genes. IUis impossible 1o identify genes
that might correspond to k33 and k19 in experiments
with E.coli or B.subiitis because cach cell of these
bacteria contains only a single copy of the chromosome.

Characteristics of Hik33
The amino acid sequence deduced from the hik33 gene
(s110698) indicates that Hik33 contains 663 amino acid
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Fig, 5. Induction of desB, desD, desA and erft genes in wild-lype and
ARerl cells after a downward shift in temperature. Cells that had been
grown at 34°C for 16 h were transterred to 22°C and incubaied for the
periods of time indicated. Northern bloting analysis of the expression
of deaB. desd) and desA penes was performed as deseribed by Los

er af. (1997). Total RNA (30 pg for analysis of des mRNAs and 5 pg
Tor analysis of ori MRNA}Y was loaded in each lane, (A) Nonhern
blots. (B) Quantification of transcripts. Open bars, wild-type cells:
flled bars. ARerl cells. The results are the averages of results from
three independent experiments with experimental deviaiions.

residues. The strongly conserved histidine kinase domain
is located near the C-terminus. An analysis using computer
programs that predict the lecalization of proteins, such as
PSORT (Nakai and Horton, 1999) and HMMTOP
(Tusnady and Simon, 1998}, indicated that Hik33 has
two hydrophobic helices that might, in theory. span the
membrane. A putative leucine zipper motil and a putative
coiled-coil sequence are located between the second hydro-
phobic helix and the histidine kinase domain. These motifs
are involved in the dimerization of a number of histidine
kinases and are tmportant for their activities (Lau et af.,
1997; Yaku and Mizuno, 1997; Singh er af., 1998}, Thus,
we can predict that one or both of these sequences might
be invelved in the dimerization of Hik33 and the regulation
of ity activity.

A reduction in the fluidity of the plasma membrane of
a cyanobacterium appears to be a primary signal for
the low-temperaturc-induced expression of the genes for
desaturases (Vigh et al., 1993: Murata and Los, 1997).
The propertics of Hik33 appear 1o be consistent with thase
of a sensor that can detect a decrease in membrane fluidity.

Low-temperature signal transduction
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Fig. 6. A hypothetical scheme for the pathway Tor low-tenperature
signal transduction in Svacchocystis. The histidine kinase domains. (he
recerver domains and the histdine phospho-transfer (Hpt) donzain of
Hik33. Hiki9 and Rerl are indicated by gray rectangles, hatched
rectangles and a filled rectangle. respectively. The histidine and
aspartate residucs thal might be involved v the phospho-relay reaction
are indicated by H and [ in cireles. respectively. Filled rectangles. a
gray rectangle and an open rectangle in Hik33 indicate the putative
membrane-spanning domains. the cotled-coil domain and leucine-
zipper domain, rexpectively, Closed and open recrangles in Rer)
indicate regions hemologous 1o the HMG box and the Ah receplor
nuclear translocator. respectively (see e wxt for details).

A reduction in the fluidity of the membrane at sitcs at
which Hik33 is located might alter the structure of Hik33,
influencing the spatial refationship between monomers of
the dimerized protein and thereby altering activity.

We searched for proteins homologous o Hik33 in
standard databases, The kinase domain of Hik33, which
includes an autophosphorylatable histidine residue and an
ATP-binding motil' (Park er af.. 1998), was very similar
o those of histidine kinases from hacteria, yeast, fungi
and plants. However, the sequences outside the kinase
domain. including the membrane-spanning  domains,
appeared to be unigque. One relatively homologous gene
was identified, namely vef26. which was found in the
chloroplast genome of the red alga Porphyra piipiorca
{Reith and Munholtand, 1995}, This gene encodes a
homolog of histidine kinase of 656 amino acid residucs.
About 48% of the residues outside the histidine kinase
domain are identical to those in Hik33 (data not shown).
The hydropathy profiles of Hik33 and Yct26 are also very
similar {data not shown). However. it is unclear what
Kinds of signal might be perceived and what genes might
be regulated by Yel26.

Hik33 is also homologous 1o a Yef26-like protein found
in the chloroplast genome of Cyanidivm caldariwn (DDBY/
EMBL/GenBank accession No. AF022186) and o a pro-
tein encaded by the vveG gene in B.subtilis (Kunst ef al.,
1997). These proleins alse contain putative membranc-
spanning domains and coiled-coil motifs, This indicates
that a pathway for the perceplion and transduction of cold
signals identified in Svaechocvsiis might be a common
feature of the responses of many organisms 1o cold.

1331



1.Suzuki et al.,

Characteristics of Hik19

The amino acid sequence deduced from the hiki9 gene
(s111905) indicates that Hik19 contains 1014 amino acid
residucs and computer analysis suggests that it might be
a soluble prowin in the cytosol. A strongly conserved

histidine kinase domain is located in a central region of

the protein, One signal-receiver domain is localized at the
N-lerminus and another is ncar the C-terminal region.
Furthermore, a histidine phospho-transter (Hpt) domain is
located at the C-terminus, Thus, Hik19 is a hybrid-type
histidine kinase (Mizuno er af.. 1996). The receiver domain
at the N-terminus might accept a phosphate group from
some other histidine kinase or protein that contains phos-
phorylated histidine and Hik 19 might function downstream
of the membrang-bound sensor Hik33. Hik19 is more
likely than Hik33 to be a transducer of the low-tempera-
tre signal.

Characteristics of Rer1

The amino acid sequence deduced from the rerf gene
indicates that Rerl contains 402 amino acid residues.
Unlike most response regulators that have a signal-receiver
domain at the N-terminus, Rerl has a signal-receiver
domain at the C-terminus. However, the N-lerminal region
is homologous o the DNA-binding domain, known as
an HMG box, found in regulators of transcription in
vertebrates, such as the Sox6 and Sox$ proteins (Connor
et al., 1995). The central part ol Rer! is similar to the
transcriptional activation domain of the aryl hydrocarbon
{Ah) receptor nuclear translocator (Arns Li er al.. 1994
Figure 6). Although Rerl does not have a structure typical
of response regulators, it is possible that it functions as 4
DNA-binding regulator of transcription.

Characterization of the AHik33, AHik19 and ARer1
mutants

The extent of the low-temperature-inducible expression
of the desB transcript in AHik33 cells was half that in
wild-type celts (Figure 2). The low levels of Hik33

and Hikl9 might be responsible tor the low level of

accumulation of the desB transcript in the mutant cells.
However. we found that the low-temperature-induced
activation of the desB promoter in pdesB::ina/AHIK33 or
pdesB. lnxiAHIKT9 cells, monitored in terms of luciferase
aclivity. was almost completely eliminated by the inactiva-
tion of the fiik19 genes or the /ik33 genes (Figure 1), The
discrepancy between the extent of depression of the
accumulation of the transcript and the extent of transcrip-
tional acuvation might be explained by an increase in the
stability of wanscripts at low temperature, as shown in
Figure 3 and in the previous report (Los ef @f., 1997), The
half-lite of the desB transeript increased 15-fold afier a
shift in growth temperature from 34 10 22°C in wild-type
cells and in AHik33 and AHik19 cells. It is unclear how
the transcripts of desB. desD and dlesA genes might be
stabilized w low temperature.

Although inactivation of Aik33 and hik!9 reduced the
low-temperature-induced accumulation of desB and desD
ranseripts {Figure 2), inactivation of the rer! gene resulted
in a reduction in the level of the desf ranscript. while
levels of desD. desA and crfi transcripts were unaffected
(Figure 5). These results indicate that Hik33 and Hik19
might be involved in a common mechanism that regulates
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the expression of desB. desD and crh genes. and that Rerl
might specifically regulate the expression of the desB gene
(Figure 6). Tn E.coli, a hybrid-1ype histidine kinase, ArcB,
transfers a phosphate group via its Hpt domain to several
receivers, such as ArcA, OmpR and CheY (Perraud ef ai..
1999). Hik19 might also wransfer phosphate groups to
some, as yet unidentified. response regulators that, perhaps.
contain a receiver domain and it might. thus, regulate the
expression of desD. crfr and certain other low-temperature-
inducible genes.

A hypothetical pathway for perception and
transduction of low-temperature signals

Figure 6 shows a hypothetical scheme for the transduction
of low-temperature signals. Hik33 may span the plasma
membrane twice and [orms a dimer, whose structure may
he influenced by the physical characteristics of lipids in
the plasma membrane, such as their fluidity (or the extent
of molecular motion). which is controlled by temperature
and the extent of unsaturation of the fatwty acids. When
the temperature is decreased or the fatly acids are more
saturated, the histidine residue in the histidine Kinase
domain may be phosphorylated. A phosphate group is
then transterred to Hik19, and finally o Rerl, which
regulates the expression of the desB gene. Hik19 and
Hik33 are also involved in the regulation of expression
of the erhh and desDd genes. However. we have not
yet identified the response regulators (or transcriptional
regulators) of these genes.

In E.coli, heat stress induces the expression of several
gunes. whose products are involved in the folding and
degradation of denatured proteins. Some ol these genes
are regulated by the typical two-component system CpxA—
CpxR. CpxA is a histidine kinase. which is bound to the
plasma membrane and is autophosphorylated under heat
stress. Phosphorylated Cpx A lransters a phosphate group
to the response regelator CpxR. which activates the
transcription of several heat-inducible genes. such as degP.
which encodes a proiease. and dsbA. which encodes a
disulfide isomerase (Mileykovskaya and Dowhan, 1997).
The polypeptide deduced from the ¢pxA gene is dificrent
from Hik33 except in its histidine kinase domain. The
pathway for low-temperature  signal transduction  in
Svnechocysiis (Figure 6) appears 10 be more complex than
the two-component system for high-temperature signal
transduction in £.ceii,

The expression of several sets of genes in response e
fow temperature occurs in all poikilothermic organisms
examined o date. A pathway for the perception and
transduction of low-temperature signals that includes two
histidine kinascs identified in Swiechocystis might be a
common feature of the responses of many organisms to
low temperatures,

Materials and methods

Cells and culture conditions

A stramn of Syneehiocysiis sp. PCC 6803, wiich is lolerant te glucose
fWilliams. 1988). was obtained from Dr Williams at Dupont Co. Lid.
We penerated strain pdesffur, i which the coding region of the desB8
pene was replaced by the finvA S gene for bacterial luciferase. as deseribed
previously (Los e o, 19973 In this constuct. (he fuxAf gene was
cxpressed under the contral of the desf? promoter. Wild-type cells were
prown al M4°C in BG-11 mediwm (Stanier e wf., 19713 bulfered with
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Characteristics of Hik19

The amino acid sequence deduced from the k19 genc
(s111905) indicates that Hik19 contains 10t4 amino acid
residues and computer analysis suggests that it might be
a soluble protein in the cytosel. A strongly conserved

histidine kinase domain is located in a central region of

the protein. One signal-receiver domain is localized at the
N-terminus and another is near the C-terminal region.
Furthermore, a histidine phospho-transfer (Hpt) domain is
located at the C-terminus. Thus, Hikl9 is a hybrid-type
histidine kinase (Mizuno ef a/.. 1996). The receiver domain
at the N-terminus might accept a phosphate group from
some other histidine kinase or protein that contains phos-
phorylated histidine and Hik 19 might function downstream
of the membrane-bound sensor Hik33. Hik19 is more
tikely than Hik33 to be a transducer of the law-tempera-
ture signal.

Characteristics of Rer1

The amino acid sequence deduced from the rerf gene
indicates that Rerl contains 402 amino acid residues.
Unlike most response regulators that have a signal-receiver

domain at the N-ferminus, Rer! has a signal-receiver

domain at the C-terminus. However, the N-terminal region
is homologous to the DNA-binding domain. known as
an HMG box. found in regulators of transeription in
vertebrates, such as the Sox6 and Sox5 proteins (Connor
er al., 1995). The central part of Rerl is similar to the
wranscriptional activation domain of the aryl hydrecarbon
{Ah} receptor nuclear transtocator (A Li er af.. 1994
Figure 6). Although Rerl does not have u structure typical
ol response regulatars, it is possible that it functions as a
DNA-binding regulator of transcription.

Characterization of the AHik33, AHik19 and ARer1
mutants

The extent of the Jow-temperature-inducible expression
of the desB transeript in AHIk33 cells was halt” that in
wild-type ccells (Figure 2). The low levels of Hik33

and Hik19 might be responsible for the low level of

accumulation of the desB transcript in the mutant cells.
However, we found that the low-tempernure-induced
activation of the des8 promoter in pdesB::lux/AHIK33 or
piesB::lud AHIKI9 cells, monitored in terms ol luciterase
activity, was almost completely climinated by the inactiva-
tion of the #ik]9 genes or the k33 genes (Figure 1), The
discrepancy between the extent of depression of the
accumulation of the transcript and the extent of transerip-
tional activation might be explained by an increase in the
stahility of transeripts at low remperature, as shown in
Figure 3 and in the previous repott (Los er af., 1997). The
half-life of the desB wanscript increased 15-fold after a
shift in growth temperature from 34 to 22°C in wild-type
cells and in AHik33 and AHik19 cells. [t s unelear how
the wanscripts of desB, desD and desA genes might be
stabilized at low temperature,

Although inuctivation ot fiik33 and k]9 reduced the
low-temperature-induced accumulation of desf and deslD
transcripts (Figure 2), inactivation of the rer] gene resulted
in a reduction in the level of the desB transeript, while
levels of desD. desA and erh transeripts were unaflected
(Figure 5). These results indicate that Hik33 and Hik (9
might be involved in a common mechanism that regulates
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the expression of desB. desfd and crlr genes. and that Rer]
might speeifically regulate the expression of the desB gene
(Figure 6). In E.coli. a hybrid-type histidine Kinase. ArcB.
transiers a phosphate group via its Hpt domain to several
receivers, such as ArcA. OmpR and CheY (Perraud er al.,
1999). Hik19 might also transfer phosphate groups 1o
some, as yel unidentified. response regulators that, perbaps.
contain a receiver domain and it might, thus. regulate the
expression of desD, orlr and certain other low-temperature-
inducible genes.

A hypothetical pathway for perception and
transduction of low-temperature signals

Figure 6 shows a hypothetical scheme for the transduction
of low-temperature signals, Hik33 may span the plasma
membrane twice and forms a dimer. whose structure may
be influenced by the physical characteristics of lipids in
the plasma membrane, such as their fuidity (or the extent
of molecutar motion). which is controtled by temperature
and the extent of unsaturation of the fawty acids. When
the temperature is deercased or the fatty acids are more
saturated, the histidine residue in the histidine kinase
domain may be phosphorylated. A phosphate group is
then transferred 10 Hik19. and finally 1o Rerl, which
regulates the expression ol the desf gene, HikIS and
Hik33 are also involved in the regulation of expression
of the ¢t and desD genes. However, we have not
yer identified the response regulators (or transcriptional
regutators) of these genes.

In E.coli, heat stress induces the expression of several
eenes, whose products wre involved in the folding and
degradation of denatured proteins. Some of these genes
are regulated by the typical two-component sysiem CpxA—
CpxR. CpxA is a histiding kinase. which ts bound 10 the
plasma membrane and is autephosphorylated under heat
stress, Phosphorylated Cpx A transtuers a phosphate group
to the response regulator CpxR. which activates the
transeription of several heat-inducible genes, such as degP,
which encodes a protense. und «shA. which encodes a
disulfide isomerase (Mileykovskaya and Dowhan, 1997),
The polypeptide deduced from the cpxA gene is ditferem
trom Hik33 except in its histidine kinase domain. The
pathway for low-temperature  signal — transduction  in
Syiechocystis (Figure 6) appears to be moere complex than
the two-component system for high-temperature signal
ransduction in E.coli.

The expression of several sets of genes in response 1o
low emperature oceurs in all poikilothermic arganisms
examined o date. A pathway for the perception and
transduction of low-temperature signals that includes two
histidine kinases identificd in Synechocystis might be a
common teature of the responses of many organisms o
low temperatures.

Materials and methods

Cells and culture conditions

A strain of Svaechocevstis sp. PCC 6803, which is wolerant to glucose
(Willinms. 1988). was obiained from Dr Williams at Dupomt Co. Lid.
We penerated swain pdesfiz iy inowhich the coding region of the des 8
pene was replaced by the fnaA D gene for bacterial luciterase. as deseribed
previously (Los ef af 19970 In this construel. the fieA B gene was
expressed under the control ol the deafd promoter. Wild-type cells were
grown al M°C in BG-11 medium (Stanier ¢f ol.. 19713 bullered with
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