5,90 a vy N EORBRER
Eov ROVESHEORENR

(GRREZES - 13640640)

TRk 13 - TFhL 14 EERSHRERNS EBHRC) (@)
RER RS |

TR 155 5 A
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(FEXRFEFEEIZER)
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BREAYMWEREEE
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[FLsE

MmpanE 3 v I IEDFHIT. SREKENICHELDRIEDIM gy o9 Ny
g (Hsp) BRTFOESEYS—EMIC2RITENL. SR TOERRNS Hsp IBEFEIR
WHICRREDHZETHD, MRAICERL Hsp (IP9F v ROV ELTEES VOE
OFAEHTRERIE P RADEBENDBE, HA\NMITOF7—FE L TEES N
SEDHRICEBNTNDEZZ5NTINS, B4 (3EEIC, HtpG Y{ESFEHsp S5
VOOERMECKXEREEE (Bt - EFmEEN) OMMEPESECEELRE %
BEELTWASIEZPODICLTEE, FAKTIE, AEFRIRIREEYOTETIVE
ME LTS VU EEEMEHTA . Hsp BEFRIFREEME & T 0EIRNERREED
fERA. FCERMRIIREAYHFA D Hsp IBGFRIRTAEHMBOREIA. GroEL X° HtpG (A
BSEEDAERR, KU HipG Z2THEETED Hsp OB S NAESRDER L1555 - 14
EETTIRS & & BHE LT, ‘

Hsp sB{GFRIGIREMME ICR T 2 bITETMRARIL. a4 B Synechococcus sp.
PCC 7942 MOEDEEFEIO—=4 L3R/ Hsp (0rf7.5) DSHEE/ERT3C
ElckY, EESEF (RpoDl) S grofl sBIEFD 5 HiEAEMEE LT3 L
ST ETHD, VUTEAFHI A RUAS—EDATERLESLTHIOT
DNAEQHEE S TALEZBZAONTINA I LMD, ATHRICEKELEVW S IEFED
TOE—9 —FAEANDESIBO TIHHRERRETH S, 0rf1.5 B HITEFEEEE
U groESL A ROV DEEZEIEICHET 2D TIXMWNNEDERZRHEZ/-T. in
vitro DEEERTOrfr.5 7% RpoD1 S L/ RNA R A S —VYDEEEHEHEET3
MEDIMERRTINS, '

grofl SEGFOFIRARICEI U TS KEBREEE THMICHEIT SN TSR FL R
B I <EF (o) ST SIEDRE & HERMREIZEHITS CIRCE BLFIND HreA
YTy —0DESICKDEDHREEHEDSMSNTINS, Synechocystis sp. PCC 6803
DFEHD grofl BT DB RIS AEEC(S CIRCE BLFIMTFEL HreA R EOS %O
— RTBEEFHT/ ALICTEETHIEND, TNHD Hsp BIEFOEESE
CIRCE/HrcA HIHIBSBIC K D D EMBRIN, CNERITB7/=0IC. Synechocystis
sp. PCC 6803 D hrcA B FIRIERAHEERE U, BEEBRETICHITS erofl BETF
DIEEHIFISERE SN T=08, TRERD grofl ;B{EFD mRNA BREELHS a v ok Y.
EHICELBMU/ADT, CIRCE/HrcA FIBHELNMCHEEREMENSTFET R
EINTREENTE, ERED grofSL AROVOEERAS(L. #8433 v YR TR—T
HY. TOLRICIIHBNASTFES SIEFICHEHEIND TOTE—5 —ESNEEL
=l EMS, FBDSIRFEESLE A RUAS—EEDES g v o THEINT
BOTIIENDEEZ /=, 0rfT.5 OLSIEFR S Hsp 18, B> a3 v IRMGTTEES
IIEFENLUTRNA R AS—EOFMHEICEE T3 & VDU MERRSICE
DEMAREHEDHTIND, _

VY Hsp BIFRIRFAMICRES T3 A EAMEEE LTI, EISRA7 CIRCE
LIONCIISRE Do /e, AFRICBWT, FE3VMES Y Synechococcus vulcanus
{ENF8 Hsp BIGF (hspd) DEBEASEEERIASORBICAIE T 23 R
REEZRELE, COfEEIL. A & T BPZ2<SENDIARTLA inverted repeat
(ACAAGCAAATTTAGTTGT) E25l% b DA, CORFIIISENICEST 29 08I
7 MECKYBRHB LA, /0 vitro Tl COBEIZST DNA BFE & DNA 584 /%
JHI, S0CICBWTIILEBNRERESHRETR LD, 812 3 v /iBE (63C)
TR LMoz, #Ba% 63°CICIBITRT SISO /85 ED DNA &5 T,




—BRICE LB UED, B avI([lE#ED 09 U ROEDEERERERD
HIZ, DNAFEEEEIE S0°CHOLN)IVETEIEL /. DNA EESIEDRZE(LE hspAD
mRNA DEBEDZE(LICIIEDIEENH o /=, O DNA KRS S /N0 B% hspARREN
T BEFREV Ty —¢REL T, METOEGEFOI/O—-=0F5%EToTVS,

Hsp IBEFOEEZLVANIOREHHEICET 2HMEIES<END, Held, rspA D
00— REEEKICTEE T B downstream box #kECSI & VAR Y —AEDHEERICK Y ERIC
B3 1spAEEEYORE(COCERRIZEDOEIMMNTFEIND L2 BT IERES
7=o DS hspABEFOERMEERICEES T 5D TIIEWNEZEZ THRZEH T
2 .

EMICERICHRREINSH 3 v IiEE, BB, X MU RABRERIC—EMICIES
BEBRREN, SUVIUTIRAICI>THEENS ZLERL. BHIFREEDD
B gy arEXLEEA&%J%%T T EEMHTHSMILE,

GroEL % HtpG DFBBEEREICRIT ALITOL S BEFLIVIMREB, _I:::to)cto(_
Bz (X hroA BETFRHEREEELLD. COZEMKE GroEL #BRMNICRIBLE., &
EFRIEROEE (48°C) ([CHITREFEELHEROE e (71O /7:/) DEk
REMSEM LI, F/=. HipG IERDH ST, EROENET THS VY YIDES -
KFICEETHDZEEHONILE, BT THD ripGBEFRIERIIAFIVEAD
—FUICRESHTHD LMD, HipG (FEEER L RAEE T TEE/SHMEE R/=70
TlEEVWNHEEZT, HIRRENS /O BEDRFRE{TE> TS,

GroEL B TK DnaK &. 48 kDa DERHIDS >/ BEET 450 kDa DEIRIESHEHE
BTHREISNDZEERRLE., COESHOERIL rio6 B FHEKRTIIBEE SN
B EMS, Hipe BEOERICEE T L, EHICCOESAIEAMERIEEICE
BTHDENTREENT, IBTE. GroEL *®Dnak & /0 #BBIL T, invitrollH
(FBIINF v+ ROVESEOBEREEA TS, KIEED GroEL SREL 14 BEF
#DLADICH LT, VIO GroEL IFRRET. BEICHEFC_EHICHEREL
7o SODE D7 GroEL DEHEDMRD Hsp EDEESBHEKICEETIIAZVWNEZEZL TN
3.

Eﬁnﬁﬂﬁ
T MRRERE MR £ (FEAREYIEINID)
Z{HACH R
(&%EEM: TH)
- BiEEE EHEEE &5t
TERE 13 FE 2,300 0 2,300
TR 14 EE 1,200 0 1,200
$eEt 3,500 0 3,500
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Heat shock response in cyanobacteria

BYRSTFEWMER Mk 2

Department of Biochemistry and Molecular Biology, Faculty of Science
Saitama University

Hitoshi NAKAMOTO

Heat shock proteins are families of proteins which display an enhanced expression in response to heat shock or
other stresses. Heat shock proteins are ubiquitous, and their primary sequences are highly conserved among
different species. Many heat shock proteins are molecular chaperones and play essential roles in protein folding,
repair, translocation, and degradation.

Cyanobacteria are photoautotrophic prokaryotes whose habitats are extensive, indicating that they have
adapted to various environmental conditions. Heat shock proteins may well have been playing important roles
in their successful adaptation.

We cloned genes encoding HtpG and small HSP from cyanobacteria. Inactivation of the AtpG gene resulted in
a decrease in the cell’s ability to develop thermo-tolerance (i.e., acquired thermo-tolerance), while
over-production of small HSP increased the basal thermo-tolerance which is estimated by cell survival after a
sudden lethal temperature treatment. In contrast to cyanobacteria, heterotrophic prokaryotes such as E. coli and
B. subtilis, phenotypes of the htpG and sﬁaﬂ HSP mutants are not clear. Recently, we cloned a novel heat shock
gene, orf7.5, which encodes a polypeptide of 63 amino acids. The inactivation of the gene led to a decrease in
the cyanobacterial basal and acquired thermo-tolerances. Accumulation of the groEL transcript in the orf7.5
mutant was strongly reduced. We postulate that the Orf7.5 protein together with the major sigma factor interacts
with the groEL gene to regulate its heat induction.

1. Ay avIBEORA

Ritossa 1d, 2+ awZaUNTOHE (HD5WIFOEKEER 2E8EOBERE (250 »n5
Bl (30°0) IiERER (30 4R 5T L, B (R BEARREEDOE DN OREOBMICES A
RIS (X7, pulf) AW icikEaneg CE2BEL, 1962 FICRELE (D). Z0/NT OERR
—BHT, BENTRZEMELE. —F, BHREBETEELENTIE, Zokd57k #av]
KROBRINR<Bo7. REBMCKRRENGBELEZT /7 SEET OB @RNA OER) &
BRI D B LHRBHCE 2 ST WA, TORXII/NNT DY — 2 iR ER &EOFRREOZEIZ
Ko TELS, POERMELELTS UMHIREOBEIREDREFOBEMELEFIEEIT) &
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WO ZEERLIERATEETDHS. BEMNKESRLLE EOEFROE R REAEKEEERETT
B TD WO HBAREREZTY, DTh3IR— (FEkR 1 R—I%) (2D 5N 2 0%k, B
FETF—FX—A (PubMed) TE av 74> /XV'E (heat shock protein) ZF—7T7— RiIcLTHRE
TBE 17,640 B ORIATT TS 5 HSP e DRBIT /55 72

2. Blav i I NNIBEDORRA ,
Tissieres 5i%, BEARINZIEND D SDS—RUTZVILT I RFILEBKIKEIEEHANWT, ¥
avTaUuNLIORL a v I ITHEWERIND Y NV E (ENES S N7 I JBZ2RDAARES
SINVE) IO THEE - HURZ Q). 6 BEOFES /N ITERBLUNOEBEZES 3 v 7L
B LTk THRKRICEEIN, ZNSETTHRIIERI N2 > N7 0K 30% % HH T
. Bl gy VTERDPFEINDINSDF /7 EIL, heat shock protein (HSP) BRI
5T LT lz. EHINTMS HSP O mRNA EESIND Z EBHERIN, B a v 7 inEOmE
ISEREIC L ANTOBEICTHOND T &<, BEEYCY NI EERFRTSD &S £ -
DFEPEFIRRANEREEL To/z. 2 avulauNIoRRzsT, KBE, B WSO
ETHE a v VINEORENHES, B a v VBB ERBA R ENEEHETH DI E0HS R
CIN. 1980 FICHARFIREENSEFEIND &, ISP BETNRBE, B, P avdaunc
BENSIO—Z2T3, HSP 2RI 0O7 3 ) BEFINLEES N, TORKE, HSP O—KkiEE
PEEBA TERVRREEERT I EMHLNMITRo. HSPIZ, 73 ) BEFOHEEEICE TN
T, HSP60 HB WIS ¥y RO 60 (KBEICBITBMESY > /8713 6roEL, A FRBEICKIBEERE
DEZEWTPHVT 2FHEFEIMAIRT), HSP70 (Dnak), HSPIO (HipG), EAHFEHSP REDTTI
U—znEEn5. ISP IR BFZ 1000 FFLAEET, REHAN—OBBLFOLFETHS.
HSP i, BT Tlda<, EBHMOMBEIFEHA ML AR > THEBICHEEINEZ &5, R
FLAFORVEEBLIEINS.

3. HSP BETOFREHMH

Bz 5 HSP EETIE, B a vy /VT—BNICHERTS. ISP EEFREOT Y - A7 EDLIIZ
LTEIBDES I3, .
ERESZ R EOLERDVBLICHBEI N, 2 TFREFVEATWEREEZ AW THP #ET0
RERAGEEBRELEIR SN, B2 gy /T HP Z2RETELRVWEREBKZHWE Yura
Neidhardt 5 DOBFEIZK D, HSP OFFEIL, HSP BT OEBESICFRENIIHEL INE T TIRTF(0®)
DR a9 7K 0—RBIZHENL, TORBEIDVI/IRTFEMELZRNARY AS5—F (RO
F) MEINTHIEICE>TRIBZENHSMNZEINE B). ZOIFIETFIL, R HSP#EE
TIHBIZRWES NS T OE—F —EINCRENIKET 5. ZO&37% ME] OREITHLT,
BEREIZBITDHPEETOEREN) 7L vi—TillfH I3 E WS> BOBBIBERRETRE
oMz, FEREYO ISP BETRERGHREBOZRENRBINE Q). BEEIOIT INY
FUTOF ) LAOSEEEFINHSMIEINTNRSED, o LHERRESZI— R 58EF (rpod)
WEHDMD TR, BREBT INIFUTHLHD T O—0 T L7ES T8 HSP EinTFDix
ERBAERICE BEOETRECBIZBEBLETFOEBELZITO>TWS) FTEI/IYRTFICEEIN
LR T O -5 —EFNEETS B2V, 62DXIRA NV ABREN L VETICESE
ENBEFNTRNE TR ICh0b 5T, EERETRESEMIREINT, B a vy
L0 mRNA DEL WEER—BITEZS 6). ZOLIBERNS, BAE, EARVAZHETT
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BZOBETFOEFEIY Ly I —iCK0HIfl SN TWE I &2 RE L. EB, &5 LA
ORI, REOFY XV EPEET S, FRAEMEVIRE U (inverted repeat) 2EEL
= (6). TOEFIN, FEE T vH—F L NTBIEET BARL—F —Th B &N EER
EETT, CORPICHAT B VN EOBERZORETOI O—2 2 P E{Fo> TN 5,

1995 FEIZ T FH X ABM K% D Susan Golden ##% (Journal of Bacteriology @ Editor) %35RIL,
FIZTTY /NI T U GroEL 12T BHERE 2 LN, £3%0 513 HSP HERFEIIERC e TH
SNICEINTNBOTIIRVWMEERHEN. UL, 0 5RDRITHSP HgE 285 L TR -
ZEB-STWS, HORGOEM LR, MEEO Dnak % GroEl B FOEEMHEICEDH 5 4R
L —& —E25 CIRCE (7) ZEHS MLz R @ Schumann £3%0Y 1998 FEICR 4 DR EERSFE N
BT, BIROMEREO ISP EEE RO ZERI U X SRS 2 0NIEE 22 /- LM 512
MIFIMAIZNEEE, SEOI—IVRATY N N—FEFRODF v+ RO IZETELET, K
JAE HSP B FREAFRGMEOE - AETHIHEREREE D TREWL, KBEORAT 3 v Ik
BHRBICBET EMZLIZEZA, RERFITNET TE<HMERNTLLD. FEk<bhroTW
BNDTY | EEDONEIETHA.

4. GFyRor

HSP ORI BT HHEEEIL M. HSP 235 DNV E D 0 /=7 & (folding) ICBETS 3T v
RO (molecular chaperone)] THD I ENRDENDLIITEo>72DI1F 1980 EREHEITIZHT
M5 THoTe. FNETIT, Georgopoulos HITE o TRBEDRER HSP TH S GroEL B 77— G
HEEFEETDUA4INA) DEERRICEEG TS Z ENHSMIINT W . KIBEE® GroEL &,El1is
SMFERUZAEYO Rubisco T2y MERSY 2/ E RsuBP) DBETRI/O—2273INT,
HFRIZA—=RENF NI EDT I ) BEFINHEINZ B). TOHE, K 50%NFE—DT7 I/
BT, BR37I /BTIZABELUOBOTHS I ENHSNI/AR>7~. RsuBP &, Rubisco (U
O—ZX—ERY VEBHINVEFLT—Y, HEROTBRILREOEEZTOERE) 28k L) /N () =
DOY Ty bNERES LSEEHREBRT S EZITBEE SN, RsuBP I3—REC L9 7 1=w b
LEEHZEDLS DD, BRICIIRAROBIENEGE GERETIILS) 2M L7 Rubisco in S8k
N TW<. GroEL % RsuBP EAMHFEZRS >NV EIE, KBEUANOEKAEY Y h2SOEREN DI
FI2RUTTHAHADNO ¥ ROZ (chaperonin) EMBAIND I ETino7z. AYECHIBER
FREEZBEATZLERENS, vROZVIE, 77— OFEERS Rubisco DERESEERIZES
Niznd - EEENGE (F NV EOERBERKRICEDS) #EER > TWHOTRABWMEE X
S5z, MEAESNTHWSOTHHIZEA, BETIE, Y ONIHE (b2 WIS LR
& NIE) ORZAREE BBREIIEEE) O AR ER I+ RO VNEET 5 Z L8
S5MITIE>TW5S. DT U—0D HSP KHERERD [Ty RO ) LU TOBENHS I EMNHES
MTIE> T 7z, 1987 EIT, Ellis 35 N EDOIELWEREBEEREZIT 2, B5I3T0R
EORERATIEETENY NI BRn T vy ROV EBHTH &2 RELE.

MR OHF T, HENREREEEZ LY NI BIIRYRTF RO—DDEEFEICTER .
RKRIEZ NTEEL T, YRV —LZBI2EREFORYRXTF RABITFo 5. HIEED
EIORTF RENEREIND TR BRR Tz, RS O NRZBIRBKNRTY I JBD%
WERZRRNZ, KT IV BOZSWERIIA TREICES X DIICa 287 M zEENT
W3, Folding 2AAZ2FEITIE, BUKMHEERIZEDRY RTF RRALIZERAE > TRELE
FoTLEIDDBLIVRN. HEZBRRSINTLUESAEFUNVETD, GRIBEDANVALZHET
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TEHET 3 ENHOBUKEEENBEH L, EEORY RTF RETBUKNRZHEER M Z L0
A5, BTy NOLEAMFENREESCHEE-> 2 folding EEISRBRWVWI ST UEY:
folding ZFIEEICT HHDTHS. > T, AMVATTIIMEBIZZEDHS? 2HELTE. —H,
& X7 E O unfolding WEBIICEE REEHHS. U1 NILTEREINEY O BidFhn
WhEd 58 BIAEI ba2 RUTFREDHK/NMIE) KIELKEINSZEVEETHS. 4F
YROVE, BEBATHHOF O NT7EZBEBRLLTN, FETIRE (B2 RE) TREL,
ISIEEBEBRL TERY ONVED folding 2B 5 ZENHALSNICINTER. TSI, FUN
JBORBEINZEL, BUSNABNWKIBFETEDZM) BELTLESEY NNV EOHE
BIZb DT v RACHEETEZENHEHSNTROTWS. > T, SFIvyROIE, BEirdy
Y ROy ENELEONFRABREETHRAN) TR, EELLTHEEZELEZD—EHa LD
DEEFEIERED, TSITEHAUEZTITD ZEPHASPIR>TELZDITTH S.

5. Y7 /NI7FUTDHSP

Y INTTFUT (SUEHBVIEIERMELDLENS) 13, B5EY R B0 ER
MERDIHERETRERE DD, KEMRL CELAN 2B IERAERDNERETD FREYT
H5. COXARDESTK > THIER RICBRNEE TS Z LI/ o 7. 20 BEL LS anicERIicE
N, BEDHIKEIASASHLTVWBRI T INITUTIRSHEEERE (AMRA) TERLTERE
EZzZoN5. BLZ, P HBVWEANVAZINVER, Y7 /NI 5FY T ORERSCEESL
AT BEHEC, RADOKREERZLTEROTRANNEZEZ THREZED TS, LIFICHFER
BO—MEENTS. KELBESLICZBINZNERDNS KBEICBITS HSP AT,
27 )N T O HSP HFICIERBROEENZ RSN TN S.

HipG (HSPS0)

HSP9O I EEREMOMBENIIKBICERE TS (AN ARICBNWTHEABES >N EDK
1%%25D5) FEISP O—DTHD, BREPIavPaUNLITROLADY XNV ETHHIEN
HEMIEINTVS., BEY OV EOBEMNEIZZ, EERETY, (BELBENKCALER
RE&ICH D) 2 DEERTRI T TV EESTEEARERRL, INSENSY O NRTEADH
B - fEEEEE L CIAESHIRMRE 2 EI L TS, HSPIO i3, MICTCEEL TV & EIT,
WS DONDEBETIERND - THEREIIBSTIENS OERZBELITTERL THEZ
EMTEZEEZSNTVS 9, 10). FIBAERZEDHEMES IS F <1 > > (geldanamycin)
HUHSPO0 2R EMICIHET S Z b0 0, HINABIOBRBICBWTHOEERSY NN IE LEE> TN
%.

7S AEHEOKBERY T ABEORERIZIZ HSPI0 RED /A Hipe LAFIEL RN, REL
THEFE LTSRN, BRICBIT2EEVEFRICEERENRD 5N, BEKORTEMN
BHaW=oiZ, HipG OHEAEIIREATH - 7=,

#2132, HipG BETEST INZFYT (Synechococcus sp. PCC 1942) MoSFDTrO—=2 %
L= (11). ZoEETIR, DTFET.602, EEE4L8ORIRTFREI-RTS. RAFTKBEH
TIOBETERBREIE, ¥\ BB UELRENFENZ2ToTHS. T EZEBRE2ERTS
HipG i, b4 > /87 BOEENIC X 2 EERHIETAEEEZRLE (K1), Hip6 icid shitk%
WRIL, S 7 /N2 5 7 Mifarbic 0ipe 2R LR, BEREWO HSPI o & 5 ic#ifamic
KBICERELAN (12). Hipt BETHEREEREL, FEEVTEHDT, Hipt 2EHICHT 584
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FECEFETHEDEDTHH I EEZHSMILE. SFEAA1 ATHE I /=% B HSPI0 (The Hsplo
Chaperone Machine) EfRXEBTINLORREFREL/ZE TS, HipG (55 WIEHSPI0) HIERIEHE
RICEEGTZZE2AOTHLMNIT L L OFli%E 277z, MIRICEGHYTIIRWEShEE T 3y
U BE5Z5ETOMBOATHENEL K LRTDZEBASNTNS, Zhd, EMCEBMICEE
INAHHEKETHD, EEEBmHE (acquired thermotolerance) EXITN TS, BOMRBE 3 v
UK % HSP OFEDN, TOFELFRTHSEEZ5NS. Hipt BETFHEBKRTIE, ZOBEGHER
THEN R < B 5 N/RND T, HipG 13D HSP IZRB I N WRRIREREIZ R L TNWB T EAVRKB S
NV HipG & /A7 IHEE (16°C) AT THEREL, HinG B THIERO EE S ARIGEI
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Fig.1. Suppression of thermal aggregation of citrate synthase (CS) by the purified recombinant HtpG.
CS (7.5 pug) was mixed at 21°C with HtpG in 50 mM HEPES-KOH, pH 7.5 (total volume,
1ml), and then shifted to 50°C. Relative light scattering indicative of protein aggregation was
measured as the apparent absorbance at 360 nm. For comparison, either ribonuclease A
(RNase) or bovine serum albumin (BSA) was used instead of HtpG.

{B5>FEHSP (small HSP, small stress protein) e

KO FEHSP I, TOHEEKRDZTFEDN, 12KNS 42K T, RELRLEXRZFRKT 5. HSPIO, HSPT0
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7ZU, FIVRF IR a-7 U ZAFY > BAAL 2 ELIIN 2 B EE O WEBNEEY
5. WEHEEMWTIIHSP2T, AKX aB-ZURF U DR E THEOFEOTPEREINTHYS. K77
B HSP IERST ONIEEHEG L TEOREZIFIL, DB rrElaE2RiFEL T, P10/
EOMOBFI v ROZRICEFEL, INOREEY NI EeRABEICBETHEEASNT

27



Ws. &b MEDOLN] HSP THokD, REICE> TEIRLHEREESLT T+ 0 HEED
BHDHEATER., BSPR2TRPIT R N—RY NV ETHO, T/ F > OEEZMIET 5.

RaMra—=" T Uit s Y /N7 57U (Synechococcus vulcanus) @ small HSP =T
(hspA1E, HF&E 16,519, FEHRL.IDY NNV ZI—RLTWE B). 7 /NTZFUTITBNT
13, K FEHSP & GroEL 138 3 v/ THROLFEFICEHR TS HSP THS (14). T D HSP IEHE 24
BEEREBRL, Oy NIEOBICL AN - BEZMHITLEEEZRLEZ (14). E75F& HSP
ERRACKERE TS T INITUTERKRERELZE IS, ZOERKOBIEREICHBITS
AEE (K 2), AERETREBRECHASHROEEREZED 7 4 37 22 ORTEMENEE T
mizz (15). IS5 OFRIEERA NV ATT, €778 HSP 2%, M REBEAEMIINATH LIS
FRHEREZBHTHIT 2 Z L 2RIET 2D TH 5. MILFKEEYCEREN DK FREHSP LHEERT
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Fig.2. The basal thermo-tolerance of the reference strain (ECT, A) and the transformant strain
(ECT16-1, B) which constitutively expresses the small HSP, HspA. Cultures of the ECT and
ECT16-1 strains grown at 30°C were shifted directly to a 50°C-water bath for either 15 or 60
min in the light. An aliquot of the culture before or after the heat treatment was serially diluted
(1:1, 1:5, 1:25, 1:125, 1:625, 1:3125, 1:15,625, 1:78,125) and a 10-u1 aliquot from each dilution
was spotted onto each section on a BG-11 agar plate. The plate was incubated at 30°C for two
weeks.

Hi#iiz HSP
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7,455, HEH 5.0 DRUNRTF RT, EEOHSEDIZBNWTHARKR/NDHSP THS. 0rf1.5 D—
KAEE MR E NG T —F R— A B S 3. 0rf7. 5 B TREBHREZERL, ZOBETIE
BIzBIT 28 - SFEICEETHDIEZHSNI L. TORREEKTIE, CroEl B FOREMNE
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Summary

The heat shock response is generally characterized by a rapid, intense and transient activation of gene
expression, resulting in the elevated synthesis of a family of proteins. We found that light modulates these
characteristics of the heat shock response in cyanobacteria. Light accelerated the heat induction of htpG,
groESL1, groEL2, and hspl7, in Synechocystis sp. PCC 6803 as well as that of groESL and hipG in
Synechococcus sp. PCC 7942. In both strains, the maximum accumulation of transcripts of these genes
was observed when cells were subjected to continuous illumination prior to and during heat shock,
although each heat shock gene responded rather uniquely. Except for AspI7, no mRNAs of the heat shock
genes were detected in dark-treated cells prior to and during heat shock. The time-course for the
appearance of mRNA after heat shock in the light varied, depending on the heat shock gene. In darkness,
the heat shock response of all the heat shock genes tested was slower than in the light and it was not
transient. There was an apparent relationship between the enhancement of the heat-shock gene
transcription in the light and the level of reduced plastoquinone in the photosynthetic electron transport
system. Light did not affect the mRNA stability of the heat shock genes in Syrechocystis sp. PCC 6803 at
least during the early phase of the heat shock response, although the stability was quite different,
depending on the heat shock gene. Light also enhanced the accumulation of the GroEL protein and the
acquired thermo-tolerance.
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Introduction

The heat shock response represents a ubiquitous protective and homeostatic cellular response to cope with
heat-induced damage to proteins (Yura et al., 2000). Many heat shock proteins (HSPs) are molecular
chaperones or proteases and play major roles in protein folding, assembly, refolding, degradation, and
translocation under normal and stress conditions.

The heat shock response is generally characterized by a rapid, intense and transient activation of gene
expression, resulting in the elevated synthesis of a family of HSPs. Heat shock response has been
extensively studied in Escherichia coli in which induction of HSPs occurs primarily by transient increase
in the sigma 32 factor (Yura et al., 2000). This leads to the transcription of more than 30 genes from the
conserved heat shock promoters by combining the RNA holoenzyme with sigma 32, thus constituting a
heat-shock regulon. In addition to positive control by the use of alternative sigma factors such as sigma 32,
negative control of HSP gene expression by specific repressors operates in eubacteria other than E. coli
(Narberhaus, 1999). The most wide spread and best studied negative regulation is the CIRCE/HrcA
system. CIRCE, controlling inverted repeat of chaperone expression (Zuber and Schumann, 1994), is an
inverted repeat (IR) consisting of 9-bp separated by a 9-bp spacer, which has been found in more than 40
different bacterial species and shown to act as a negative cis-element of dnaK and/or groESL operons
(Narberhaus, 1999). The HrcA repressor protein interacts with CIRCE (Yuan and Wong, 1995; Schulz
and Schumann, 1996).

Cyanobacteria are autotrophic Gram-negative prokaryotes having a plant-type oxygen evolving
photosynthetic apparatus. Upon a temperature upshift, cyanobacteria induce a set of HSPs (Borbély et al.,
1985; Webb et al., 1990) among which GroEL, small HSP and GroES are the most prominent HSPs
which accumulate in the cell (Roy et al., 1999). Mutational analysis has shown that ClpB, HtpG, and
small HSP play an important role in high temperature tolerance (Eriksson and Clarke, 1996; Lee et-al.,
1998; Tanaka and Nakamoto, 1999; Nakamoto et al., 2000).

Although sequences similar to the heat shock promoters of E. coli were found upstream of the groESL
operon in Synechococcus sp. PCC 7942 (Webb et al., 1990), there is no evidence for an alternative sigma
factor controlling the heat shock regulon in cyanobacteria. CIRCE has been identified around the
transcriptional start sites of the two groEL genes in Synechocystis sp. PCC 6803 (Glatz et al., 1997). In
cyanobacteria, only groEL genes, but not dnaK genes, have the CIRCE. Two distinct groEL genes
generally exist in a cyanobacterial cell (Chitnis and Nelson, 1991; Lehel et al., 1993, Furuki et al., 1996;
Tanaka et al., 1997). One gene designated as groELI is co-transcribed with groES, while the other,
groEL2 or cpn60, does not form an operon with groES and produces a monocistronic mRNA. In the
genome of Synechocystis sp. PCC 6803, an open reading frame which encodes a homologue of HrcA is
present (Kaneko et al., 1996). Thus, the CIRCE/HrcA system may regulate the groEL genes in the
cyanobacterium, although it is yet to be proven. The CIRCE/HrcA system is not the only mechanism
which controls HSP genes in cyanobacteria. Recently, we identified a novel DNA element in a 5’-
untranslated region of the hspA gene in the thermophilic cyanobacterium Synechococcus vulcanus with
which a DNA-binding protein specifically interacts (Kojima and Nakamoto, 2002). We proposed that the
DNA element is a specific target for a DNA-binding protein and that it plays a role in the regulation of
expression of the cyanobacterial sspA4 gene which encodes a small HSP homologue.
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Heat shock enhanced accumulation of transcripts of the two groEL genes, groESL1 and groEL2, in
Synechocystis sp. PCC 6803 in the light, but induction was lower in the dark (Glatz et al., 1997). The HSP
induction by light indicates that light combined with high temperature may induce stressful conditions in
cyanobacteria. Light energy is used to drive the electron transfer from water to NADP* and to produce
ATP. It is essential for the life of photoautotrophs, but excess light energy is harmful when it generates
reactive oxygen species by the electron transport systems. Light energy may become excess even under
low irradiance as well as high irradiance since a balance between energy supply by light harvesting and
electron transport and consumption by CO, fixation and nitrogen assimilation will determine the extent of
‘excess’. We showed that the survival rate of Synechococcus sp. PCC 7942 was much less when heat
shock was given under (low) irradiance than when given in darkness (Nakamoto et al., 2000). Thus,
photoautotrophs such as cyanobacteria and higher plants might have developed a unique control
mechanism to induce heat shock genes by using light as well as temperature as a signal in order to avoid
damage induced by excessive heat and light excitation.

The present study was conducted to examine the effect of light on the heat-induced transcriptional
activation of heat shock genes in Synechocystis PCC 6803 and Synechococcus PCC 7942. We have also
studied the effect of light on the mRNA stability of heat shock genes and on the HSP accumulation.
Further evidence for the physiological importance of the light activation of the heat shock gene expression
was obtained by enhanced acquired thermo-tolerance in the light.
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RESULTS

Effect of light on the transcription of different HSP mRNAs from Synechocystis sp. PCC 6803 and
Synechococcus sp. PCC 7942

In order to study whether the amplification of the cyanobacterial heat-shock response by light is a general
phenomenon, we determined whether the heat-shock induction of a gene other than groELs is also
stimulated by light. Synechocystis sp. PCC 6803 cells were grown at 30°C and under the light intensity of
35 uE/m%s. Cells were pre-incubated at 30°C for three hours in the light or dark, then heat shocked at
42°C or left at 30°C either with or without illumination for 15 min. After each treatment, the expression of
htpG and hspl7 as well as the two groELs was analyzed by Northern blot analysis using a DIG-labeled
gene-specific RNA probe. The light intensity utilized in the present study was 35 uE/m?s, the same as
used in growth of cells. All the probes except for the ksp7-specific probe hybridized with multiple RNA
species. The AtpG-specific probe hybridized with 2.3- and 1.4-kb mRNAs. The groEL2-specific probe
hybridized with 1.9- and 1.4-kb mRNAs, while the groESLI-specific probe hybridized with 2.3-kb
mRNA as a major one.

Light, prior to and/or during heat shock, exerted a significant effect on the heat induction of the AtpG,
groESL1, hspl7, and groEL2 genes from Synechocystis sp. PCC 6803 (Fig. 1A). These effects were
specific, since a housekeeping gene, such as rpnB, did not respond to light conditions or to temperature
changes (data not shown). When cyanobacteria were pre-dark-treated at 30°C and subsequently heat-
shocked at 42°C in darkness, the ktpG, groESL1, and groEL2 genes were not heat-induced (Fig.1A, 30D-
42D). On the other hand, the greatest accumulation of mRNA was detected when both the pre-heat-shock
and heat-shock treatments were performed in the light (Fig. 1A, 30L-42L). The irradiation prior to the
heat-shock treatment enhanced significantly the heat induction of all four heat shock genes when cells
were heat-shocked in the dark (Fig. 1A, compare ‘30D-42D’ with ‘30L-42D’). Only the 4spl7 gene was
induced upon heat shock in the dark after the pre-heat-shock treatment in the dark (Fig.1A, 30D-42D).
The presence of light during the pre-heat-shock and/or heat-shock treatments further increased the mRNA
accumulation of the Asp17 gene (Fig.1A). The results indicated that the extent of the light effect on the
heat induction varies depending on the heat shock gene. Light elevated the steady state level of the
groEL2 mRNA under normal conditions at 30°C (Fig.1A, 30L).

In order to examine whether the enhancement of the heat induction of the HSP genes by light is
commonly observed among different cyanobacterial species, we performed similar experiments with
Synechococcus sp. PCC 7942 which is a unicellular cyanobacterium like Synechocystis sp. PCC 6803. In
this cyanobacterium, only one groEL gene in groESL operon has been reported (Webb et al., 1990). No
gene encoding a small HSP homologue has been cloned yet. Thus, we analyzed the expression of only the
htpG gene and groESL operon. In Synechococcus sp. PCC 7942, light exerted a similar effect on the
expression of the htpG and groESL genes (Fig. 1B). The accumulation of both the AtpG and groESL
mRNAs was greatly enhanced only when the heat shock was performed in the light (Fig. 1B, 30D-45L
and 30L-45L). The heat shock response under various conditions by Synechococcus sp. PCC 7942 was
not the same as that by Synechocystis sp. PCC 6803. In Synechocystis sp. PCC 6803, the light conditions
both prior to and during heat shock affected the level of the AfpG and groESLI mRNA accumulation. On
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the other hand, the light conditions only during heat shock are effective in enhancing the heat induction in
Synechococcus sp. PCC 7942. Thus, there is some variation in the effect of light between species.

In the following experiments, we used Synechocystis sp. PCC 6803 cells which were cultured at 30°C
in the light.

Effect of light on the time course of the mRNA accumulation of the heat shock genes

Since the light conditions for a fixed period of heat shock showed a significant effect on the accumulation
of mRNAs of all four heat shock genes, we decided to follow the expression of the heat shock genes in
light or darkness during a 3-h period after heat shock.

Fig. 2 shows the kinetics of high temperature-induced accumulation of the HSP mRNAs either in light
or darkness. In the light, all the heat shock genes showed a transient accumulation of mRNA during heat
shock, although the kinetics of induction was different for these HSP mRNAs. The mRNA accumulation
of the htpG and hsp17 genes reached a maximum level 10 to 30 min after a temperature shift-up, while
those of the two groEL genes reached a maximum after 30 to 60 min. The AfpG gene appears to reach a
maximum earlier than the kspI7 gene. Thus, the time-course for each heat shock gene or group of heat
shock genes varies. These results suggest the possible involvement of multiple regulatory mechanisms for
the heat induction of these heat shock genes.

In the dark, the heat induction of all the genes was slower than that in the light and significant lags
were detected in the Aspl7 and groESLI gene induction. Except for 4tpG, there was no transient peak in
the level of mRNA accumulation within three hours. In the dark, the level of the 4spl7 mRNA reached
the maximum 60 min after heat shock, and maintained a high level for an additional two hours. The two
groEL genes kept accumulating mRNAs. Thus, light may be required for long-term feedback inhibition of
the heat shock gene expression in cyanobacteria.

Effect of photosynthetic electron transport inhibitors on the transcription of the heat shock genes

To test whether the activation of the transcription of the Aspl7, groEL, and htpG genes are linked to the
operation of the photosynthetic electron transport, we examined the effect of DCMU on the heat-induced
accumulation of mRNA in the light (Fig. 3). Glatz et al. (1997) showed that DCMU inhibits the mRNA
accumulation of the two groEL genes. We confirmed their results and further showed that the light-
induced accumulation of the #tpG mRNA is strongly inhibited by diuron. Similar resuits were obtained
with hfpG and groESL genes from Synechococcus sp. PCC 7942 (data not shown). However, Aspl7 was
transcribed normally in the presence of 15 uM DCMU, a concentration high enough for the complete
inhibition of the photosynthetic oxygen evolution (data not shown). In order to localize the site of the
electron transport chain which is involved in the transcription of the heat shock genes directly or
indirectly, we examined the effect of DBMIB on the transcription in the light. DCMU inhibits electron
flow from photosystem II into the plastoquinone pool, while DBMIB inhibits oxidation of plastoquinone
by photosystem 1. 10 uM DBMIB which inhibited the photosynthetic oxygen evolution by more than
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95% did not inhibit the light-induced accumulation of the AfpG and groEL2 mRNAs. Similar results were
obtained in groESL1 (data not shown). DBMIB appeared to stimulate the accumulation of the hpG
mRNA. These data are consistent with the involvement of redox state of plastoquinone pool in the heat
induction of cyanobacterial groEL and htpG genes. When plastoquinone is in a reduced state, the
transcription of the 4#pG and groEL2 genes is enhanced. In contrast to these genes, the Aspl7 mRNA
level was not affected by the inhibitors. '

Effect of light on the stability of different HSP mRNAs

Synechocystis sp. PCC 6803 cells which had been pre-treated at 30°C in the light was heat-shocked at
42°C for 15 min, and then either kept in the light or transferred to dark for 5, 10, or 20 min at 42°C. The
level of the AfpG transcripts was reduced to a negligible level within 5 min after the dark shift as
compared to the corresponding light-treated sample for the same time interval (Fig. 4, A). The mRNA
levels of the groESL operon and the groEL2 gene showed significant reductions, but the accumulation of
the hspl7 mRNA was reduced only slightly (Fig. 4, A). The reduction of the mRNA accumulation after
the dark shift may be due to the reduction of the transcriptional activity and/or that of the mRNA stability.

In order to examine the effect of light on the stability of mRNA, the transcription initiation inhibitor
rifampicin was added after heat shock at 42°C for 15 min, and then cultures were incubated either in the
light or in the dark for 5, 10, and 20 min (Fig. 4, B). The ApG mRNA was found to be the most unstable
mRNA among the heat shock genes tested. The 4#pG transcripts were undetected within 5 min after the
rifampicin addition both in the light and dark. In contrast to the AfpG mRNA, hspl7 mRNA transcripts
did not show any significant change in the mRNA level during these treatments. The groEL2 mRNA was

less stable than the groESLI mRNA. Only the groESLI transcript showed some difference in its stability
due to the light conditions. It appeared to be slightly more stable in the light than in the dark. The results
indicate that light may not play a role in determining the HSP mRNA stability during the early phase of
the heat shock response, but it exerts its effect on the transcription of the heat shock genes.

In order to examine whether the photosynthetic electron transport system influences the level of HSP
mRNAs, we added DCMU to a culture after heat shock and then the culture was incubated in the light
(Fig. 4, A). As a control, the same volume of ethanol which was used as a solvent for the DCMU stock
solution was added instead of DCMU. The DCMU addition appeared to have a similar effect to the dark
shift, supporting the idea that the photosynthetic electron transport system regulates the transcription of
the HSP genes. However, compared with the dark shift, the effect of DCMU on the level of the groEL2
mRNA was smaller.

The effect of DCMU on the stability of the HSP mRNAs was examined by determining the change in
the level of mRNA after the addition of rifampicin in the presence of DCMU or ethanol (Fig. 4, B). We
did not detect any significant change in the stability of all the mRNAs by the presence of DCMU. The
results indicate that the photosynthetic electron transport system may not affect the stability of the HSP
mRNAs and that the rapid and intense heat response of heat shock genes in cyanobacteria is achieved by
the transcriptional activation in the light. The light signal for the transcriptional activation of heat shock
genes except spl7 is mediated by the photosynthetic electron transport.
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A unique feature of the heat-shock response in the dark is the absence of a transient peak in the mRNA
levels of the hspl7 and two groEL genes. In the light, these genes decrease their mRNA levels 60 min
after heat shock, while there was no reduction in these mRNAs during a 3-h period after heat shock in the
dark (Fig. 2). This may be due to higher rate of transcription and/or lower rate of mRNA degradation in
the dark than in the light. In order to examine the activity of mRNA degradation, we added rifampicin 60
min after heat shock and followed the decrease in the mRNA level up to three hours after heat shock (Fig.
5). At the same time, the mRNA level in cells of an aliquot of the same culture containing no rifampicin
was followed in order to deduce the transcriptional activity. If we assume that rifampicin does not change
the rate of the mRNA degradation, the net difference between the mRNA levels in the absence and
presence of rifampicin is due to the de novo synthesis of mRNA. In the light, the transcription of Asp7
appears to become very low two hours after heat shock since there is no significant difference between the
cellular mRNA levels in the presence and absence of rifampicin at that time point (Fig. 5). However, in
the dark, the transcriptional activity was kept high up to three hours after heat shock (Fig. 5). The mRNA
stability appeared to be greater in the dark than in the light. Thus, the lack of reduction of the Aspl7
mRNA level up to three hours in the dark (Fig. 2) is due to the continued synthesis of the Aspl7 mRNA
and greater stability of mRNA. In contrast to Aspl7, the transcription of the groESLI and groEL2 genes
was very active up to three hours after heat shock both in the light and darkness (Figs. 5). Although the
transcription of the two genes was active, the rate of the transcription started to decrease earlier in the
light than in the dark. Similar to Asp17, these mRNAs were more stable in the dark than in the light, when
the RNA synthesis was stopped 60 min after heat shock. We suggest that no decrease or some increase in
the level of the groESLI and groEL2 mRNAs (Fig. 2) is achieved by the prolonged transcription and the
stabilization of mRNAs. The response of the 4tpG mRNA appears to be similar to the groEL2 mRNA.

Effect of light on the accumulation of HSP upon a heat shock

The effect of light on the heat induction of HSPs was investigated by SDS-PAGE and Western blot
analysis. Cells grown at 30°C were treated in the presence or absence of light at 42°C for one hour, and
then transferred to 48°C for one hour either in the presence or absence of light. Soluble proteins were
extracted from cells at each step of the heat-treatment. The accumulation of a 60-kDa protein was greatly
enhanced when cells were heat-shocked at 42°C in the presence of light (Fig. 6A, 42L). The protein
accumulated further during the subsequent lethal temperature (48°C) treatment in the light, but not in the
dark (Fig. 6A, compare ‘42L-48L’ with ‘421.-48D’). No accumulation of the protein was detected when
cells were directly shifted to the lethal temperature (Fig. 6A, 48L). This enhanced accumulation of the
protein was not observed when the heat-shock treatment at 42°C was performed in the dark, irrespective
of the additional lethal temperature treatment in the light or dark (Fig. 6A). The 60-kDa protein must be
GroEL based on the heat induction and the size of the protein. Western blot analysis with polyclonal
antibodies against GroEL confirmed that the accumulation of GroEL increased greatly by irradiation
during the heat shock at 42°C (Fig. 6B, 42L) and was further enhanced by the subsequent lethal
temperature treatment in the light (Fig. 6B, 42L-48L). No enhancement was detected when cells were
directly shifted to 48°C in the light (Fig. 6B, 48L), or pre-incubated at 42°C in the dark and then shifted to
48°C in the light or dark (Fig. 6B, 42D, 42D-48L, and 42D-48D). Western blot analysis with polyclonal
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antibodies against DnaK showed that its accumulation was slightly enhanced when cells were pre-
incubated at 42°C irrespective of the presence or absence of light (Fig.6B).

Effect of light on the acclimation to lethal temperature

Light during heat shock at 42°C was found to be a crucial parameter for the induction of mRNAs of at
least several heat shock genes. Light also exerted a significant effect on the enhancement of the GroEL
accumulation during heat shock. Thus, we expected that light may play an important role in the acquired
thermo-tolerance.

Cells were treated in the same way as described above for the protein analysis. When cells were
directly shifted to 48°C in the light, the survival rate was decreased to less than 0.01% (Fig. 7B, 48L).
However, when cells were pre-treated in the light at 42°C, the survival rate after the lethal temperature
treatment in the light or dark increased to 100 to 10,000 folds as compared with the direct shift (Fig. 7B,
421 -48L and 421.-48D). This acquired thermo-tolerance was significantly lower when the pre-treatment
was performed in the dark. When cells were pre-treated in the dark, the survival rate after the lethal
temperature treatment in the light or dark increased to 10 to 100 folds as compared with the direct shift
(Fig. 7B, 42D-48L and 42D-48D). As we showed previously with Synechococcus sp. PCC 7942
(Nakamoto et al., 2000), Synechocystis sp. PCC 6803 cells acquired more thermo-tolerance when a lethal
temperature treatment was performed in the absence of light than in the presence of light [Fig. 7B,
compare ‘42L-48L (‘42D-48L") with ‘421.-48D’ (‘42D-48D’)].

DISCUSSION

The ability of photoautotrophic organisms such as cyanobacteria to detect and adapt to qualitative and
quantitative changes in light is essential for their survival. Ultraviolet light and/or high irradiance of
visible light are examples which threaten their lives. HSPs such as ClpP and HitpG in cyanobacteria have
been shown to play an important protective role in the acclimation to these stresses (Porankiewicz et al.,
1998; Hossain and Nakamoto, 2003). Recently, we have shown that even weak light is harmful under
heat stress (Nakamoto et al., 2000). Thus, we expected that cyanobacterial heat shock response is
modulated by light.

We have studied the effect of light under heat stress on the expression of HSPs, and found that light
plays a key role for the maximal elevation in the transcript level of all Synechocystis and Synechococcus
HSP genes examined during this study (Fig. 1). However, light prior to and/or during heat shock appears
to have a differential pattern of control on each HSP gene. The control is delicate enough to lead to a
differential expression of the two groEL genes (Fig. 1, see also Glatz et al., 1997). The differential
expression is rather unexpected since the two groEL genes are thought to be controlled transcriptionally
by the same CIRCE/HrcA system. An additional transcriptional control or a posttranscriptional control
may be involved in the expression of the genes. The difference in the mRNA stability between groESLI
and groEL2 (Figs. 4 and 5) may be one of the reasons for the differential expression.
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We found that the response by Aspl7 is unique in the light-independent heat induction. There was a
substantial mRNA accumulation in cells pre- and heat-treated in the dark (Fig. 1A). The operation of the
photosynthetic electron transport did not have a significant effect on its expression (Fig. 3). Thus, the
regulation of the sspl7 gene expression is distinguished from that of the gene expression of other HSPs
examined in the present study. It is suggested that HSP17 stabilizes heat-stressed membranes (Torok et al.,
2001). HSP17 may play a unique role regardless of the presence or absence of light to protect thylakoid
and/or plasma membranes under heat stress.

Light exerted a remarkable effect on the time course of the HSP mRNA accumulation. The transient
accumulation could be observed only when cells were heat-shocked in the light (Fig. 2). In the dark, the
two groEL genes kept accumulating mRNAs even three hours after heat shock. The continuous
accumulation of the mRNAs was due to its continued synthesis and stabilization in the dark as shown in
Fig. 5. The HrcA repressor negatively regulates expression of the dnaK and the groEL operons by binding
to an operator CIRCE. It is shown in Bacillus subtilis that the activity of HrcA is modulated by the GroE
chaperonin machine (Mogk et al., 1997). GroEL is necessary to activate HrcA. A thermal upshift
generates an increase in the concentration of non-native proteins, which transiently deplete the free pool
of GroEL proteins. Since GroEL proteins are necessary for activating HrcA, depletion of cells for GroEL
will lead to an increase in inactive HrcA and thereby result in induction of the dnaK and groEL operons.
They considered GroEL as the cellular thermometer in Bacillus subtilis. In cyanobacteria, upon heat
shock in the light, HrcA is inactivated as described above for Bacillus subtilis. Then, the synthesis of
GroEL proteins as well as other HSPs is enhanced and cells may éstablish a new steady state at the high
temperature. Then the free pool of GroEL increases to activate HrcA, shutting off the groEL transcription.
However, as shown in Fig. 6, the accumulation of GroEL proteins is inhibited in the dark, leading to
prolonged depletion of GroEL proteins. Thus, the feedback inhibition of the groEL transcription may not
take place efficiently in the dark. Although nothing is known about the regulation of the Zsp17 gene, we
assume that an insufficient accumulation of HSP proteins in the dark may prevent a cell from having a
feedback inhibition, leading to no transient gene expression in the dark. The GroEL protein may also
feedback-inhibit the AfpG transcription. In an ArcA disruptant, which constitutively express the GroEL
proteins, the accumulation of the A#pG transcripts was inhibited (H. Nakamoto, M. Suzuki, K. Kojima,
unpublished).

Our present studies with the inhibitors DCMU and DBMIB of the photosynthetic electron transport
showed the involvement of redox state of plastoquinone pool in the heat induction of cyanobacterial
groEL and hipG genes. When plastoquinone is in a reduced state, the transcription of the two genes is
enhanced. The inhibition pattern is very similar to that in the RNA helicase expression in Synechocystis sp.
PCC 6803 (Kujat and Owttﬁm, 2000). Since all the HSP genes tested in this study were transcribed
during heat shock even in the presence of DCMU which is enough to inhibit the photosynthetic electron
transport system completely, the redox state of plastoquinone pool may not act as an on/off switch. Under
physiological conditions, the level of the plastoquinone reduction is influenced by the level of
consumption of light energy absorbed by pigments. We propose the following working models for the
light modulation of heat shock response in cyanobacteria. Under high temperatures, the activity of
anabolism such as photosynthetic CO, fixation and nitrogen assimilation would be reduced. This may
lead to a decrease in the ratio of the photon energy used for the physiological processes and thus a
situation where cells are exposed to photons in excess of its utilization capacity. The situation favors
reduction of plastoquinone pool. The signal may be transduced to an unknown transcription factor which
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modulates transcription of the heat shock genes. The situation where cells are exposed to photons in
excess of its utilization capacity also favors generation of reactive oxygen. Thus, the oxidative stress
caused by high temperature may become a signal which is transduced to enhance the expression of the
heat shock genes.

Light or the operation of the photosynthetic electron transport system does not appear to exert a
significant effect on the stability of HSP mRNAs in heat-shocked cells when the stability was examined
15 min after heat shock (Fig. 4). However, the Aspl7 and groEL mRNAs became more stable 60 min
after heat shock in dark-treated cells than in illuminated cells (Fig. 5). In both cases, each HSP mRNA
showed a greatly variable stability.

Light exerted its effect on the accumulation of the GroEL protein (Fig. 6). This corresponds to the
enhanced accumulation of the groEL mRNA in the light. Heat shock may enhance the accumulation of
HSPs other than GroEL. Light is the energy source to produce ATP. Thus, light may stimulate the
translation of heat shock genes such as groEL by the increase in ATP level, although it may exert its
effect on translation by other means. We have verified the effect of light on the transcription/translation of
heat shock genes by analyzing the effect of light on the acquired thermo-tolerance. Cells acquired more
thermo-tolerance when they were pre-treated at 42°C for one hour in the presence of light than in the
absence of light (Fig. 7). The cells acquired thermotolerance in the translation machinery as well as in
their viability at a lethal temperature, leading to a further accumulation of GroEL at the lethal temperature
in the light. In summary, light plays a vital role in conferring a heat shock response in cyanobacteria
which is rapid, intense and transient.

EXPERIMENTAL PROCEDURES

Organisms and culture conditions

Two cyanobacterial strains Synechocystis sp. PCC6803 and Synechococcus sp. PCC7942 were grown
photoautotrophically in the BG-11 inorganic liquid medium or on BG-11 plates containing 1.5% (w/v)
agar and 0.3% (w/v) sodium thiosulfate (Rippka et al., 1979). The BG-11 culture medium was modified
to contain 20 mM N-(2-Hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid) adjusted to pH 8.0 with
KOH and 50 mg/L Na,COs; The liquid cultures in glass vessels were incubated at a 30°C-water bath,
continuously aerated, and illuminated with a light intensity of 35 #E/m%s. The electron transport chain
inhibitor 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) was dissolved in ethanol at 15 mM, while
2,5-dibromo-3-methyl-6-isopropyl-benzoquinone (DBMIB) was dissolved in 10% dimethyl sulfoxide in
ethanol at 10 mM. These stock solutions were added to a culture in a 1/1000 dilution. The 30 mg/ml
rifampicin stock solution was dissolved in methanol.

Heat-shock conditions
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A photoautotrophically growing culture as described above was transferred to a pre-warmed glass vessel
in a 42°C- or 45°C-water bath, and continuously aerated under the same light intensity. For a dark
treatment, the glass vessel as well as the connecting tubes for aeration was covered with aluminum foil.

Preparation of total RNA

Cells that had been exposed to various experimental conditions were immediately collected by
centrifugation and frozen in liquid N, Alternatively, cells were killed instantaneously by the addition of
equal volume of 10% phenol in ethanol to the cell suspension, collected by centrifugation, and frozen in
liquid N, (Kanesaki et al., 2002). Total RNA was extracted as previously described (Nakamoto and
Hasegawa, 1999). »

Northern blot analysis

Suitable fragments for the preparation of the htpG-, groEL2-, groES- (to detect transcripts of the groESL
bicistronic operon), and Asp1 7-specific probes for detection of corresponding mRNA from Synechocystis
PCC 6803 were amplified by polymerase chain reaction (PCR) with a template of the genomic DNA and
appropriate pairs of primers listed in Table 1. In the case of htpG, groEL2, and groES, PCR fragments
were cloned in either the pT7Blue T-vector (Novagen) or pBluescript II SK (Stratagene), linealized by
the digestion with an appropriate restriction enzyme, and then digoxygenin-labeled complementary RNA
was synthesized in vitro by T7 RNA polymerase. For the amplification of a DNA fragment containing
portion of the hspl7 gene, the antisense oligonucleotide primer containing the T7 RNA polymerase
promoter was used (Table 1). Thus, it was directly used for the synthesis of the digoxygenin-labeled RNA
probe. The AtpG- and groEL-specific probes for detection of corresponding mRNA from Syrnechococcus
sp. PCC 7942 were prepared as described previously (Nakamoto et al., 2001). 1ug of the RNA from the
same preparation was loaded for each lane of a 1% agarose gel. After electrophoresis, RNA was blotted
onto the BM positively charged nylon membrane (Boehringer Mannheim GmbH), and cross-linked. A
separate blot was simultaneously hybridized with a different probe as instructed by the manufacturer
(Boehringer Mannheim GmbH). After washing the membrane, chemi-luminescence signal from each
probe was detected by exposing each blot together for different time intervals to X-ray films.

Protein extraction

Cells from culture were harvested by centrifugation at room temperature for 5 min at 3,000 rpm in
Beckman GS-6 table-top centrifuge. The cell pellet was collected, and used immediately. The pellet was
washed with 500 ul of 10 mM Tris-HCl, pH 8.0, and 1 mM EDTA. The cells were resuspended in 25
mM Tris-HCL, pH 8.0, 5 mM MgCl,, and 1 mM each of phenylmethylsulfonyl fluoride, benzamidine and
caproic acid, and 3M urea. All of the following procedures were carried out at 4°C. The cell suspension
was mixed with equal volume of glass beads (Sigma) to the volume of the cell pellet and disrupted by
vortexing vigorously for 3 min. This process was repeated three times with a 3-min interval on ice
between the vortexing, and the resulting suspension was centrifuged at 16,000 g for 30 min. The
supernatant fraction was used for SDS-PAGE, and Western blot analysis.

SDS-PAGE
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Equal amount of crude soluble protein was boiled for 5 min in a mixture containing 50 mM Tris-HCI, pH
6.8, 100 mM dithiothreitol, 2% SDS, 0.1% bromophenol blue, and 10% glycerol and then loaded onto a
15% polyacrylamide gel in the presence of SDS (Roy et al., 1999).

Western blot analysis

Western blot analysis was performed to detect GroEL and DnaK proteins in protein extract from
Synechocystis sp. PCC6803 by using anti-Synechococcus vulcanus GroEL and DnaK polyclonal
antibodies as probes, respectively (Roy et al., 1999). Briefly, equal amount of crude soluble proteins was
separated by SDS-PAGE as described above, then electroblotted to a PVDF-membrane. After incubation
with antibodies, the membrane was incubated with horseradish peroxidase-conjugated goat anti-rabbit
IgG (H+L) (Gibco BRL) for detections for GroEL and DnaK.

Viability assays

Synechocystis sp. PCC 6803 cells were grown photoautotrophically at 30°C up to an OD of around 0.5
under a light intensity of 35 uE/m?/s as described above and then subjected to different treatments in glass
tubes containing 25 ml of culture with continuous aeration. All the samples were adjusted to an OD of 0.1
at 730 nm and diluted 1:5, 1:25, 1:125, 1:625, 1:3125, and 1:15625 times in sterile BG 11 medium. A 5-ul
aliquot from each dilution was spotted in triplicates on BG-11 plates for each treatment and the average of
these three counts was considered as the total count. Plates were incubated at 30°C under a light intensity
of 35 uE/m?s for one to two weeks. Viability assays were repeated three times with independent cultures.
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Tablel. Sequences of oligonucleotide primers used for probe preparation.

mRNA to be detected Primer name Primer sequence (5° to 3°)
htpG HtpG-9 GATTGGTCACTTTGGTTTGGGT
HtpG-10 GATATTCTGCCGGATTTTCGTC
groES groES-1 GACCTTGCAAGACTATCATCTG
groES-2 GTTAACAGAACATAGTCGTCGC
groEL2 CPN-1 ATCGGCGTAAAGCTGTGTTGCA
CPN-2 CGACTTTAATCACAGCTACACC
hspl7 shsp-1 TTCITTTACAATCCCCTGCGG
shsp-2* TAATACGACTCACTATAGGGTCA-
AAGTTAGGATACCGGCAT

a. The antisense oligonucleotide primer contains the T7 RNA polymerase promoter sequence (the

underlined part of the sequence).
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Figure legends

Fig.1. Northern blot analysis of the HSP mRNAs accumulated in Synechocystis sp. PCC 6803 (A) and
Synechococcus sp. PCC 7942 (B) under various thermal and light conditions. RNA was isolated from
cells which were incubated at 30°C for 3 h in the light (35 uE/m’/s) (30L) or dark (30D), and shifted to
either 42°C for 15 min (in the case of Synechocystis sp. PCC 6803) or 45°C for 20 min (in the case of
Synechococcus sp. PCC 7942) in the light (42L or 45L) or dark (42D or 45D). The results shown are
representative from three independent experiments, each of which gave similar results.

Fig.2. Time course for the accumulation of different HSP mRNASs of Synechocystis sp. PCC 6803 after
heat shock at 42°C in the presence (0) or absence (x) of light. Cells growing at 30°C under a light intensity
of 35 uE/m’/s were subjected to heat shock in the presence or absence of light for 3 h and samples were
collected at 10, 20, 30, 60, 90, 120, and 180 min intervals. Figure shows both the bands for the ApG (A),
hspl7 (B), groESL1 (C), and groEL2 (D) mRNAs detected by Northern blot analysis and the relative
mRNA level quantified by Scion Image. The results shown are representative from three independent
experiments, each of which gave similar results.

Fig. 3. Effect of the photosynthetic electron transport inhibitors DCMU and DBMIB on the
transcriptional activation of the heat shock genes under heat stress. A culture of Synechocystis sp. PCC
6803 cells growing at 30°C was divided into 4 portions. One portion was used for the 30°C control. To
two portions of the culture, either DCMU or DBMIB was added to a concentration of 15 pM or 10 uM,
respectively. To the other portion, ethanol (EtOH) at the same volume of the inhibitors was added. These
three cultures were incubated at 30°C for 5 min, and then shifted to 42°C for 15 min under a light intensity
of 35 uE/m’/s. The results shown are representative from three independent experiments, each of which
gave similar results.

Fig. 4. Effect of light and DCMU on the mRNA stability after 15 min of heat shock in the presence of
light. A culture of Synechocystis sp. PCC 6803 cells growing at 30°C was shifted to 42°C for 15 min in
the presence of light (35 uE/m”s), and divided into two portions. After the following pairs of treatments
to each portion of the culture, an aliquot from each culture was collected at intervals of 5 min, 10 min, and
20 min, simultaneously. The left column. In A, one portion of the culture was incubated in the presence of
light and the other one in the absence of light. In B, rifampicin (300 pg/ml) was added to the heat-shocked
culture before the treatment in A. The right column. In A, one portion of the culture was incubated in the
presence of 0.1% ethanol and the other one in the presence of 15 uM DCMU. In B, rifampicin (300
png/ml) was added to the heat-shocked culture before the treatment in A. The results shown are
representative from three independent experiments, each of which gave similar results.

Fig. 5. Stability of various HSP mRNAs after 60 min of heat shock in the light or dark. A culture of
Synechocystis sp. PCC 6803 cells growing at 30°C was shifted to 42°C for 60 min in the light (35
uE/m’/s), and divided into two portions, and then either methanol (-Rif) or rifampicin (+Rif) was added to
0.1% or 300 pg/ml, respectively. Cells from each culture were kept under the same light conditions, and
collected at intervals of 30 min, 60 min, and 120 min, simultaneously. Similar experiments were
performed with the same 30°C-grown culture which was shifted to 42°C in the dark. The results shown
are representative from three independent experiments, each of which gave similar results.
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Fig. 6. Accumulation of GroEL and DnaK in Synechocystis PCC 6803 cells under various thermal and
light conditions. Proteins were isolated from cells which were grown at 30°C in the light (35 4E/m?/s)
(30L), and either directly shifted to 48°C for 60 min (48L) or initially shifted to 42°C for 60 min in the
light (42L) and then to 48°C for 60 min in the light (42L-48L) or dark (42L-48D). Similarly, proteins
were isolated from cells which were grown at 30°C in the light, and initially shifted to 42°C for 60 min in
the dark (42D) and then to 48°C for 60 min in the light (42D-48L) or dark (42D-48D). Figure shows
SDS-PAGE (15%) stained with Coomassie Brilliant Blue (A) and Western bolt analysis for DnaK and
GroEL (B) of 1 ug protein samples in each lane. The results shown are representative from three
independent experiments, each of which gave similar results.

Fig. 7. Acclimation of Synechocystis PCC 6803 to a lethal temperature (48°C) after pretreatment at 42°C.
Plated were cells which were grown at 30°C in the light (35 #E/m?/s) (30L), and either directly shifted to
48°C for 60 min (48L) or initially shifted to 42°C for 60 min in the light (42L) and then to 48°C for 60
min in the light (42L-48L) or dark (42L-48D). Similarly plated were cells which were grown at 30°C in
the light, and initially shifted to 42°C for 60 min in the dark (42D) and then to 48°C for 60 min in the light
(42D-48L) or dark (42D-48D). Figure shows one typical cell counts on plates (A) and log of the average .
cell survival compared to the 30°C control as 100% from three independent experiments (B).
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Fig. 1. Asadulghani et al.
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Fig. 2. Asadulghani et al.
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Fig. 3. Asadulghani et al.
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Fig. 4. Asadulghani et al.
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Fig. 5. Asadulghani et al.
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Fig. 6. Asadulghani et al.
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Fig. 7. Asadulghani et al.
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Introduction

Cyanobacteria, like other organisms, synthesize a diverse range of heat-shock proteins (Hsps)
upon exposure to high temperatures. In order to demonstrate a specific contribution of a Hsp in
thermotolerance in cyanobacteria, mutants of the clpB, hsp16.6 (small Hsp homolog), and
hipG genes have been constructed by gene-targeting (Eriksson and Clarke 1996, Tanaka and
Nakamoto 1999, Lee et al. 2000). Interestingly, all these disruptants showed much more
striking thermosensitive phenotypes than corresponding mutants of other heterotrophic
prokaryotes, suggesting that those Hsps are particularly important for photoautotrophic
organisms. Here, we will show that HspA, a small Hsp homolog, and HtpG, a homolog of
Hsp90, play roles in the acquisition of high and low temperature tolerances in cyanobacteria.
Compared with GroEL (Hsp60 homolog) and DnaK (Hsp70 homelog), functions of small
Hsp and HtpG are enigmatic. HspA from Synechococcus vulcanus and HtpG from
Synechococcus sp. PCC 7942 form a homo-oligomer consisting of 24 subunits (Roy et al.
1999) and a homo-dimer (unpublished data), respectively. Both Hsps prevent the aggregation
of model substrates at high temperatures (Roy et al. 1999 and unpublished data). The in vivo
substrate(s) for none of the Hsps has been identified yet. Upon heat shock, small Hsp

accumulates as a major Hsp in cyanobacteria (Roy et al. 1999), while HtpG appears to be a
minor one (unpublished data).

Materials and methods

Organisms and culture conditions. The Synechococcus sp. PCC 7942 cells were cultured
photoautotrophically in BG-11 inorganic medium (Tanaka and Nakamoto 1999). The liquid
culture in a flat glass vessel was continuously aerated. Unless otherwise indicated, cultures
were grown at 30°C with a light intensity of 30 to 40 pE/m%s. In order to express the hspA
gene from Synechococcus vulcanus constitutively in Synechococcus sp. PCC 7942, it was
transformed with an expression vector ()ECANS) carrying the AspA coding sequence,
resulting in the ECT16-1 strain (Nakamoto et al. 2000). The HspA protein was overexpressed
under the control of the fac promoter. The reference strain, ECT, was obtained by
transforming the cyanobacterium with the vector containing no 4spA4 gene. A knockout
mutant of the 4tpG gene was constructed by insertion (Tanaka and Nakamoto 1999).
Viability assays and measurements of whole cell absorbance were performed as described

previously (Nakamoto et al. 2000).

Measurements of oxygen evolution. Rates of oxygen evolution by cells were measured
either in the presence of 10 mM NaHCO; for whole-chain electron transport or 1 mM 1 4-
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benzoquinone and 1 mM K3Fe(CN)s for photosystem II activity with a DW1 oxygen electrode
unit (Hansatech) at 30°C at a photosynthetic photon flux density of 1,200 uE/m%s.

Protein extraction from Synechococcus sp. PCC 7942 cells. Cells harvested by
centrifugation were suspended in 25 mM Tris-HCl, pH 8.0, 5 mM MgCl,, and 1 mM each of
phenylmethylsulfonyl fluoride, benzamidine and caproic acid, mixed with glass beads, and
disrupted by vortexing vigorously for 3 min. This process was repeated three times with a 3-
min interval on ice between the vortexing, and the resulting suspension was centrifuged at
116,000 g for 30 min. The supernatant fraction was used for the non-denaturing
polyacrylamide gel electrophoresis (PAGE), sodium dodecyl sulfate (SDS)-PAGE, and
Western blot analysis (Roy et al. 1999).

Results and Discussion

Small Hsp confers cellular thermotolerance. The transformant (ECT16-1) which was
shown to constitutively express HspA displayed improved viability compared with the
reference strain (ECT) upon transfer from 30°C to 50°C in the light (Table 1). In contrast to
our results, overexpression of IbpA and IbpB (small Hsp homologs) in E. coli led to 5- to 10-
fold reductions in viability (Thomas and Baneyx 1998). When the heat shock was given in
darkness, the survival rate in the reference strain increased greatly, exceeding the level for the
HspA expressing strain after heat shock in the light (Table 1). These results indicate that heat
stress produces a much severer effect on the cellular survival in the light than in the dark, and
small Hsp plays an important role especially under the photoautotrophic conditions.

Table 1. Survival rate, photosystem II (PSII) activity, and phycocyanin level of the ECT and ECT16-1
strains after a direct shift to 50°C either in the light (30 - 40 pE/m?/s) or in the dark.

Strain Survival rate PSII activity Phycocyanin
Time after a shift to 50°C Time after a shift to 50°C Time after a shift to 50°C

Heat shock 0 15 min 0 15 min 0 15 min

in the light , ’

ECT 100% 2% 100% ND 100%  ~30%
ECT16-1 100%  28% 100%  33% 100%  ~80%

in the dark

ECT 100%  32% 100% ND 100%  ~100%
ECT16-1 100% 47% 100% 9% 100%  ~100%

In each heat-shock treatment shown, the value obtained before the shift to S0°C was taken as 100%. ND, not
detectable. Phycocyanin level was approximated from a decrease at 625 nm in the whole cell absorbance after
the shift to 50°C (see Nakamoto et al. 2000).

Identification of the possible sites of action of the small Hsp in vivo to be the photosystem II
(PSII) complex and the light-harvesting phycobilisomes. In the ECT strain, PSII was heat-
inactivated both in light and darkness, while the inactivation of phycocyanin took place only
in the light. Expression of HspA increased thermal resistance of both PSII and phycocyanin
(Table 1). Although PSII was completely inactivated in darkness as well as in the light, the
survival rate increased markedly in darkness as shown above. Thus, PSII inactivation may not
be the primary cause for the cell death at elevated temperatures. We propose that the
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phycobilisomes may interact with PSI when PSII is inactivated. The PSI with the light-
harvesting apparatus produces ATP through the cyclic electron flow, which may be used to
restore PSII and other functions, and thus contribute for the increase in survival rate.

Small Hsp plays a role in the protection of the physical order of thylakoids under high
temperatures. The ECT and ECT16-1 cells after exposure at 50°C for 15 min were examined
by transmission electron microscopy. Significant differences were observed in cell
ultrastructure between these strains. While the integrity of thylakoid membranes was
disrupted in heat-shocked ECT cells, concentric layers of thylakoids at the periphery of cells
were still observed in heat-shocked ECT16-1 cells (data not shown). Thus, constitutive
expression of the HspA protein increased the physical order of thylakoid membranes, thus
stability at elevated temperatures. The association of HspA with thylakoid membranes may
serve as a membrane protection mechanism. Experiments such as immunogold localization of
HspA using transmission electron microscopy are in progress.

HipG is essential for the thermal stress management. We inactivated the hfpG gene in the
cyanobacterium, Synechococcus sp. PCC 7942 by gene-targeting to elucidate the role of HtpG
in vivo (Tanaka and Nakamoto 1999). The mutant cells lost both basal and acquired
thermotolerances, indicating that HtpG plays an essential role for the thermotolerance in
cyanobacteria. These results with Synechococcus are in contract to those with E. coli
(Bardwell and Craig 1988, Thomas and Baneyx 1998) and B. subtilis (Versteeg et al. 1999).
Inactivation of the AfpG gene in these heterotrophic organisms did not cause a fatal effect on
cells at elevated temperatures. The photosynthetic oxygen evolution by whole-chain electron
transport in the mutant was more sensitive to high temperatures than that in the wild type
(data not shown), indicating that the photosynthetic apparatus may be one of the targets which
HtpG may interact with.

HipG plays a role in the acclimation to low temperatures. The inactivation of the atpG
gene resulted in severe inhibitions of cell growth and the photosynthetic activity when the
htpG mutant was shifted to 16°C from 30°C (data not shown). After the shift, the
photosynthetic activity of the mutant continued to decrease with only negligible activity
remaining after 3 days at 16°C, while the wild type kept approximately 20% of the level at
30°C even after 5 days at 16°C. The wild-type cells were able to resume growth without a lag
period when shifted to 30°C after 5 days at 16°C, while the mutant displayed a detectable lag
(data not shown). Electrophoresis in the absence of SDS showed that a novel high-molecular-
weight (450-kDa) complex containing a 48-kDa polypeptide, GroEL, and DnaK accumulated
in the wild-type cells grown at 16°C for 5 days, but the accumulation was strongly inhibited in
the htpG mutant (Fig.1). In E. coli, GroEL is an 800 kDa assembly, a tetradecamer of 57 kDa
subunits arranged in two stacked seven-membered rings. In cyanobacteria, GroEL may also
be assembled into a tetradecamer (Lehel et al. 1992). Thus, it is unexpected that the GroEL
protein exists in the 450-kDa complex. GroES was not detected immunochemically in this
complex (data not shown). Since the amount of the 450-kDa protein complex was reduced in
the mutant cells, the HtpG protein may be involved in the cold-induced assembly of this novel
multiprotein complex. The complex may play a role in the cold acclimation. Under low
temperatures, the assembly of the GroEL tetradecamer and further binding of the GroES
heptamer to GroEL may be inhibited. Instead, the GroEL protein may form a novel
multiprotein complex with DnaK and the 48-kDa protein.

Constitutive expression of small Hsp in the htpG mutant. The htpG mutant in which the
HspA protein was constitutively expressed was constructed in the same manner as the
construction of ECT16-1. In vitro studies have shown that small Hsp and HtpG function
similarly as molecular chaperones. They keep a heat-denatured model substrate in a soluble
folding-competent state which may be refolded by an ATP-dependent molecular chaperone
machine such as GroES/GroEL or DnaK/Dnal/GrpE. Thus, we thought that the thermolabile
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htpG mutant may be complemented with a return to the wild-type phenotype by the
constitutive overexpression of the small Hsp. However, it did not alleviate the inhibition of
growth at 45°C (see Tanaka and Nakamoto 1999) in the /#pG mutant (data not shown).

A. Non-denaturing PAGE B. SDS-PAGE and Immunoblot analysis
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Fig. 1. Detection of a 450-kDa protein complex (indicated by the arrow) by non-denaturing PAGE (A) and
detection of its components by SDS-PAGE and immunoblot analysis (B). In A, equal amounts of crude soluble
proteins extracted from the wild type (indicated by “W”) or the AfpG mutant (indicated by ‘M’) cells grown at
30°C, and then shifted down to 16°C for 3 days, or 5 days were separated by PAGE containing no SDS and the
gel was stained by coomassie brilliant blue (CBB). In B, a CBB-stained gel strip containing the 450-kDa band
indicated by the arrow in A was excised from the non-denaturing gel, applied to a sample well of a SDS-
polyacrylamide gel and electrophoresed. Then, the gel was either stained by CBB, or the GroEL and DnaK
proteins were specifically detected by immunoblot analysis using polyclonal antibodies raised against
Synechococcus vulcanus GroEL and DnaK. The CBB-stained bands corresponding to DnaK, GroEL, and a 48-
kDa polypeptide are indicated by asterisks.
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