() 2023FERITFEOSHEMIRREMENOLIHRIFLHERERIHRIOBEEFF Y.
RSB FE TR T S,

PRRER BT © 7B S A7 4 BE K S5 B o0 A T

(FFE THIREREMAEY O el AL TR ATR] 5 2 HWIREREMEM OMT 5 3 &i)
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1. [FCHIC

ARFEE OKEMLHE) X, KFZ2oxX—JR, BLREZEZKREFERE L TETTHMNREEYTH
D (BT et al, 2020), ARG 72 S OMSLREEMEAEY) & ik U TR . & COp [EERREZ AT 2
Z LB, COHNRR CO BILA~DFI & O Bl THEHFER STV D,

IKFHBEIRIGE 22 & OET VAR & 13— 3L F — R ORBNRBR DB R E S B DD, ZORERLMAEY
ROBKBIZED LS ITHALNZINTEIZDTEA I Dy, WIREREEMEM OMFSEIIBN T, ET7 VAW & 1dn
TEEN 7 ORBMEINT LI LI DR VEREE 0 D, 20— fFlE UTAREITIEL, MIREEE O Bt Sz
KFEHME Hydrogenobacter thermophilus TK-6 (2D THEREN) 72 AT 2 D 72 —#HOWF I 2RI T 5,

2. H. thermophiles TK-6 O BEk R E

KSR O HBEOMEIRAEATIE 1970 FARE TlThk 2 22 Tl H L7223, 10CEIEB 2 2 i BREE CAF Fhe e
B IE 1978 4212 1 Bl (BIAED Hydrogenibacillus schlegelii MA48) L7 #is SIL TN edno Tz, [RIREAICES © O
R TIX, PHECEESR AR e & ORI O KEME O HEEN KA DL, Hy 2 =RV F—F, CO, ZRHEFR & L
TR CRWAEB R A TR G O LRI ) b B S 4172 (Kawasumi et al., 1980), AR 70°C TR R DM
FEEREE (R ANIRERERY 2 IREfE]) 2R L, 87FE - 1)@ & L C H. thermophilus TK-6 & % S U7z (Kawasumi et al., 1984),

ZNETHE SN TOIAKRFHEIZIN TN O EERBICLEET 2013 L, TK-6 [THMY D % RFETR
E LTS TITAET TS, KFEME L L THID TOMMNT B MR & LTS S4L72(Shiba et al., 1984), F7=
MR B AU TV T PRI S8 AR T VT L S L B U R CHRIEEE L TV DIckt L, AEITETCH
TCA [a]i#% (rTCA [RI#% ; AHi 6.1 THIR) &5, TCA [l Z i [AlHE X W72 Fp R E CIRRBIEE T 5 Z & )
HADHFFE T/ 4TV 5 (Shiba et al., 1985),

3. HERHERIAS

AEMBEPEFOE L IIRE B LIMEZMA TWD Z ik, WIRZHERT D180 TLEY - 7 2 37 O
MO BB > TV o 7o Bl 2T RS EOBFRZICED L X /) & LTARREIZERERO S F 2 ST,
HREX ) v THDEATF AT VR EN7-(shii et al., 1987¢c) (K 1A), [FERICE 2B 5 Z 2
277 '& & LT cytochrome css2 (Ishii et al., 1987a; Sanbongi et al., 1989a; Sanbongi et al., 1989b) 3 ¥ W L, & DRFH 7R
AEEMESRT 4 — VT 4 v THRE 2 2O W THFE S R L 7= (Hasegawa et al., 1998; Hasegawa et al., 1999;
Travaglini-Allocatelli ef al., 2005), & HIZHIFUEZHER T 5 U UIREICOW TS, F#lT 2 2 U VIREDR A S
TW 5 (Yoshino et al., 2001) (X 1B),

4, FEMHABELVEZEOHEER

B X 5T, MOMEIITR SN RWRECEERRERR D2 T 5 2 L KRR R FRINELD
D Z LN F RN LLRT & TA S T & 7= (Igarashi & Kodama, 1990), 16S rRNA FiH % JL (2 U 7= AT
DIAIREZRRFRIC 2 D & | AREIE 1992 1T iR S V7o BAFENE Aquifex pyrophilus &g TH YO . N7 T U T KA
A U OF TS FE AN B3I LI R Th 5 2 & 235428 S 47 (Burggraf et al., 1992; Pitulle et al., 1994), [Flkk
DFERIL, 7 DR OEELDEE T & T REMHT D b 3R STV 5 (Oshima et al., 2012), o N7 71U 7
TIERON DGR E AR AR TERICE., 2oL Wi LEFERRS S EEZ DN D,
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AKE OIS~ RBERENOHBES N TWD, BRI 5 I1EEE pH 3.0~4.0 @ Hydrogenobaculum
acidophilum (IH%, Hydrogenobacter acidophilus) (Shima & Suzuki, 1993). 5 /78 O B R > S IX MO
Hydrogenobacter halophilus (Nishihara et al., 1990), D> B IIUEB A FE M D Hydrogenobacter subterraneus (Takai et
al, 2003 E SN TWD, Fiz, BRETHEELHT D H thermophilus ¥fx#F(Nishihara et al., 2018a; Nishihara et
al., 2018b) LITHF RSV | EHIEH T HRBSHRMENH D Z LW LR 5205 D,

BUE DRI $0C Hydrogenobacter J&\%., Aquifex J&<> Thermocrinis J& & & ©1Z Aquificales B Aquificaceae FHZ
FE S I, [Al B O Hydrogenothermaceae FFS° Desulfurobacteriales B Desulfurobacteriaceae FH(Gupta & Lali, 2013) &
T Aquificota P (IH Aquificae ) Z TRk L TV 5 (Gupta, 2014; Reysenbach, 2015) (X 2),

Aquificota FUCIET D DL ITUFRNEE T2 ITBREMETH VD | 30% A DMEHAFIE T CHUHERICAET TS
TK-6 (IBISNIRFAETd D, S HIZ TN LIARE A T 5 rTCA [EIBK I, Fe TR IR 1 00 i 8 <018 Je i 72 Ml N
BAEaEL, LIXRUIE TSRS 2 WIIESEAEMIC LIMFEL AR EEEIND, TROBAREIT
Aquificota FIfiE & L CH ITCA BRI A AT 54MmE LTH, BEIOMBBEMELHALIHEFTRZ D, 2O XD el
FRMHHAERE I DV THFZED D B 41, alkyl hydroperoxide reductase <° ferriperoxin & FEIXN 2 HTHR ¥ > /7 Bz X

HARERA O A N L ATHPERERE S 727> T2 (Sato et al., 2012a; Sato et al., 2014; =R et al., 2013),

5. #/L
AKEDO 7Y — 877 22010 ARG - AR S 72 (Arai et al., 2010), AE D7/ %A X13K 1.7 Mbp,
2Ny B a— RT O8I REIT 1,864 &, — BRI TV T XD b a Ry NRBENGE D, <O
TR RARAMEE IRk 2 7R B ARG U, AR T TRl 723 v b 280 3 2 5 M IS 2 A4
—J7. MEXPRNZOR MR & U CREEBRIIRERE 2 £ 24AFREE LT L TEX2AREIZZE S L-E
MERHIEHRZA ST, RROI=~ LT ) L7577 M) —LFX 50 INARMHEST ) LH A RITBEL T
Do

6. R#EE
6.1. CO;EEKEH (TCA [EIE)

ko> K9 ITARE I rTCA [BIHE &) 5 B2 T CO 2 [HET 5 Z L b, Z ORKEEZRER T 2K BHEIC
DOUWTHEMICfREST 3D B aviz (M 3A), £ DORER. AE D TCA &1, TCA [HIF & HE T S5 rTCA
@%k%%&éﬁﬁ%é:&ﬁ%%#t@ohouTwzE’k%éhé’n%%ﬁiwfﬂ%cmA@%%
COx [EEHUZEF LS | =RV F —H AR R BOGR 2 BEEY 9~ 25 DI LT E Th 5.

6.1.1. FRNGETAIZEDEE

TCA [H]}& T pyruvate 3 J O 2-oxoglutarate (2-OG) DL fRERIL, € 4124 pyruvate dehydrogenase (PDH) & 2-OG
dehydrogenase (OGDH)IZ L - T, NAD'Z & =&k E L TARHECfitd x5 (X 3B), rTCA R TIZZ O
Wit 2 AT S/ 5728, pyruvate:ferredoxin oxidoreductase (POR) (Ikeda et al., 2006; Ikeda et al., 2010; Yoon et al.,
1997) & 2-OG:ferredoxin oxidoreductase (OGOR) (Ikeda et al., 2005; Ishii et al., 1996)3MXHO> W IZHW BN D (K 3A),
WiE%#1Z NADH Tl72 < ferredoxin (Ikeda et al., 2005; Ishii et al., 1996)% E Bt GAR & U, RERMHE ERUG & w3
(k4= %, TK-6 3K ferredoxin T& % Fdl (Ikeda et al., 2005)D iR TENA (L, NADH 0-340 mV L V) BHE|C
BV-492 mV  (FFAF S, RFEF) F7213-485 mV (Li & Elliott, 2016) T& W . POR/OGOR S D-540 mV ULV, §
7205 1 TCA [HHE T, BB ITEN DR ferredoxin ZRIT I &35 2 & T, =R/ F —EIT AR 7 R IE[E &
FOSEBE) LT\ 5 &5 % D (Kameyaet al., 2020), 723 TK-6 (23517 % ferredoxin £F£ITR 2OV T, NAD(P)H &
DEE TR Z i3 % ferredoxin-NADP reductase 23 [FE &AL TV 5 & D D(Ikeda et al., 2009), FEMITH 62270 >
TUNZRUN,

FEEICTRVZE C I K A BREIL, fumarate/succinate [ O {LIZE TSI TH AL 5115, TCA [HIETZ Okt
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%ﬁﬂiﬁi‘?‘é DI EH Complex 1T & L CHIH A% succinate dehydrogenase (SDH) TH Y, &1 3% / v ~EIN

o —J7 TK-6 TR D) > 7= ##l fumarate reductase (FRD) I, ¥/ L0 bg{biReENMN DKV NADH %%
1 5% &9 % Z & T fumarate % succinate | WEIZERIC L, (TCA BB O S5 Mtk &2 R E-S1F T % (Miura et al.,
2008).

6.1.2. _—BERIETOATP EEICLLERE)

TCA [8]% T isocitrate 7> 5 2-OG ~OE{LHIBLR LT isocitrate dehydrogenase ICDH)IZ L - TRl S5, Z D
WSS TR RIS T S & 2~ AG” +8 kI (Fuchs, 2011) & =R /L F—HJIZ AR TH 5725, TK-6 O rTCA [H]j# Tl 2-
OG carboxylase (OGC) & oxalosuccinate reductase (OSR; ICDH & #H[R]) D #3112 L - T 2-OG 23 isocitrate (225 #t X
#U% (Aoshima et al., 2004a; Aoshima & Igarashi, 2006; Aoshima & Igarashi, 2008) (X 3), 3 OGC % ATP J/K 4y fi#
ZBREN I 2-0G & A NVARF AL L, ERE OSR iR ITT 5 Z & T, b—X/L AG'-25k] DIV T U K
ELTW5,

AR D " BEPE IS IE, citrate DRI « kAT » 7 CH A 6115, TCA [FIFIZIS VN TIX citrate synthase (CS)23
acetyl-CoA & oxaloacetate Z#fi A L citrate 2 ZERT 203, ARG DS IE AG+37.6k] & =R /LF —AYIZAH]T
&%, TK-6 TZ O citrate BiZLT citryl-CoA synthetase (CCS) & citryl-CoA lyase (CCL; CS & FH[F]) (2 & 0 filfi X4 %
(Aoshima et al., 2004b; Aoshima et al., 2004¢c), CCS 73 ATP {KAFHIIZ citrate % citryl-CoA (ZIEPEE L, h—% /L AG”
+4 k] TRISHEITZ ATREIC L TV D,

6.1.3. TCA EIRDZHEEEIL

iR ATP (KA1 72 BRENEERE O A 1T, rTCA R A H T 5AEMEI THEWN R 541D, Chlorobium limicola %
XD ET 5L L OAEWFEIL, CCS & CCL A L7z ATPcitrate lyase 24 L, F£72 OGC /K< &9 5T TK-
6 LI1EFR D, C limicola & [FIERDEEERERKL D rTCA [E1#81X Aquificota FIEHFFETH A H v, AKPAREIZ K 5 G
HEALDHER S 71TV 5 (Giovannelli ef al., 2017), F72i41E, CCS/CCL & ATP citrate lyase & &3 CS DA TR
Fie [ E RIS & L CHERE T 2012338 L &5 72 ¥ (Mall et al., 2018; Nunoura ef al., 2018), rTCA A ORI A5
NHDHZ ENRINTND

ARE D fTCA [BI& I, [BIEE N O SRR ONALE THEL L 72 BOR28 2 [ D 0 i ST\ 5 2 & &R L ?“Z)
T 725, acetyl-CoA Z L & L C pyruvate, oxaloacetate ~0 7 /L7R ¥ 3 /1AL & malate ~DIEITLHBE X 5 3,
LD B IR BHD 2 £ succinyl-CoA Zftmil LTHMEY RS DH, F72. succinyl-/citryl-CoA @é\ﬁk)ﬁﬂ?\%
FRE DM IR L T D, Z 9 LIZEIEORFREIN G, RE O X 9 ek o rTCA [ AR & L, —5iE
A DREK « AIZ XY C limicola 75 E DRIFENIRA L 7= & HER S TV 5 (Giovannelli et al., 2017), BiREE 7 1A)
(ZHET e DITITI A EL 2l SR 22 )R < TCA [BIEE & [FIERI PR Z k> TR YD, TK-6 TRHAL5D XK 9 72 rTCA [BIFEH
TCA [RIFE O & B 2 Hiv, ZE FFT HEER FRIMFSTRE R & S S 41TV % (Verschueren et al., 2019),

6.2. KHEEIL KB

E FalsF—BlI o7 s ~Oigbz el 58 E Th 0 | KFME O = R VF — - BT )5
(R TR R CTdo D (BATFE et al., 2020), TK-6 DOIEE 537> 5 1% cytochrome cssy °A FAFF ) o & IKFBKAEH
\EITTT DRSS 4, & Fa s —8 Hox 234F 8 X4 Cu> 5 (Ishii et al., 1987b; Ishii et al., 2000), F7=, &
a7 a—=27(Ueda et al., 2007)°7 / LMEHTIZL 5T, Hox 5T S O Ka /' —BHEIE 723 2
FE TR TN D, T HEER DO AT FAIERE DFEMIII 5278 > TV 7R3, Rif o> Hox ERK Cldm
BRI T CEFTERIRDEVIERENELNTWS (IUH S, unpublished), Hox I3 Aquificaceae Ft DT
& Hydrogenobacter J&7¢ ETR OG- HFEIZ LOMAERE T, TK-6 ICFFA OMRMIEICTE T2 Fr st —E72 L
HeH =D,



6.3. ERHKH
6.3.1. BRIIERICH (BE)

TK-6 1 ZHFREREE T2 Cld e <R CHLAEBAIRETH V. MEORD Y ICHEEE T R/IRE LIE 21T
9 (Suzuki et al., 2001; Suzuki ez al., 2006a), A T2 SO DRSS Z OMIK A£G AU L BRZREER IOV T
{LZEHI ST 23 HE 6D & du(Haufschildt ef al., 2014; Suzuki et al., 2006b), F7=~A 7 a7 LA 72 I X DEREEMNTIZ X
o> THLZEBEEE R e EORBLDAFR « BEREMEITIGE L TRET 5 2 L 03 520278 5 T 5 (Kameya et al.,
2017),

TNHEEZED H B AV nitrate reductase & W D REERIZOWTIX, BERIO/NY 7 U TEESFRITHIERNC RHTE L
7'a M ARETERT HDICH L, KEST —F 7 ORI v b AR ETER T E R0 7T X AN /TR
T 5 2 M LT o 7o (Kameya et al., 2017), Z DFEFIT, TR F—AFENROIRNEF DX A 7 b@Emzh
RIRHIE D Z A T~OHE L, b BT T U T ORLERENE = 32 F—LED=R 2 m e 5 7L L TE -
ZEHERLTWD,

6.3.2. ZEZRIEL-7I/BEERK

CO, [EE (JRFE[FUL) DA b TERFEUICIEN TS, KRED BITHBREER - T RMEE R Z < oo
TV % (Kameya et al., 2006; Kameya et al., 2007, Kameya et al., 2010),

AKETT o E=T BB LERKEE LTRIET 228, BT ORI i3 %5 glutamate synthase &
nitrate synthase (% ferredoxin % ¥ 7 fik 51K & 3% (Kameya et al., 2017), —f&I72N7 7V 7 T HEEHRIT
NAD(P)H %#E 5Kk & L, ferredoxin (KFRIEERILS 7/ N7 7 1) 7MW 72 ENERAEM R L A7z sh
TWW7=, NAD(P)H XV bJFMAR R E v U 7 & & D ferredoxin (Eck & Dayhoff, 1966; Hall et al., 1971) % {17
L HEFREEARENT, EEANITEWBPE Z T AEICREIITH Y . ok - EREAREHOILEE LTI
TRIRV,

FELAREDT 7 LHFIZIE, 2 Gly, Ser EAUTKE L SNTEMRBIEFO—HERE, £ OEGHKREKIZH
BERSFFede, 2Oy 7Y 7 B O LEEFEE LT, RED OIIBEFEES S HREMEZ A S 2 W72
phosphoserine phosphatase 735 il &4V, KEDRIR LT T /377 U 7 78 Ehfkx 72 BT D Ser A RARIE Y Z
DHFHIIEFRT L > T S T2 2 & 238 S4172(Chiba et al., 2012a; Chiba et al., 2012b; Chiba et al., 2012¢; Chiba
etal.,2013; Kim et al., 2017; Kim et al., 2016),

6.4. BiE

KREIIAKFEE TR VF =R E Uiz & ZITEOVBHEZ RT3, KEORDVICTFT A2 E 5k E LT
HEHETED, ZOOORBHEKE E LT, Sox &FEIIN D T AR lREE LAR I 23 A ClrIfse L TV % (Bagehi &
Ghosh, 2011; Sano et al., 2010), & Ru 7 —E P KBHAERFIZOARBFFEIN D OITx L, F A filziz (v B
BT A WilE O A BB O FHEF AR 5 (Sato ef al., 2012b), ZAUiE, AEO TR F—AEFEIZEB N
TF At ns e 25 Thr L2 R L TWD,

b EMIT =2 F =R e L TR TlER<, FREHRMEYOEE L L TUHATH D, AETIIHMER b
REOIEENTEY ., BT I /B TH 5 Cys ° Met DAEBRIT BV THHREESE LI HRRE N RS- TV D
(*f1111 %, unpublished) ,

1. KFHEOIATREME
KBHELE DWFFEOFIAM NG | A F~ ARH 37 Ehi#) % single cell protein (SCP) & L CHiEL - £
i NEHIT 5 2 & DS ST E (L HEAR R, 1987), — kY7 SCP AEPE TIINEAZR E oMz e L 5
2N, REMEITEED 2 LB L, BRERN 7 ) = LW BEBIEA D, 20 HREIZOR Y A TIEZ H
L7 EIEITITE B R o 7o s ITEDOH BB OEAIZ L 0 KFEME Z SCP & L THIAT 2 Z L IZHUE L
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NEFE > TODCEEH—, 2023), £72. Hy° CO e EDOH A ZFEE § 2 0 ARBEFAMTORED Z 5 LIZHDY
FAEBIL LT D (BN etal,2020), TK-6 AN HEN7-HEFERE 2 /R /K FME & L C, Hydrogenophilus
thermoluteolus TH-1 <° Hydrogenovibrio marinus MH-110 72 E)NEE D OMFEETH O TE Y . 2 9 L7z /KEME
OFE S IFE S5 (B SR, 2001),

SCP & L CORIHOMIZ, KFMEZNZE LREOHANWEZEESELIWMYHABED LN TND, EE
RPEEBITREPAFMME (NEDO) D7) —r A/ _X—v g VESHETIT 1A A0S W HIfC LD €O,
AEBEERE LI h—R VA 7 v ot RNEEEE LTRITOND & & bIT, MNRENRAEY, ZOHTYH
FRIOKRFMEA N FAERAEYFE L LTET O, WEHAE~OERPHGIA TS, £72, KEMEZOL D%
WIEAPERA b EFT D21 TR, TCA MR EAR THMINIIHBER 2N CTAHMMZEET L2 b
FRFTE LTV % (Aoshima, 2007),

8. #&hulc

AREITIL, FREKFEME H thermophilus TK-6 (Z2WTA H £ T 40 L EICHh =208 2580 Lz, AH
DEFFRE TR AR Y % 56 5 U7 I DRI FE 0 HoRIE &4, 2 D CO, [EECKERIL & W o AR A
DR DN TR 2R AL F R O BT 28 U CREE 722 D & LRI, S BIZIEFIR, REICEH
HraR#textge e LIfgEic & EE BT, MRST 2 BAEG & W o A 22 HHT B\ C b e 7%
RGN TN D,

TNDIERAENMR LT & &, 2D 1T TCA [l 7e EARESCOIR 6 V7 FERH TOAMRAT SN HGEH AT A
ICRELIZbDEEZ D, 2D LI, TK-6 X° Aquificota FIHIE OFEERIECZ O E O LB, F7-/EMIcE
JAERBOZEEZLD TR L ESED, —FT, thoAEYTHLIRETIHETH Y 2R OARFETRASND X T
R TSN TERFIS £\, 295 LIEAEWTEN 2RI ETCHOARENORE LI TS Z LT, &
<ENBITZE ORI BB N TH A RBRMOBEEN L <RI TNWD Z & F LRI R
PLE IS DAFE T BAEE 2 H N9 25 ECTHENTZIERNRTHDH Z EEZRLTND,

IKFEHE OB ONTIE, REOIIZEIC L > THIO TH LIRS TR Z, KFBHE OEERR 7275 H
ILEFRS MIFF SN TR Y . 205 & 72 2 B FKFME OB AR O R RN K E L HRT 5 £ E 2
b b,

— 7287 T U T LRI R E < BAR DARBITIE. SRBMEMNTORWVENREZ N, KEOX OO TH
WEFHRECER SR MINE 2 32 2 D0, AR CTROD - HH LAY EM O LA K., 7 hFic£<
7% D HERER B R 172 & ZEHERF IS BIS M b EEARM O OMRNLEEN D AEDO S 57255250 |
At D SRR, FIKFEME ORI RICEDL 2 AN A% bl Z & A HFfF LIV,

9. BIAXH
Aoshima, M., Ishii, M. & Igarashi, Y. (2004a). A novel biotin protein required for reductive carboxylation of 2-oxoglutarate by
isocitrate dehydrogenase in Hydrogenobacter thermophilus TK-6. Mol Microbiol 51, 791-798.

Aoshima, M., Ishii, M. & Igarashi, Y. (2004b). A novel enzyme, citryl-CoA lyase, catalysing the second step of the citrate cleavage
reaction in Hydrogenobacter thermophilus TK-6. Mol Microbiol 52, 763-770.

Aoshima, M., Ishii, M. & Igarashi, Y. (2004c). A novel enzyme, citryl-CoA synthetase, catalysing the first step of the citrate
cleavage reaction in Hydrogenobacter thermophilus TK-6. Mol Microbiol 52, 751-761.

Aoshima, M. & Igarashi, Y. (2006). A novel oxalosuccinate-forming enzyme involved in the reductive carboxylation of 2-



oxoglutarate in Hydrogenobacter thermophilus TK-6. Mol Microbiol 62, 748-759.

Aoshima, M. (2007). Novel enzyme reactions related to the tricarboxylic acid cycle: phylogenetic/functional implications and

biotechnological applications. App! Microbiol Biotechnol 75, 249-255.

Aoshima, M. & Igarashi, Y. (2008). Nondecarboxylating and decarboxylating isocitrate dehydrogenases: oxalosuccinate reductase

as an ancestral form of isocitrate dehydrogenase. J Bacteriol 190, 2050-2055.

Arai, H., Kanbe, H., Ishii, M. & Igarashi, Y. (2010). Complete genome sequence of the thermophilic, obligately
chemolithoautotrophic hydrogen-oxidizing bacterium Hydrogenobacter thermophilus TK-6. J Bacteriol 192, 2651-2652.

Bagchi, A. & Ghosh, T. C. (2011). Structural analyses of the interactions of SoxY and SoxZ from thermo-neutrophilic
Hydrogenobacter thermophilus. J Biophys Chem 2, 408-413.

Burggraf, S., Olsen, G. J., Stetter, K. O. & Woese, C. R. (1992). A Phylogenetic Analysis of Aquifex pyrophilus. Syst Appl
Microbiol 15, 352-356.

Chiba, Y., Horita, S., Ohtsuka, J., Arai, H., Nagata, K., Igarashi, Y., Tanokura, M. & Ishii, M. (2012a). Crystallization and
preliminary X-ray diffraction analysis of a novel type of phosphoserine phosphatase from Hydrogenobacter thermophilus TK-6.
Acta Crystallogr Sect F Struct Biol Cryst Commun 68, 911-913.

Chiba, Y., Oshima, K., Arai, H., Ishii, M. & Igarashi, Y. (2012b). Discovery and analysis of cofactor-dependent phosphoglycerate
mutase homologs as novel phosphoserine phosphatases in Hydrogenobacter thermophilus. J Biol Chem 287, 11934-11941.

Chiba, Y., Terada, T., Kameya, M., Shimizu, K., Arai, H., Ishii, M. & Igarashi, Y. (2012¢). Mechanism for folate-independent
aldolase reaction catalyzed by serine hydroxymethyltransferase. FEBS J 279, 504-514.

Chiba, Y., Horita, S., Ohtsuka, J., Arai, H., Nagata, K., Igarashi, Y., Tanokura, M. & Ishii, M. (2013). Structural units important
for activity of a novel-type phosphoserine phosphatase from Hydrogenobacter thermophilus TK-6 revealed by crystal structure
analysis. J Biol Chem 288, 11448-11458.

Eck, R. V. & Dayhoff, M. O. (1966). Evolution of the structure of ferredoxin based on living relics of primitive amino acid sequences.
Science 152, 363-366.

Fuchs, G. (2011). Alternative pathways of carbon dioxide fixation: insights into the early evolution of life? Annu Rev Microbiol 65,
631-658.

Giovannelli, D., Sievert, S. M., Hiigler, M., Markert, S., Becher, D., Schweder, T. & Vetriani, C. (2017). Insight into the evolution

of microbial metabolism from the deep-branching bacterium, Thermovibrio ammonificans. eLife 6, €18990.

Gupta, R. S. & Lali, R. (2013). Molecular signatures for the phylum Aquificae and its different clades: proposal for division of the

phylum Aquificae into the emended order Aquificales, containing the families Aquificaceae and Hydrogenothermaceae, and a new



order Desulfurobacteriales ord. nov., containing the family Desulfurobacteriaceae. Antonie Van Leeuwenhoek 104, 349-368.

Gupta, R. S. (2014). The Phylum Aquificae. In The Prokaryotes: Other Major Lineages of Bacteria and The Archaea, pp. 417-445.
Edited by E. Rosenberg, E. F. DeLong, S. Lory, E. Stackebrandt & F. Thompson. Berlin, Heidelberg: Springer Berlin Heidelberg.

Hall, D. O., Cammack, R. & Rao, K. K. (1971). Role for ferredoxins in the origin of life and biological evolution. Nature 233,
136-138.

Hasegawa, J., Yoshida, T., Yamazaki, T., Sambongi, Y., Yu, Y. H., Igarashi, Y., Kodama, T., Yamazaki, K., Kyogoku, Y. &
Kobayashi, Y. (1998). Solution structure of thermostable cytochrome css» from Hydrogenobacter thermophilus determined by H-1-
NMR spectroscopy. Biochemistry 37, 9641-9649.

Hasegawa, J., Shimahara, H., Mizutani, M., Uchiyama, S., Arai, H., Ishii, M., Kobayashi, Y., Ferguson, S. J., Sambongi, Y.
& Igarashi, Y. (1999). Stabilization of Pseudomonas aeruginosa cytochrome css; by systematic amino acid substitutions based on

the structure of thermophilic Hydrogenobacter thermophilus cytochrome css. J Biol Chem 274, 37533-37537.

Haufschildt, K., Schmelz, S., Kriegler, T. M., Neumann, A., Streif, J., Arai, H., Heinz, D. W. & Layer, G. (2014). The crystal
structure of siroheme decarboxylase in complex with iron-uroporphyrin III reveals two essential histidine residues. J Mol Biol 426,

3272-3286.

Igarashi, Y. & Kodama, T. (1990). Hydrogenobacter thermophilus: its unusual physiological properties and phylogenic position in
the microbial world. FEMS Microbiol Lett 87, 403-406.

Ikeda, T., Yamamoto, M., Arai, H., Ohmori, D., Ishii, M. & Igarashi, Y. (2005). Two tandemly arranged ferredoxin genes in the
Hydrogenobacter thermophilus genome: Comparative characterization of the recombinant [4Fe-4S] ferredoxins. Biosci Biotechnol

Biochem 69, 1172-1177.

Ikeda, T., Ochiai, T., Morita, S., Nishiyama, A., Yamada, E., Arai, H., Ishii, M. & Igarashi, Y. (2006). Anabolic five subunit-
type pyruvate : ferredoxin oxidoreductase from Hydrogenobacter thermophilus TK-6. Biochem Biophys Res Commun 340, 76-82.

Ikeda, T., Nakamura, M., Arai, H., Ishii, M. & Igarashi, Y. (2009). Ferredoxin-NADP reductase from the thermophilic hydrogen-
oxidizing bacterium, Hydrogenobacter thermophilus TK-6. FEMS Microbiol Lett.

Ikeda, T., Yamamoto, M., Arai, H., Ohmori, D., Ishii, M. & Igarashi, Y. (2010). Enzymatic and electron paramagnetic resonance
studies of anabolic pyruvate synthesis by pyruvate: ferredoxin oxidoreductase from Hydrogenobacter thermophilus. FEBS J 277,
501-510.

Ishii, M., Igarashi, Y. & Kodama, T. (1987a). Purification and some properties of cytochrome css; from Hydrogenobacter
thermophilus. Agric Biol Chem 51, 1695-1696.

Ishii, M., Itoh, S., Kawasaki, H., Igarashi, Y. & Kodama, T. (1987b). The membrane-bound hydrogenase reduces cytochrome
¢ss2 in Hydrogenobacter thermophilus strain TK-6. Agric Biol Chem 51, 1825-1831.



Ishii, M., Kawasumi, T., Igarashi, Y., Kodama, T. & Minoda, Y. (1987c¢). 2-Methylthio-1,4-naphthoquinone, a unique sulfur-

containing quinone from a thermophilic hydrogen-oxidizing bacterium, Hydrogenobacter thermophilus. J Bacteriol 169, 2380-2384.

Ishii, M., Ueda, Y., Yoon, K. S., Igarashi, Y. & Kodama, T. (1996). Purification and characterization of ferredoxin from
Hydrogenobacter thermophilus strain TK-6. Biosci Biotechnol Biochem 60, 1513-1515.

Ishii, M., Takishita, S., Iwasaki, T., Peerapornpisal, Y., Yoshino, J., Kodama, T. & Igarashi, Y. (2000). Purification and
characterization of membrane-bound hydrogenase from Hydrogenobacter thermophilus strain TK-6, an obligately autotrophic,

thermophilic, hydrogen-oxidizing bacterium. Biosci Biotechnol Biochem 64, 492-502.

Kameya, M., Arai, H., Ishii, M. & Igarashi, Y. (2006). Purification and properties of glutamine synthetase from Hydrogenobacter
thermophilus TK-6. J Biosci Bioeng 102, 311-315.

Kameya, M., Ikeda, T., Nakamura, M., Arai, H., Ishii, M. & Igarashi, Y. (2007). A novel ferredoxin-dependent glutamate
synthase from the hydrogen-oxidizing chemoautotrophic bacterium Hydrogenobacter thermophilus TK-6. J Bacteriol 189, 2805-
2812.

Kameya, M., Arai, H., Ishii, M. & Igarashi, Y. (2010). Purification of three aminotransferases from Hydrogenobacter thermophilus

TK-6 — novel types of alanine or glycine aminotransferase. FEBS J 277, 1876-1885.

Kameya, M., Kanbe, H., Igarashi, Y., Arai, H. & Ishii, M. (2017). Nitrate reductases in Hydrogenobacter thermophilus with

evolutionarily ancient features: distinctive localization and electron transfer. Mol Microbiol 106, 129-141.

Kameya, M., Arai, H. & Ishii, M. (2020). Importance of electron flow in microbiological metabolism. In Electron-Based

Bioscience and Biotechnology pp. 13-32: Springer.

Kawasumi, T., Igarashi, Y., Kodama, T. & Minoda, Y. (1980). Isolation of strictly thermophilic and obligately autotrophic
hydrogen bacteria. Agric Biol Chem 44, 1985-1986.

Kawasumi, T., Igarashi, Y., Kodama, T. & Minoda, Y. (1984). Hydrogenobacter thermophilus gen. nov., sp. nov., an extremely

thermophilic, aerobic, hydrogen-oxidizing bacterium. Int J Syst Bacteriol 34, 5-10.

Kim, K., Chiba, Y., Kobayashi, A., Arai, H. & Ishii, M. (2017). Phosphoserine phosphatase is required for serine and one-carbon
unit synthesis in Hydrogenobacter thermophilus. J Bacteriol 199, €00409-00417.

Kim, K. T., Chiba, Y., Arai, H. & Ishii, M. (2016). Discovery of an intermolecular disulfide bond required for the thermostability

of a heterodimeric protein from the thermophile Hydrogenobacter thermophilus. Biosci Biotechnol Biochem 80, 232-240.

Li, B. & Elliott, S. J. (2016). The catalytic bias of 2-oxoacid:Ferredoxin oxidoreductase in CO;: evolution and reduction through a

ferredoxin-mediated electrocatalytic assay. Electrochimica Acta 199, 349-356.



Mall, A., Sobotta, J., Huber, C., Tschirner, C., Kowarschik, S., Ba¢nik, K., Mergelsberg, M., Boll, M., Hiigler, M., Eisenreich,
W. & Berg, L. A. (2018). Reversibility of citrate synthase allows autotrophic growth of a thermophilic bacterium. Science 359, 563-
567.

Miura, A., Kameya, M., Arai, H., Ishii, M. & Igarashi, Y. (2008). A soluble NADH-dependent fumarate reductase in the reductive
tricarboxylic acid cycle of Hydrogenobacter thermophilus TK-6. J Bacteriol 190, 7170-7177.

Nishihara, A., Matsuura, K., Tank, M., McGlynn, S. E., Thiel, V. & Haruta, S. (2018a). Nitrogenase activity in thermophilic
chemolithoautotrophic bacteria in the phylum Aquificae isolated under nitrogen-fixing conditions from Nakabusa Hot Springs.

Microbes Environ 33, 394-401.

Nishihara, A., Thiel, V., Matsuura, K., McGlynn, S. E. & Haruta, S. (2018b). Phylogenetic diversity of nitrogenase reductase
genes and possible nitrogen-fixing bacteria in thermophilic chemosynthetic microbial communities in Nakabusa Hot Springs.

Microbes Environ 33, 357-365.

Nishihara, H., Igarashi, Y. & Kodama, T. (1990). A new isolate of Hydrogenobacter, an obligately chemolithoautotrophic,
thermophilic, halophilic and aerobic hydrogen-oxidizing bacterium from seaside saline hot spring. Arch Microbiol 153, 294-298.

Nunoura, T., Chikaraishi, Y., Izaki, R., Suwa, T., Sato, T., Harada, T., Mori, K., Kato, Y., Miyazaki, M., Shimamura, S.,
Yanagawa, K., Shuto, A., Ohkouchi, N., Fujita, N., Takaki, Y., Atomi, H. & Takai, K. (2018). A primordial and reversible TCA

cycle in a facultatively chemolithoautotrophic thermophile. Science 359, 559-563.

Oshima, K., Chiba, Y., Igarashi, Y., Arai, H. & Ishii, M. (2012). Phylogenetic position of aquificales based on the whole genome
sequences of six aquificales species. Int J Evol Biol 2012, 859264.

Pitulle, C., Yang, Y., Marchiani, M., Moore, E. R., Siefert, J. L., Aragno, M., Jurtshuk, P., Jr. & Fox, G. E. (1994). Phylogenetic
position of the genus Hydrogenobacter. Int J Syst Bacteriol 44, 620-626.

Reysenbach, A.-L. (2015). Aquificae phy. nov. In Bergey's Manual of Systematics of Archaea and Bacteria, pp. 1-1: John Wiley &

Sons, Inc.

Sanbongi, Y., Igarashi, Y. & Kodama, T. (1989a). Thermostability of cytochrome c-552 from the thermophilic hydrogen-oxidizing
bacterium Hydrogenobacter thermophilus. Biochemistry 28, 9574-9578.

Sanbongi, Y., Ishii, M., Igarashi, Y. & Kodama, T. (1989b). Amino acid sequence of cytochrome ¢-552 from a thermophilic
hydrogen-oxidizing bacterium, Hydrogenobacter thermophilus. J Bacteriol 171, 65-69.

Sano, R., Kameya, M., Wakai, S., Arai, H., Igarashi, Y., Ishii, M. & Sambongi, Y. (2010). Thiosulfate oxidation by a thermo-

neutrophilic hydrogen-oxidizing bacterium, Hydrogenobacter thermophilus. Biosci Biotechnol Biochem 74, 892-894.

Sato, Y., Kameya, M., Fushinobu, S., Wakagi, T., Arai, H., Ishii, M. & Igarashi, Y. (2012a). A novel enzymatic system against
oxidative stress in the thermophilic hydrogen-oxidizing bacterium Hydrogenobacter thermophilus. PLoS ONE 7, €34825.



Sato, Y., Kanbe, H., Miyano, H., Sambongi, Y., Arai, H., Ishii, M. & Igarashi, Y. (2012b). Transcriptome analyses of metabolic

enzymes in thiosulfate- and hydrogen-grown Hydrogenobacter thermophilus cells. Biosci Biotechnol Biochem 76, 1677-1681.

Sato, Y., Arai, H., Igarashi, Y. & Ishii, M. (2014). Adaptation of Hydrogenobacter thermophilus toward oxidative stress triggered
by high expression of alkyl hydroperoxide reductase. Biosci Biotechnol Biochem 78, 1619-1622.

Shiba, H., Kawasumi, T., Igarashi, Y., Kodama, T. & Minoda, Y. (1984). Effect of organic compounds on the growth of an
obligately autotrophic hydrogen-oxidizing bacterium, Hydrogenobacter thermophilus TK-6. Agric Biol Chem 48, 2809-2813.

Shiba, H., Kawasumi, T., Igarashi, Y., Kodama, T. & Minoda, Y. (1985). The CO, assimilation via the reductive tricarboxylic-
acid cycle in an obligately autotrophic, aerobic hydrogen-oxidizing bacterium, Hydrogenobacter thermophilus. Arch Microbiol 141,

198-203.

Shima, S. & Suzuki, K.-1. (1993). Hydrogenobacter acidophilus sp. nov., a thermoacidophilic, aerobic, hydrogen-oxidizing
bacterium requiring elemental sulfur for growth. Int J Syst Evol Microbiol 43, 703-708.

Suzuki, M., Cui, Z. J., Ishii, M. & Igarashi, Y. (2001). Nitrate respiratory metabolism in an obligately autotrophic hydrogen-
oxidizing bacterium, Hydrogenobacter thermophilus TK-6. Arch Microbiol 175, 75-78.

Suzuki, M., Arai, H., Ishii, M. & Igarashi, Y. (2006a). Gene structure and expression profile of cytochrome bc nitric oxide
reductase from Hydrogenobacter thermophilus TK-6. Biosci Biotechnol Biochem 70, 1666-1671.

Suzuki, M., Hirai, T., Arai, H., Ishii, M. & Igarashi, Y. (2006b). Purification, characterization, and gene cloning of thermophilic
cytochrome cd, nitrite reductase from Hydrogenobacter thermophilus TK-6. J Biosci Bioeng 101, 391-397.

Takai, K., Komatsu, T. & Horikoshi, K. (2001). Hydrogenobacter subterraneus sp. nov., an extremely thermophilic, heterotrophic

bacterium unable to grow on hydrogen gas, from deep subsurface geothermal water. Int J Syst Evol Microbiol 51, 1425-1435.

Travaglini-Allocatelli, C., Gianni, S., Dubey, V. K., Borgia, A., Di Matteo, A., Bonivento, D., Cutruzzola, F., Bren, K. L. &
Brunori, M. (2005). An obligatory intermediate in the folding pathway of cytochrome css, from Hydrogenobacter thermophilus. J
Biol Chem 280, 25729-25734.

Ueda, Y., Yamamoto, M., Urasaki, T., Arai, H., Ishii, M. & Igarashi, Y. (2007). Sequencing and reverse transcription-polymerase
chain reaction (RT-PCR) analysis of four hydrogenase gene clusters from an obligately autotrophic hydrogen-oxidizing bacterium,

Hydrogenobacter thermophilus TK-6. J Biosci Bioeng 104, 470-475.

Verschueren, K. H. G., Blanchet, C., Felix, J., Dansercoer, A., De Vos, D., Bloch, Y., Van Beeumen, J., Svergun, D., Gutsche,
I., Savvides, S. N. & Verstraete, K. (2019). Structure of ATP citrate lyase and the origin of citrate synthase in the Krebs cycle.
Nature 568, 571-575.

Yoon, K. S., Ishii, M., Kodama, T. & Igarashi, Y. (1997). Purification and characterization of pyruvate:ferredoxin oxidoreductase

10



from Hydrogenobacter thermophilus TK-6. Arch Microbiol 167, 275-279.

Yoshino, J., Sugiyama, Y., Sakuda, S., Kodama, T., Nagasawa, H., Ishii, M. & Igarashi, Y. (2001). Chemical structure of a novel
aminophospholipid from Hydrogenobacter thermophilus strain TK-6. J Bacteriol 183, 6302-6304.

BN, A & AHIER (2020). KFEMEORBIRANE & ARRFBESFEBUCHNT COR. BIERE LY F R
18, 30-38

FEHREBR (1987). KFHMEOKAE L ZORIH. AAZLZLFEL5 61, 1322-1325.

Tl m, FrHEz & AHER (2013). "E 1O TRHE M < Hydrogenobacter thermophilus 0 %7 i
peroxidase DFE L., Nog F Wy =2 X by 25X N U — 71, 308-313.

PR S (2001). AF5UMEKFERRAGANE O A8 d L OME(L Rt & R O FIREVE. A A AR L REF 2058 16, 32-39.

B — (2023). KFBHIFEIZ LD COL DDA A~ AEFERT ¥ v )b, £4 T #5254 101, 230-233.

11



(A) (B Q
R;C-O-CH,
RyC-O-CH O HC-NH,
O H,C—0-P-O—CH
OH  HC-OH
HC-OH
H,C—OH

1. KE TROD > ZHHRERIER KRS TH D AT AT/ > (2-methylthio-1,4-naphthoquinone) (A)& 7 3 /

U UNEE(B),

% NR 026518.1 Hydrogenobacter hydrogenophilus
100 NR 024729.1 Hydrogenobacter subterraneus
NR 115004.1 Thermocrinis minervae

" NR 025414.1 Thermocrinis albus
P NR 041946.1 Thermocrinis ruber
£ NR 145905.1 Thermocrinis jamiesonif

NR 075056.2 Aquifex aeolicus
NR 029172.1 Aquifex pyrophilus
NR 041333.1 Hydrogenivirga okinawensis
NR 179295.1 Hydrogenobacter halophilus
100 - NR 024824.1 Hydrogenivirga caldilitoris
NR 025844.1 Hydrogenobaculum acidophilum
NR 181166.1 Persephoneila atlantica
NR 024797.1 Persephonella hydrogeniphila
NR 025166.1 Persephonella guaymasensis
NR 027538.1 Persephonella marina
NR 178285.1 Hydrogenothermus shoalensis
NR 114754.1 Hydrogenothermus marinus
NR 044029.1 Venenivibrio stagnispumantis
NR 043111.1 Sulfurihydrogenibium yellowstonense
NR 042660.1 Sulfurihydrogenibium kristianssonii
NR 042515.1 Sulfurihydrogenibium rodmanii
a4 NR 036883.1 Sulfurihydrogenibium subterraneum
s1l—=NR 025259.1 Sulfurihydrogenibium azorense
NR 156982.1 Desulfurobacterium indicum
NR 042816.1 Desulfurobacterium atianticum
NR 042814.1 Desulfurobacterium pacificum
NR 117975.1 Phorcysia thermohydrogeniphila
NR 028647.1 Balnearium lithotrophicum
NR 114880.1 Desulfurobacterium crinifex
NR 025270.1 Desulfurobacterium thermolithotrophum
NR 028954.1 Thermovibrio ruber
NR 042815.1 Thermovibrio guaymasensis

ER 075004.2 Hydrogenobacter thermophilus

Aquificales

100

100

73
%

Aquificaceae

Hydrogenothermaceae

Desulfurobacteriaceae

NR 029088.1 Thermovibrio ammonificans

2. 16S rRNA FEFIZ IS < Aquificota PRI O R HTHET

(A) (B)

Acetyl-CoA
Citryl-CoA

%itrate

CO2

O, Pyruvate

Oxaloacetate

Malate Isocitrate

x osd
Fumarate (oGc|Oxalosuccinate
Succinate 02 2-Oxoglutarate

Succinyl-CoA CO2
OGOR

FENESR

Oxaloacetate

CO,Acetyl-CoA

Pyruvate .
I Citrate

[socitrate
Malate
Fuma rate\ . CO,
Succinate *=—2-Oxoglutarate

SuccinyI—CoA

3.rTCA [al# & TCA [RIE D i, (A) H. thermophilus TK-6 @ rTCA []#%, (B) —#x89724EH D TCA 01§,

12



	1. はじめに
	2. H. thermophiles TK-6の単離同定
	3. 菌体構成成分
	4. 系統分類および類縁菌の性質
	5. ゲノム
	6. 代謝酵素
	6.1. CO2固定代謝（rTCA回路  ）
	6.1.1. 強力な還元力による駆動
	6.1.2. 二段階反応でのATP消費による駆動
	6.1.3. rTCA回路の多様性と進化

	6.2. 水素酸化代謝
	6.3. 窒素代謝
	6.3.1. 嫌気呼吸代謝（脱窒）
	6.3.2. 窒素同化・アミノ酸合成

	6.4. 硫黄代謝

	7. 水素細菌の応用可能性
	8. 終わりに
	9. 引用文献
	10. 図表

