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Heat shock response in cyanobacteria

HERDFEMER A %
Department of Biochemistry and Molecular Biology, Faculty of Science
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 . coli and B. subtilis, phenotypes of the
htpG and small 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
groFL 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 groFL gene to regulate its

heat induction.

1. B avIREBEDER

Ritossa %, vavvav XD B(H DV NEF O MER IR ALK 218 5 OB =I5 (25 °C)nbiE ik
(30 °ONZHZFEREI(30 sy EBHT &, MEGR) MR Z R Y AR DR DI DREE DAL S AT A& (N7,
pufD B3 7AZHEESNDZEEBELEL, 1962 FFITHE L72(1). 2O/ X7 DAL —1\H T, IHE TN
HEWE L, — 07, WEIRE CHEELLATIL, 20X B gy lCXvissnialinotz. 34
BRI B B b A3 5 37 3B B T OTEME(mRNA OG0 EBIRBHHELBIFREIZHE 2 5T
Wes, ZOGm ST NT DORE— U PR E DINHEREDZEAIZLE > TELL, 22 OB BN LT
BHONHERBE DAL NRFE DB T OIE AL Z S| X ZT)EWVIZEE R LIS CEETHS. D
FEZAL LT & EOMERR R OB R YL AR A L FBAMEE T CRIEE T 2LV O LR R ATV, DT 33
—U(ER 1 AX—= )DL 208 30T, BIET —# X —A(PubMed) TEA gy /X R JE
(heat shock protein)zx—7—RIZLTHRFETDHE 17,640 D5 LA T TS HSP WD B
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2. BIaviRVNNIBEDOERR

Tissiéres HIE, LR SNIENVD SDS— R T 7V TIRZF VESIKENEEZANT, vavysa
UREDOE 2y ZIFENE RS IVD X ST B (R S VT2 T X B A B IA A T2 2 2 37 ) % 1)
THrBE- BRI LT2(2). 6 FRIED EFX L 7 IR AR LA OfAR A B 2o 7 B3 5 Z L2 o> TH ]
BRICHESH, 2O THREERSR SN2 Z 70K 30%% 5D T\, Bl ay 7 THRRNHIE
INDHINHLDH 371, heat shock protein(HSP)EMFREINDZ LT/ o7 BT/ 3775 HSP
® mRNA BEREINDHZELMBIN, B\l ay /BB O LI BMEEIC Lo/ 7 0BlsiIcbns s
72, BB REM RS L I B EIRNT T DV AL TR 3 T A FRIRFFEA~ERBL Tofe. vavy
aUNTDRZRGT, KIGH, BERE, WABEOME COE av 7S EDOMENES, B a7 5E )
Tl 2 - R R B S THHZENH LTSN, 1980 4EICHE LR AL EIEA B SN DL, HSP
B FOKRIGHE, BERE, avvaunN\zixlhnra—=7 i, HSP #0/37 D7 JERBL 4 A3 L
SNz, ZORER, HSP O — kG A a2 TR RMFIEEZ R T 28BN o72. HSP I3,
T2 BRI OB RIMEICEE SN T, HSP60 HAW T v<u=2 60(KIFHE ICBIT DR & 7%
GroEL, UL FIAAEIC KIBE R E D AW BT AEKREZFEINNIC57T), HSP70(Dnak),
HSP90(HtpG), K471 & HSP 72X O7 7V —|Z3 S5, HSP IZki<# 7% 1000 {5 L7-flEi, 1%
AL NR—DBBLED1ETHA. HSP X, #7217 Tlded, FAMOYELFEAR RAIZE
STHRBRICHEESNAZEND, AL RZ L 7B LB KIEN5.

3. HSP &=+ DFRIEHIE

B D HSP B 1%, B\l ay 7 T—lmic B4 5. HSPEFHIOF L A7 13EDIIIZLT
DDA,

RS MR 72 8 DR B IBEIC BES L, o0 FBARFD A TWE RIBE Z AV T HSP st
D EFIE N LTSz, Bl ay /T HSP 2R BT WEABKE AV Yura <
Neidhardt SOHFFEICLY, HSP O I%, HSP #E s+ O G IR RAICKHELSNS Y7 <A+
(B)NE 2u 71X —BEIZHIINL, OB RZOV T~ AT LA L RNARI AT — B (Ruf#sk)
DEINT DL TRIDZENHONZENTZ(3). 2DV 7 <RI, F7e2 HSP i#fs 723k
RWEsins 7 et —#—BlSNC R RIITHE A 5. 20X 1E  OffSEIC LT, @FEIREICBITS
HSP #E{n+DEEE NI F Ly —THIH SN D W) B OFRE L B 7 & TRITIASNCEN, B
Ao HSP B 13 LA O Z LDV R S NT=(4). B DT /30T VT D ) LAOEH
FEELHIRADICSILTND D, 082 LMIRZRELY A 2 — R 55 1 (rpo )13 200> T, Fix
T INNTTIT IR Tru—=7 LIRSy & HSP B0 G BRbA A EiiZiXGEE o4
BRRICBITDEE T OIREEIT-> TND) FEE L 7 <K IRk S L ) 72 7 e — X —EL 413
FAET D(BDNE, 082 DIIRARN ARERE T 7 < R ISR SN DELHIT LW EE 2 IITh )
o, WHEEE TITEFEDIIRE ST, 2o gy 71280 mRNA OELWERA BT ZS
(5). ZOXIRFERN D, Fox X, FEAN ARG F TIEZOB BT OIRET) 7Ly —Ic o ifls i
TWHZEZRELT. FEBR, G LIRS RO I, RIMOZRIEDBREET D, FlRuhr
#0IR LEC % (inverted repeat) MFIELTZ(6). ZOELHIN, HillR) T LoV —H RGNS T4
R —F—ThHEWVIHMERGERZT-TT, ZOBRINFER T X _ITEDORFRIZOBE D /a—
=T EITHTNA.

1995 427 FH 2 A&M K% Susan Golden % (Journal of Bacteriology @ Editor) & #4[H L,
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FNZTT /37T VT GroEL \ZBT AR Fe R A L2, #fzn oix HSP R BRE I IBEIC KRG H CH
ONZENTWVDD TRV SRS, L, 50 6IRVIEIVUE HSP MRt afkli L TR o7&
BoTWs, AOREIOHRB L2 -7, #EE O DnaK X° GroEL & {5 Dz G IHNIZ B D4~ —
A —Ec A CIRCE(T)Z OGN LIZRA Y D Schumann 220N 1998 4R 123k~ OAFZE B A3 S 7=
2, BRUASEE O HSP W2 a0 T2 EHFEI L Lot o VT E 252 o LBz, SoITAHT
RTCWVEEIE, BEDT—VRAT Y T N—R—tFGEFT D3 F v~ u B 52 C, K HSP
s FREFAFIIEDE — NFETHLHH BB EITHO TBER WL, KIGE OB a7 GBI
B4 EMELIZEZA, AT TN T TE DR TLEY. EIZLDDr>TWRWVWDOTT | EED
Ni=ZEeTHD.

4. SFYNOV

HSP OMIEIZ 3T 28EE XD, HSP NZ L R E OPr0i=7=F(folding) (B8 59543 72 v X1
>(molecular chaperone) | THHIENFEOHIDIINT/2-T-DIF 1980 HFRE T2 > THLTH-
7z. ZIVETIZ, Georgopoulos HIZL->TRGE DO FER HSP Ths GroEL 2377 — (i 418 &=
BTNV RA)DIERET I 5322 LB IEN TV, KIBE O GroEL &, Ellis H3% RLL
TAEY D Rubisco 7 2=y MEG L ERsuBP) OBZ TR /a—=0 7SN T, K4 IZa—RE
T2 R DOT R BERECFIN L S 72(8). T DGR, K 50% N E— DT BT, BAeDT7I/EET
EXLFLDOLDOTHLZENH LN ->7-. RsuBP 1%, Rubisco(V 7 B—A—E RV fEHILARF LT
—8, A RO ZBALRFOFEEEZITIER) N KIO)/NS) 2D 7 2=y ) bikd LS AR EK
KT DEEITMELSIN, ReuBP X —FFIZ LY 7 2=y R A 1R Z DD, HfERIIZITRIRDOFERE
AU A IR GEREAR Tl LsSe) 2 5 L 7= Rubisco 7 HEfEIL TV, GroEL X° RsuBP Sl 724 X 7H
L, KRIGEUANDFEE EY e & L EBEAMOINa L R T ThAhom v~ =(chaperonin)
LA SINAHZ LT oT-. AFECHIA N BTEM A 2 TS B NS, vy Se=1F, 77—V O
REFZ RS> Rubisco O @ IRIHEIE ERIZ IR BV o &M@ 72 (57 2 /X7 O @ IR AEETE B B 0 5)
HREAFF > CVDDTIIRVINEE 2 BTz, IR TWD O TEEMITE <A, BIETIE, ZMH
P RIE(GDVNIMEIE LR RS R ) O R IR 1E (BERE ) SRS X&) ~ DT 72T 7 BT
=BG LZERPONTRSTVD. D77V —0D HSP IZhREED vy _m |t LT
W HZENPBNIIIR>TUNoTz. 1987 H1T, Ellis 1352 SV E O IELWE RIEE A BT 523, H
DIXZ DIEIE D EAEL TN IRDIRNF R E 3 F v _u L CRR T A2 e R LT,

FRL O I, BRI e B A 2 b o 7o L ST ITR VX T FRO— D OIF{EEREIC T E 2200,
RN RTEEL TR, URY —AIZBITHERIEF ORI T FIRHIT oD, HOLREORID
RTFRENERSINDETIETERR 12222, BRIk V7 BIXBOK 72 T B O 2\ OV EIg A N
Nz, BAKRBRT B DLW F RIS IDICa s "IN 72/ ETW%. Folding 723
KRB RIRGA X, BRI BEERICEORIRTFRE LIZE A > CERELE E->TLEIDNB LI
RN TR B RSIVTLUESTZ L RV TY, @R E D AN AL T TEMET LN O BUKMERE
WREE L, HE ORI STF R THAKBIZRAA BEAERNMHKZENEZDbND. v a3
W72 B P E - 72 folding Z L Z S/ A IC L Y7e folding & FIREIZT DL D THD. HE- T, A
MR CIIMiaIZZ &0 HSP 2B E 5. —F, #2378 O unfolding A AEBAICHELRG AL
0%, AN NV THBMINTZ T EITENDHERE T 55 (B XTI RUT 728 DA/ N EIC
ELEIZNAIENEETHDS. o1y Xaid, BEEaEiR T oaiox R EHRLLT W), 1ZE
FTARBE(ZEME 2 IRFENICIRFFL, SHITIHA BB L CE=Z 7' E D folding & BT A2 ENPBNCE
WTE. IBIT, XU "V EORESNI 3R, (RUHBNRNIIRFETIESH L) EEL TLESTH
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URTE DRI Sy Ry N 5T AZENH LIS TWA. ES T, vy R,
BB X (B WEPEDO M IR 28 R Z T 508 ) TIEiel, EFHLL TELBLIZY —EfamL7-
HOEERESETZY, SOIZIIERLERETITOZENALNI 2> TE=ZDITTHS.

5 YT/I\YT)TD HSP

ST INRNITVT (GUEEH DV TEAME LD XIZNDNE, SR LR O L TR0 578D
HEREFRERELD, KEHL CEILNE[OBRERELDONE R ETOIREEN THD. 2D
HA R D E LS THIER BICIRBENEE T D177, 20 BAELL B ANICHIERICEL, BED
HIER FITIRS DAL TWDT T IR T I T I SRR B (AR 2T IG L TEIZEEZ bID. Fox 1T
HSP HHWNIARN AZ LRI X, 7 /30T VT OBRE#EIGCEBREZ IS 7281k, MBEOH
%ll%%‘&f:bf%f:@ﬂiteu\ﬁxk%ifﬁﬁ%@wﬂ% PLFICAF e R O — 258 35, K&
BREEALICITgES W E D NS KIGE 123517 D HSP WF4EI2te~_T, v 7 /377U HSP #F9Ei
IR OEE N Z SN TS,

HtpG(HSP90)

HSPIO [TERZAEM DRI K EITAFAE T DEEA ARFIZI N TH R RIS T DKI1%
ZHDD)EE HSP O—2>THY, BRSO avyay e TIIMED KL I E ThHHZENBHLNIE
TS, BML L RTEOBEMENIINZ, EHFFETYH, (B2 OMIEMICRL ERIRIEIZH D)%<
DGR AR 7 F MBS T EEE R E TR L, ZIOEERZ o I E ~DfE S - A L CA %
7R NERRRE A I L T D. HSPIO 1, M+ I FEL TWVDEXITIE, WO DB s T IT A R
Mo THRIMIROLTICENOLOE RAEELESE TEREL TBIENTELEB X LN TNAH(9,
10). LB AAERZRFOPUEWE S V2 F~ A2 (geldanamycin) 2’ HSPI0 ZF5 SLiyICfAE T2 L
D3O, FUBAFIDOBF| iob\f?{)ﬁ%iié"//\? T LipoTND.

7T LEMED KIGE 07T LBETEDOFR B E 121X HSPI0 ARERZ 7 HtpG LMFELRWVAS, KL
THESEL TR0V, ®IRICEBITDEE %$f4 (ZBRE AN RO LRV, B RKOR B AL
AIRNT=D1Z, HtpG OREREIT R THH-7-.

Tz 1%, HtpG Ein+%> 7 /2377 V7T (Synechococcus sp. PCC 7942)nH 010 Cru—=7 L7
(11). ZOEIETFIE, 4518 72,602, B 4.8 DRV STFFREa—KT5. Fx TKIBE TIO®E
THEREFRBIE, oV FRIET 21T > TS, R E &KL EAM TS HtpG 13X, f
D IRTE DBV LD EZBRIE T 5T A2 R UZ(K 1), HtpG 2k 2 PiiREERIL, v 7/
AT VT AR R I HipG 2R L7223, A O HSPI0 O IOISHIg IS R EICE R LR
VN12). HtpG i\ fn IR 2/ ERIL, FEEAY TIIH T, HtpG @RI BT DHE-C AT IS ZH
DHLEDOTHLHZEEH LML, S FEALATHES N —[ HSP90(The Hsp90 Chaperone
Machine) E S CINOLORE REF R LT-EZA, HtpG(@® DX HSPIO) 23 B 1E 45 2B 535
ZEEND THOLNI UL ORI Z 521 7=, A B B TR WS R B gy 7 & 5 2 D L2 O
FADBAMENE L EHT22ERMENTWD. ZiUT, EMICEBEICBIEINIBR THY, EH
PR (acquired thermotolerance) & K IENCTD. Fa0h 2B av 7235 HSP OFBEN, ZD
FHERRK THLHEE 2 HND. HtpG BisFIEKR T, ZOBEMEEMMER A LNRNDT,
HtpG &> HSP (ARSI WRBI 72 2 ReT= L CODZEN RSV, HipG #2373 KIR
(16 °C)R3L FCHEML, HtpG (AR F-AIEIR D L E A S A% B oD B A BRI HEf LT Y
FRPRFEEND(12, 13)Z2E00, HtpG BB FIXEIRUAD AN AT CHHEE o X4 L TODITE
2N ZOVT IR TIT BRI, BIZIXEALRE RA A BA R Z L7 HtpG(H 2D\ % HSP90) i (=
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T2 RLUE ORI A~DRIE DR EZ T 5281280, ZOX /37 OREE LB RE DO BIFR 271~
LY ETHS.

0.04
.....| CS * RNase(10 ng)
0.03 e e CS + BSA(10 1)
e _,_A‘,.‘"/Nﬂ‘-
MN”‘N{ "V{““_‘,,-‘w“"”mrﬁﬂ CS(75 /»lg)

A360
.

0.02 oA
. K 7

0.01
[ CS + Hth(5 /,lg)
e . | CS + HtpG(10 1g)
- PN I T
0.00 e T HpG (10 1)
6 8 10
Time (min)

Fig.1. Suppression of thermal aggregation of citrate synthase (CS) by the purified
recombinant HtpG. CS (7.5 ug) was mixed at 21 °C with HtpG in 50 mM
HEPES-KOH, pH 7.5 (total volume, 1 ml), 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.

{E 5 F= HSP(small HSP, small stress protein)

K18 HSP 13X, ZOHEERD /&N, 12 KD 42 K T, K& BRI 5. HSPIO,
HSP70 X° HSP60 72£ D HSP 77— i 358, (K57 & HSP O 7 /MRS ORAFME T m <e
W T2TEL, ANVARF D VRSHAINC o 7V AZY R AL L L XIF D PR B [R) 1 0 i ORI AR 5.
HFLEM Tlx HSP27, dA- X WRaB-ZVAZY 728 T AOFRERT PHERINTND. K512 HSP

FEMWZ N TBEREG L TEDEREZIGIL, Jrolcl-Z i geZ et 2 R LT, HSP70 72E O fthod

FFT e NuRICRTEL, BN EMES N\ E e RIMEEIZHATHEEZEZLN TV, &bl
ZDZHSP ThoTledd, bl o> TIHORSHE MEIERC 0 12 v e BE D fENT 3t A T -,
HSP27 (3T ARN— RE L RVETHY, F1eT7 7 F o OEEEHIET 5.

Foxmra—= 7 Uit B 7 2377V (Synechococcus vulcanus)?® small HSP 151
(hsp AL, 738 16,519, Z&E S 5.3 DAL /0 Ea—RLTCW=(5). T IR TITIZBWTEL, K
5y HSP & GroEL [3#A a7 TR b B ICE T2 HSP THH(14). 20 HSP (37RE 24 &K%
TERCL, o2 B DOBI LDV - B A I T D1E VA R L7=(14). K41 & HSP ZAERkrIC
REFBLTHLT /NI TVTERFEE LA, ZOERKOBIEREICBITAEFEIK 2),
B B TARTETE MO A R OB RE R 1D 7 4L 7 =0 OFE ENE N B I INL7-(15). =
HOMERIXEIBARN AT T, (K518 HSP 23, ML REBAMICMA THL A EREZ T 528

HRETLHHDTHL. MALREBAEYCIFEE A OIR & HSP St A/EH T8RRI Z 0~ EIEAR
HTHLN, A ITEEBIE S NI EITRVIER 2 B A BNIL LD EL TN,

_24_



(A) ECT
30 °C 50 °C, 15 min 50 °C, 60 min

(B) ECT16-1
30 °C 50 °C, 15 min 50 °C, 60 min
L] L I/ @
o L ] [
@ & °
@ o V-

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 10-4
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.

R 7: HSP

7 377 VT (Synechococcus sp. PCC 7942)05, B av/ Tl EINL 8872 HSP & {s 427
n—= 7L, ZhUIa—RENHX 378G % Orf1.5 L4 L7-(16). Orf7.5 1%, 4y & 7,455, %5 A
5.0 DRV T FRT, EFDOHDLIRVICIBWTH /o HSP Ths. Orf7.5 O— R iEE L HH R 72 Bl
FNET —=Z =R EZR. Orf7.5 AR FHEERAAFRIL, ZOBIn 703 miiic 1T D 5H - 42
FICEHBETHALZEEWONILTE. ZOE BT, GroEL #n T ORBBENE LI LESNL TV, ]
TURERFOEF)ELER M PBOE LIIMER 2 ATV REZHWCER 747 7V% A7)
—=27L, Orf7.5 L EH 7 <K DR BRIV AAER T 52823 BLLIZCRRE ). Orf7.51280 i
WO G 2 ONIEDLFEEL 7 < KA PN AR AR RIS 7~ R A ITHE T DD TRV E NI FT L
TERARFZT-TT, &) B LR R RS0 | & [+ L e [/ CTHFSE 21D TUA.

AEE: ZAZRE LI T N TOMERCRIT, S 23 1R TR 3 am 30 - & i SO OV R Lok JE
R EAT TP ARE R LR TIT o 72b D THY, ZOHZAE) THLICIRUEH B L LI 5K TH 2.
B DS S N R DU H - T IERI AR G I, SR RFIEDIRAS B L A TRM RS HSP 2t & ik
B OHFIEI IR AT D BT Eb B Sz,
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