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RO Z LN B CTWD carbonic anhydrase (CA) R CP OB M OBEFZE O F TH .

MW MIEEEZ R L, 2D OBEMEBERIC T 5% TIE., ppmv F— X — D
COSPHAHAWVWDL NN, KR COSOWMWEKFE L LToOoFREEZE 2, KKIEE O COS
L AWt Z A, THILLS5 ¥R & COSase f 8 B 3% o @ & 12 4y iR & ME 2 e 58
+tHEIZE 2 KA D COSDHEIAHKIZ, COSase DHEHE N FH I,

T BT TIERLS . 1.20 A OB E TH S 7 COSase O fEAh
M5B Y  COSase X clade DIZJE T 5 B-CA WM L 7= 5 fb M &M o 5 B . B-CA
Ik OB-CADOBEFR 7 7 IV —Th D ZHifbikFE (CSy) MK EEEFE (hydrolase)
DiEMEF L L, COSase DFEMEFLITHEL WL Z R LMNERSTE, 2O
o EEBREMIRERIbOO  ZNZTOREEICR T HME X T = X A%,
FIERETH D ENRBINT, B-CA £ CS; hydrolase (21X, & ™ COS J1I /K
TRRIEEPHRE SN TS, — 5., B-CA X CS; hydrolase D KK DO KJE TH 5
CO, K FIiE M 1L, COSase TiX 3~4 MK <, CS, MARGMIEMNED 1 MKW &
DRI, EEOEARLERY OBHE ORKRKE OMKIX, B-CA I~ COSase X
CS, hydrolase TiE k<., L2 B AKMETH %, & HIT. CS, hydrolase I (L.
CO, KFniEME2Ri-l2nwo et monTcnd, UEoREs2HRAT DL, COS
I RIS AR TH D CO, R HoSIE, 2T Ob0oRKEAELZEETELZN, CO,D
KFIZE > THELDIRBARKEAL VT, VAXRKREWVWEDIZZORK Z 8
TEF, O LEDPEEREMEZRDDIBERIZA TWVWD EEZ XN D,

o COSnMMEICHTI2ERITIMoNL2 0. £DOF TH Mycobacterium
B OMBEIZ., mVv COS HfEiEE o, £ Z T, BME DO COS 4 ik M %2
R LA, 20 @ KT 17 B R T 30 ppmv COSIZ R+ 2 5 MiEME %2~ L7z, 4
WV MIEE OB W 12 HEIZ DWW T, KRB E COS O 4 g %2 i ~ 7= iR,
HONRDMERTOIX2EMKOATHY L OBMEIC COS HMEITRS
N5 00, KKDO COSHMIITFLGTLH2MAEMIT—HTHDLAREMELZTTL T,

NS SBEL - 8E KD COS M E % L T.,.COSase X° B-CA @ clade D
DB HR % PCRIEIWZ XL VAT W, Mycobacterium J& ® 5 W ¥ & Williamsia J& ® 1
T, B-CA D clade DOFEMNR R INT, 20O L, MEICBIT 25 COS
S AEHOBEEFELE L TO, BCA@cladeD@E%‘ﬁ%f‘f%@’Ca‘bé

COSOHEBHBOBRZLET 2 LT, MK BIZTAD R FEICR Y G
L, £ Z T, COSase il £ & THIIIS KR #E K &2 v T, COSHEIcB T 5
MEORAMEDHNEZTH T, ToE, WMHHLICCO™S I Cco’®s ##%L
THfL., ZORAMBESHEHIZT, TNUEN-22%. ~3.6%Tbh o/, &b
Rees E7Z VIZH TEIOELEZA FHKIZERYIAEHEZ COSD 9HFLL LT COSase
Lo THMaEans 2 &ENRREINT,

K212 L0, B-CA OH THEIZ, COSase # & 7¢ clade D O FE L. KX
COS@@Jf“%fiﬁiﬁ“étf‘E%fxﬁ%ff‘%é:3:753‘/?[1"“5—57&7‘:0 LSBT, TO
o clade @ T 2EL, tHE A A ~~RA L LTEELREELZ S D -, &
WMAEWIZL D COSHTMIZONVWTO I LEARMFIEEITRS> 2 & T,.COSDEZH
BHEKRRELTO LEOFEML, Aol hdbDEEXLNLD,
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B-CA: beta-class carbonic anhydrase

e [FIRLIR 3 I E £

CA: carbonic anhydrase

CODH: carbon monoxide dehydrogenase

COSase: COS hydrolase (—#8DFLIE COS %/ fitd HEEHE M & L CRLil)
DsrAB: dissimilatory sulfite reductase

FPD: PG RR H &

GC: #AZu~ 7T 7

GC-IRMS: H AV v~ 77 7R AKHE & EE

IRMS: [FINL AR B o5t

JCM: [E]SEAHFFE BA S 15 N B L2 WF 20T Japan Collection of Microorganisms
MDF: mass-dependent fractionation

MIF: mass-independent fractionation X {% non-mass-dependent fractionation
NBRC: S7ZATEE NSRS EEAMEL I AR Biological Resource Center
NCBI: National Center for Biotechnology Information, USA

PDB: Protein Data Bank Japan

ppbv: parts per billion by volume

ppmv: parts per million by volume

pptv: parts per trillion by volume

PYG: polypeptone-yeast extract-glucose

R: R-factor (7272 L, 4 ETIXRIIZTB /7 IV 7 EiEOR & L TRl
RMSD: ARV 3 7 ik

RuBisCO: ribulose 1,5-bisphosphate carboxylase/oxygenase

SCNase: thiocyanate hydrolase

SDS: sodium dodecyl sulfate-polyacrylamide gel electrophoresis

TOC: AR FE

TrzN: s-triazine hydrolase
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1-1 HIERBEROFAL I VR =V DOER

Wb /LR =)L (COS) 1&, Mtk T b % < HFET LRMEROMHFAIEY T, TOREIT, BLL
500 pptv (parts per trillion by volume) T& % (Chin and Davis, 1995; Montzka et al., 2007), X} F1ET
% COS 1E, LML ETH D12, T O MITREE~BIT L, K0T ¥ L [ OH KX OCP)]
EORISICE 0 RENS, & 51T, MEE T, “RLHE (S0 2T, RRiIChimRIciiL S h
% (Crutzen, 1976; Chin and Davis, 1993), Fiif2ix, KEOMEALSC, A g ORI 2 KT RUE
BT 1y Ld 70~75%% 5 DS T VW (Solomon, 1999; Steele et al., 2003), FilE DIFEREN
REEET 0 VEERESITHEWVWZ D, BT AR TIE, KERED W Ok fEE =7 7>
vnaihé%%ﬁ\%%mmmeNM)%éwﬁ%%@m@aM2M$%\ammﬂﬁﬁékﬁ
Lo EWHI>WMERHY, EEREFEWE L LT COSILEH STV 5 (Crutzen, 1976), KER
R, TEFICR T v 7SR TWDIED COS IR DOHEIEMIL, pEZEFm LT L -~ T 1980 U %
TEAL. ZD®% HADLo>oHDZ a2 L, ARIEENC KX 2B L2 "2 5 (Aydin et al., 2002, 2007,
2008; Montzka et al., 2004), —J7 . lEE 2B HHEEDO S 5 1 DO EEREFEYE L SO, TH 5, FFiC
MR L > T T D SO IS L B EE 7 vV )L EOHMAMEROHEALIZ S 2 2 BT RE W, 4
ZAX, 1999 -5 2010 L TORBE T oy L EOHINIE, & LTHEAICLDIHEDEZEZI LT
B0, 0.07°C OMEKOGELEZ 725 L& T 5T AMENH S (Solomon et al., 2011), 1T, Mgk
(2 X DB A PEBR LT VBRI, 1960 4E0 5 2000 4E £ TORREE =7 o Y )LEOBINA, BX%
0.05 °C OHIERDOWH AL E H 725 L2 LR LTV 5 (Solomon et al., 2011), —J7, COS B &I, —F1{b
RFE (COy) D 724 G DS TR /1% b DIREBHREAT AL LTHHALIL, 20 COS 2L DRI L plE
Er7a Yy vaf LImELOREIL, BEWVITHEE I, COSIE, 1T A EREICHELZ KITI RN
%ﬁﬂ%ﬁéhfmé(m@uuﬂzmmo:@iﬁK\amm\%ﬁ@%ﬂmkﬁ%M@ﬁ%K%b
Hle, OB RBELZIET 2 2 L OBHRIL, EHOTRENVLENZ D,

COS DOHEKM DGR Z e T 272012, TN FETIC, SEIERMIENITRPOIATEY, COS D
AP EHERE, £ LT, ZOWZDONT AL TH HMNZR Y D5 5 (Turco et al., 1980; Khalil
and Rasmussen, 1984; Chin and Davis, 1993; Andreae and Crutzen, 1997; Watts, 2000; Kettle et al., 2002;
Montzka et al., 2007; Berry et al., 2013; Launois et al., 2015; Whelan et al., 2017), E7/2%3EJR & L TlX, B,
ANENEEY, NA A~ ZAOPREE, FeiE R E LTIy, H38, 20 (- OH) IZX DL ZET 5
o, LinLens, RELONDEICEHL TIEARE S, BAERBLBEREDOHMIZANT AN LT
WL ARERTH D, £D7D, COS DIAW, HRFELIZ, SHRDMIENPROENTND,

WA, COS IE, WM DIEERKIZ L D CO,WINETH D, F—IKAEPE (gross primary production) % FLAH
H5720D FL—H—& LTOMALEE I TVWD (Campbell et al., 2008; Seibt et al., 2010; Stimler et



al., 2010), FEM)IZE, CO, Z AT L VIS 2 L2, FFRICKVEEH L T D72, ZHETIE

IEMRD CO, WINETH Hifi—IREFE (net primary production) ZHIET 5 Z L X TE 7228, B— WAL

B o CTldedole, —Ji, FEWIZE-7T, CO, & COS IF—EDEIG TR S, COp EITRRY

COS I &Nz Evb, COS DWRINENS CO, DR —RAEREZHEET D008, ZOHETH

Do ZDOX ST, COS L, HERORBEITHEL KITT 2T Tid/e <. CO, OHERHIBLDOIGER IZRE T 5 f
IZHBWThH, HERMELZ 2 b5,

1-2COS Dy fRICBED 5 EM L BER

INETIZ, COS T 24MmE LT, OWMY (Taylor et al, 1983), @ik#: Chlamydomonas
reinhardtii, Mantoniella squamata, Prymnesium parvum., Amphidinium klebsii (Protoschill-Krebs et al., 1995;
Blezinger et al., 2000), @E. (Li et al., 2010; Masaki et al., 2016), @HIZ$H (Gries et al., 1994), &7
J X7 7 U T Miller et al., 1989), ®ME— D= x /L ¥ —JH & LT COS & W CAEE T D Thiobacillus J& D
#MEE (Smith and Kelly, 1988; Kim and Katayama, 2000) <° Paracoccus denitrificans (Jordan et al., 1997), (D
CO BLM:AME CTd 5 Peptostreptococcus productus. Eubacterium limosum., Rhodospirillum rubrum (Smith et
al., 1991), ® 13N 5 /3B X iz Mycobacterium, Williamsia, Cupriavidus J&DME., K& OWAE 5 40
ST Mycobacterium J&DMIE (Kato et al., 2008; Kusumi et al., 2011), @QM— D= R/ F—JH & LT CS,
Z HWTCAEET D Thiobacillus J&DOFIE (Smith and Kelly, 1988; Hartikainen et al., 2000) <°. —fifb/=
(CSy) MK fREESR (hydrolase) % FfD 2 & N/RIE XILTUND Methylomicrobium alcaliphilum (Smeulders
etal,2013) WAL TWADH, £72,COS ZFHE & 9 5B & L Tid, alpha-class carbonic anhydrase (a-CA)
(Chengelis and Neal, 1979; Haritos and Dojchinov, 2005) . beta-class carbonic anhydrase (B-CA)
(Protoschill-Krebs et al., 1996; Ogée et al., 2016), nitrogenase (Seefeldt et al., 1995), carbon monoxide
dehydrogenase (CODH) (Ensign, 1995), ribulose 1,5-bisphosphate carboxylase/oxygenase (RuBisCO) (Lorimer
and Pierce, 1989), CS; hydrolase (Smeulders et al., 2011) 23FH 54TV 5 (Table 1-1), L2>L., B-CA & CS,
hydrolase ZBRE . Z1 5 OEEFRIL, COS MItx DIEDLFEEICHLL L TV D Z L0, BER O LE R
BPEMMENZ EITER L, COS bISIEEE T DI ENARR LD THLN, WTNOERDOEE Y.
A DI L T COSIZHT D ISMEIZZ LW E Wz D (Table 1-2), CS, Z&Te kK IUAT AN H S5
MRALT TSRO, CSH BRED T O DA 7 4 W Z — 0538 S 1V Acidianus sp. A1-3 B&. Acidithiobacillus
thiooxidans S1p ¥&. Acidithiobacillus thiooxidans G8 F£7)> & FEH S 4172 CS, hydrolase 1%, @&V COS 73 i
MDD, LinL, ZHD OUHEEMEOHMECME L, MKl EDnbd DMIRES FICoAEF T
HZENFRER Z LD, KD COS DWRIFUICOWT R THAESE, ZhICHEGToREEE LTO
CS; hydrolase D% 51, /NS VDO TIERWNEBZBND, ZIVETIZ, Fusarium JBOERE, NS

5B S ALTe Mycobacterium JEDMIE X, KL~V ORED COS 23T 52 LRHEINTND
(Kato et al., 2008; Li et al., 2010), L2>L., ZAL5 OAES D COS 53 fifIZBo 2 R ICBI3 2 %81, 17



RONTWR, ZD7, — 7 BEMAEM I D COS R RO T 28R EZH LML, K
RIREED COS Z 53R 3 20~ 5 Z L id, BEMAMIC X5 RKURE D COS 73k ~D %5255 £ C,
MOTEHETHLEEZOND,

COS D LERW R TH DML, COS bEAEE LT 25 Z L ARERMEHE L LT, B-CA & RuBisCO O
W A&y, L, COS BifIcBWT, A7 L Y 7 (Spinacia oleracea) @ RuBisCO XV &, =
R (Pisum sativum) @O B-CA DI, k! K T2HIEWNZ D, B-CA DMEMIC L D COS /iR %
59 2% L% 2545 (Table 1-1) (Lorimer and Pierce, 1989; Protoschill-Krebs and Kesselmeier, 1992;
Protoschill-Krebs et al., 1996; Ogée et al., 2016), —J7, 18X, carbonic anhydrase (CA) (Zxf3 5 FriLifH
EHFIOTML, A—F 7 L—TWEIZ LY COS OWIAMEISnD Z &b, HEPOMAEDIZE N
TH.CAMCOS DIFEEIZH LG L TVD EEZBND (Kesselmeier ef al., 1999; Saito et al., 2002), L2> L.
TEEMAEY I B S N T CA 202 COS i FERIT. 2 E TaRATRDLIL TNV,

1-3 Thiobacillus thioparus strain THI115 £ & COSase

Thiobacillus thioparus 1%, THECKEREIIZ —MRMICAERT DILFA MR EME CTH D (Kelly et al.,
2005), T. thioparus THIN15 k1%, 22— 27 ABERICEENHTAH 7 32— K~ (SCN) Z BT 5155 IR
MO EES L, SCN ZME—D =X L F—JiL L TEET S (Katayama et al., 1992), ZiLE TIZ, SCN
Z COS &7 U E=T KBRS BT A7 3— MK FREEESR (thiocyanate hydrolase, SCNase, EC
3.5.5.8) IS, FD Ky MO Vi 13, ZHFN~11 mM, }T7~0.056 pmol mg™' min ' T -7
(Katayama et al., 1992), & DFEFRIZ L 5 SUGFEY T D COS 1L, & HITHALATE & COL MK fE S HL,
Wm0, S OIS E CTMILSN DB T, T thioparus THINS BRiX, =R L ¥ —% #1545
(Katayama ef al., 1992; Kim and Katayama, 2000), Z ¢ COS D43 fif % fill i+ 2% & LT, COS 4 fiflzsE
(COSase) MHER S N7 (F5HE, 2003; F4H,2003), L2>L. <O kinetics 7¢ & OEERFAOMEE L, 720k
ESNTEHT, SCNase (2L > TA LT COS &, TR DIEST DIEIERH D008 9 b o T
WV, —RIC, BERBUOSTEE DR HITFET DR THAL D2, COS DIHRIREZ BT 255
BRROMER Y E L TEEND, WD TREEIZRIT D COS HiRDABIEIEIC DN T HBE T D4
b, LLRNG, T thioparus THI115 BED E RS> COSase 2BV Tk, KAHFDIRETH S 500
pptv O COS Z 3 fiETE B E 9 b BT o TIEW 71,

1-4 AHEOERLBH
AHFZETIZLL T D 3 SO & 1172 > 7=,
1-4-1 COSase D B 38 1Y 70 B Je OVKE o 1 2 AR AT
THETIT, AEFRE=ECIEL. ZEEE (2003). KM (2003). /NI (2005) (2K Y, COSase OFFHR, 7 1
—=7 RIBEE Z M\ COSase D REFELNT b TS, £ LT, COSase ® open reading frame

10



660 bp % 1e, COSase HIxT D 1864 bp DIFILFLHINN &M 7z (Fig. 1-1), £ D#EF, COSase D
WA NOHEESNDT 2 BESIZ. CAD S5 5H5Y 7277 ZADHD B-CA IZHEMEDH D Z L
RENT (Fig. 1-2), F7z, HESITH FEOREN G, COSase (%, V7 2=y 4720 | DOHifH
DIFEL, 2R LTET M I~ HETHLZ L3,

CA X, CO, % Al R IEIKFEA A L NZKFIT D EEFE (CO, + HyO = HCO; + HY) T, 7 2/ fBES
DRI HEAD T HWICHREMEZ RS2 o, By 80 KNCD 5 2D 7 T RZHEIND T EBNHD
T 5 (Hewett-Emmett and Tashian, 1996; Tripp et al., 2001; Lane et al., 2005), Z® 55, 7 (Bos
taurus) Do-CA & T K7 (Pisum sativum) O B-CA O Fr, COS WRIEMENTH <S5, a-CA & B-CA T
I% COS ZfRiE 73 72 % (Table 1-1),

WD CA 1L, B-CAICHEEND, 7=, COSITH L TEWAMRIENEZ AT 5 CS, hydrolase &, [A]
FRIZ B-CA ICHHFEMEZ RS, TNENOARKDOILE THDH CO, < CS;. LTV COSase DFEE TH %5 COS
X, BRSO O, REFRFEZHRICE L, BN EEE XIIME 2 EE T 2 ERROLEW T,
HEPEI TN D, T b DREHR L COSase &, BERTEMEIZIT TIIR< BRI HOMIEDE D
b3 5 Z L1k, COSase DFFEZEfET 2 ECHLEETH S,

LLEMD, 52 BT, COS DIHKRIRD 1 D Th DMAEMITI T, COS Hfift % fil i3~ 2 B S
ZREAR9 5 Z & % HIUIZ, COSase (221 T, Mkinetics DYTE, @K% L_/L D COS kT 2 /o fls
OftmtEEEZH LN T Ll Lz,

1-4-2 JA#E D COS 73 £ COSase & & e B-CA @ clade D BT DR

ARIFFEE TIL, Fkx 72 COS sz L35 47HE L C & 7= (Kato et al., 2008; Li et al., 2010;
Kusumi ez al., 2011), Kato ez al. (2008) (%, T30 GIERAREMD COS /Al Z /3B L, & L7z COS
OYPRTEVE L RE 2R T 7 B RO, BOREIE, B-7 2 T AT T U T OME L0 bE COS S fRiEE
EETHIL. FLTRARED COS I LTH, HfiEER S L Z L 2PN L, LanL, Hl
SN MEOSEEREIL. BT L L E IR0, BRAICHEREN & COS DRETEZ A
TLHOM, £, TROHOEKIT, EOXIMRAN=XLTE 5T COS 2RI HDNE, HLMNIZ
725 TR,

Z 2T, B3 E T, BERE D BMAIIC COS RIEMEN & 272 & 0 A MEICHE T 5720, Fkx
72 R D COS Z3 it 2 JE U, ISMEZ R Criig L7z, F72, LEICEBIT 5 COS 4 fif OB\ M
235, Kato et al. (2008) (2 & » T H3E) 5 /3 S 37z COS il . K& O T. thioparus THI115 £ % [FI4
CLTHEE L, SHIC, §2 WIS LAMRETHL IS LIEL IS, MEO COS /fifk s LT
COSase @ COS W fERIEVEIZE\WZ EvE . COSase & & 19 B-CA BIS T DIF{E%L PCR IEZ AW TH L
25 Z a4,

11



1-4-3 COSase & O T. thioparus THI115 £& D COS 73 fi# \Z £ 5 B 3 0 FINL & 55 B
COS DFENZAREER, COS DA RIZET 5 RIGLIAR B DO BRIL, COS DWVENER ZHEET 2 T7
ED 121272 V155, Kamezaki et al. (2016) 1%, BT 7 & RRE Tlde <. SRED COS & H
WT, TEERENED COS iFMIEIZ L D, COS /3 RIZI T 2 it D RIGLAR B 2 B & 72MZ Uiz, [FfZ
KRk 2 T35/ 70 A 1 = A LRI 5 2 Lk, EERIZEIT L TWAHREAHP D COS DAfiElc
%, MW X D RN B ORI 5
%:T\%4afmwm&m&wrmmmmenﬂ%Dam%%K%Hé\ﬁﬁ@ﬁ&%%%&
AN =X LOfAZ BRI E LT,

PLEDOFERZ I, 65 ETIIREEREITR> T,
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Table 1-1. Comparison of enzyme kinetics of COS degradation between COSase and enzymes harboring

COS degrading activity.

Enzyme Organism ket )" K (M) (’S‘E?K/[f‘;a Reference
coSase hwb"%’ﬁ”ﬁ {};’Opms 29 60 4.8x10° This study
hydcrifase Acidianus sp. A1-3 113 22 5.1 x 10% Smeulders ef al., 2011
CS, Acidithiobacillus b 5
hydrolase thicoxidans Slp 51 74 6.9 x 10 Smeulders et al., 2013
CS, Acidithiobacillus b 7
hydrolase thiooxidans G8 140 14 1.0x 10 Smeulders et al., 2013
. . sh Protoschill-Krebs et al.,
B-CA Pisum sativum 23 39 6.0 x 10 1996: Ogée et al., 2016
a-CA Bos taurus 41 19x10° 22x10* Haritos and Dojchinov, 2005
Nitrogenase  Azotobacter vinelandii 2.0 x 107> 3.1 x 10° 52° Seefeldt et al., 1995
Rhodospirillum 5b :
CODH vubrum ATCC111707 0.52 2.2 2.4 x10 Ensign, 1995
RuBisCO Rhodospirillum 63  56x10° 11x10°  Lorimer and Pierce, 1989
RuBisCO Spinacia oleracea 3.8 1.8x10° 22x10° Lorimer and Pierce, 1989

“Calculated per active center.
bCalculated based on reference.
“Recalculated k., value based on K, and V.. Molecular weight is 32,000 of iron protein component of

nitrogenase (Seefeldt er al., 1992).
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Table 1-2. Comparison of COS degrading enzyme kinetics between COS degradation and the natural substrate degradation.”

COS Natural substrate”
Enzyme Organism Keat (s’l) K (uM) keat/ Kin (s’1 M’l) Vinax (umol mg’l min’l) Keat (s’l) Ky (uM) keat/ Kin (s’1 M’l) Vinax (umol mg’l min’l)
a-CA® Bos taurus 41 1.9 x 10° 22 x 10* 1.0x10° 12x10* 8.3 x 107
Nitrogenase? Azotobacter vinelandii 2.0 x 107 3.1 x 10° 52 3.7x107 4.2 80 1.0 x 10° 7.9
RuBisCO* Rhodospirillum rubrum 6.3 5.6 x 10° 1.1 x 10° 5.9 84 7.0 x 10°
RuBisCO* Spinacia oleracea 3.8 1.8x10° 2.2 % 10° 2.9 10 2.9 x 10°
copy ~ Rhodospirillum rubrum 5, 22 24 x 10° 0.51 §x10°  3.1x10’ 2.5x 10° 7.7 x 10°

ATCC11170"

“Calculated per active center.
hCOZ, N», CO; and CO for a-CA, nitrogenase, RuBisCO and CODH, respectively.

“Haritos and Dojchinov (2005).

Seefeldt et al. (1995). Recalculated k., value based on Vi« value for COS, and calculated k., / K, value based on k., value and Ky, value. Calculated V. value based

on k., value for Np. Molecular weight is 32,000 of iron protein component of nitrogenase (Seefeldt ez al., 1992).
“Lorimer and Pierce (1989) and Badger and Andrews (1987).

/Data from Ensign (1995) and Ensign and Ludden (1991). Calculated k., / K, value based on k¢, value and K, value.
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91

181

21

361

451

541

631

121

811

901

991

1081

17

1261

1351

1441

1531

1621

1711

1801

CGCCGCTCGT CGACCGGAAT CTCGCGGTCG GCACGGCACA GCAGGATGTC GGGCTGGATG CCGATCTCGC GCAGCTCCTT CACGCTGTGC

TGGGTCGGCT TGGTCTTCAG CTCGCCGGCG GTCGGGATAT AGGGCAGCAG GGTCAGATGG ATGAAGCAGG TGTTCTTCGG GCCGTCCTCG

AAGCTCATCT GGCGGATCGC TTCCAGGAAG GGCAGCGATT CGATGTCGCC GACGGTGCCG CCGATCTCGA CCAGCGCCAG GTCGGCGCCC

CGGGCGCCCT CGCGGATCGA CAGCTTGATC TCGTCGGTGA TGTGCGGAAT GACCTGCACC GTGCCGCCCA GGTAGTCGCC GCGCCGTTCC

TTGTCGATCA CCGACTTGTA GATCTGGCCG GTGGTGAAGT TGTTGCGCCG GCTCATGCGC GCGCTGGAAA AGCGTTCGTA GTGACCCAGG

TCGAGGTCGG TTTCGGCGCC GTCGTCGGTG ACGAACACCT CGCCGTGCTG GAACGGGCTC ATCGTTCCGG GGTCGACGTT GATGTAGGGA

TCGAGCTTCA AGAGGGTGAC GCGGATGCCG CGCGATTCGA GCAGCGCAGC GAGCGAGGCG GAGGCGATCC CTTTCCCGAG GGAAGAAACC

ACTCCGCCGG TGACAAACAC GTACTTCGTC ATGTCGTATG CGGGGGCGGG TGATGACGGA TTCTACTCCA TCGTCAAAGT CGGCTCAATG

ACACGGCGCC CCCGCGCCCC CGCCGGCGGC GGCCGCTCCG GGATTGACTG TCCGGCGCCG CGAACTATAA ACTTTCGGCG CCGGGCGTAC

CCAGGCTTGA AAGAGGCGTC CCGGCTCATC CGTCCCTTCC CCCGCAGGAG ATGAAACATG GAAAAGTCGA ACACCGACGC GCTGCTCGAA

M EKS NTDA LLE

AACAACCGGC TTTATGCTGG CGGGCAGGCA ACGCACAGGC CCGGCCATCC CGGAATGCAG CCCATCCAGC CGTCGCGGCG GGTCGCCGTG

NNR LYAG GOQA THR PGHP GMQG PI Q@ PSRR VAV

GTCGCCTGCA TGGACGCCCG CCTCGACGTC GAGGATCTGC TGGGCCTGCA GACCGGCGAG GCGCACATCA TCCGCAACGC GGGCGGCGTG
VACGCG MDAR LDV EDL LGLG TGE AHIT I RNAGGYV

ATCAACGAGG ATGCGATCCG CTGCCTGATC ATTTCGCACG ATCTGCTGAA CACCCACGAG ATCATCCTCG TCCACCACAC CCGCTGCGGC
I NE DAIR CLT I'SH HLLN THE ITL VHHT RGCG®G

ATGCTCGCCT TCACCGACGA CCTGCTCCGG GCCGGCCTGG AAGGCGATGC GGCGGCGGAA AAGCTGATCG GGCAGGCCAG CGGCCGCGCC
MmLA FTDD LLR AGL EGDA AAE KLTIT GQAT GRA

TTCGTCAGCG CCGGCAAGGC CTCGGCCAGC CCGGCCGCCT TCCAGGCTTT CCGCGGCCCG CCGGAGCCGC TGGACGCGCC GCGCAGCGAG
FVS AGKA SAS PAA FOQAF RGP PEP LDAP RSD

GCGAGCACGG AACGCATCGC GGCGGACGTC AGACGCGGCC TCTCCATCAT CCTCAATCAC CCGTGGCTGC CGACCGCCGG GCCGGACGCG
AST ERITA ADV RRG LSTT LNHPWL PTAG PDA

ATCACCGTGC GCGGCTTCAT CTACGACGTC GATACCGGCC GGCTGGAGGA AGTGAGCTAC CCGGGGCCGA TGGGCGGCTT CGGCTAGCCC
I TV RGFI YDV DTG RLEE VSY PGP MGGF G *

CTGTTGACGC TAGGGCCGCA CCCGCTCGAT CAGGAGGCGC ACGCCGCGCG CGTCGACCGC GACGTCGCGC AGCTCGCCTT CCAGATCGCC
GGCCGCCGCC GCGGGCCCGC CGGATTTCGA GACGCGCGCG ACCAGGTTCA CCCGTTCGTG GGCGGACAGC GTGTTGCCGG GATTCATCGC
CGCCGCGTCG TCCAGCGTGA AATCCAGCGG CAGGTCGCCC GCCCGCGCGC GGATCGCCGC GACCGGCGGG CCGCCCGCCG CAGCGCGGGC

GAAGACGAAG AGCACGTCGT CGGCGCCGAG TTGCGCACGC AGGGCGGGCG CGACGTCGAA CCCG

90

180

270

360

450

540

630

720

810

900

990

1080

1170

1260

1350

1440

1530

1620

1710

1800

1864

Fig. 1-1. Nucleotide sequence of the COSase gene of T. thioparus THI115. The deduced amino acid sequence is

shown. The putative Shine-Dalgarno sequence is underlined.
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COSase 1
1YLK 1
1G5C 1
1YM3 1
1EKJ 1
1160 1
COSase 81
1YLK 72
1G5C 71
1YM3 88
1EKJ 96
1160 81
COSase 177
1YLK 133
1G5C 138
1YM3 163
1EKJ 176

1160 156

— o] — 4—[51-:* « 02> <« B2 > «— 03—

———————— MEKSNTDALLENNRLYAGGQATHRPGHP—--GMQPIQPSRRVAVV. IBAINT.——-DVEDLLGLOTE®EAHI IRNAGGVIN-—-—--——-EDAIRCL
********** MTVTDDYLANNVDYASGFK—-———-—-———GPLPMPPSKHIATVAGMBANT ——DVYRMLGIKEEEAHVIRNAGCVNT-—-—--—-DDVIRSL
*********** MIIKDILRENQDFRFRDLSDLKH-—--—-—--——--SPKLCIIT{@MBSL.IDLLERALGIGREDAKVIKNAGNIVD-—-—----DGVIRSA
————MPNTNPVAAWKALKEGNERFVAGRPQHPSQSVDHRAGLAAGQKPTAVIFGCA SRV--AAETIFDQGI{€DMEFVVRTAGHVID-—————=— SAVLGSI

TTSSSDGIPKSEASERIKTGFLHFKKEKYDKNPALYGELAKGQ—-——SPPFMVEAGSIBSIAV--CPSHVLDFQHEEAFVVRNVANLVPPYDQAKYAGTGAATL
——————————— KDIDTLISNNALWSKMLVEEDPGFFEKL-AQAQK--PRFLWIGESBSAV--PAERLTGLEPEELFVHRNVANLVIHTD----LNCLSVV
— «pB3-=> “«— 4 —> «——o5—> <« 06
ITISHHIMNTHEMI LVHSIT M-——-LAFTDDLLRAGLEGDAAAEKLIGQATGRAFVSAGKASASPAAFQAFRGPPEPLDAPRSDASTERIAADYRRGLS
ATISQRIJGTREMILLHSIT M———-LTFTDDDFKRAIQD-————————=——=—————— ETGIRPT--WSPESY-——————————————— PDAVEQYRQSLR
AVATYARGDNEMI IVGsIT it ARL DEDLIVSRMRELGVEE-————=——————— EVIENFSIDVLNPVGDEEENYIEGVK
EYAVTVEENVPLEVVLGSDS ———=VNA-————————————————————, ALAAINDGTLPGGYVRDVVERVAPSVLLGRRDGLSRVDEFEQRHYHETVA
EYAVLHIRKVSNUVVIGsS GIKGLLSFPFED GTYSTDFIEEWVKIGLPAKAKVKAQHGDAPFAELCTHCEKEAYNASLG
QYAVDVIREVEHIMI ICGslY G VOAAVENPELGLINNWLLHIRDIWFKHSSLLGEMPQERRLDTLCEL EQVY
— «— (4 — <35>
IILNH--P--WL--PTAGPDAITVRGFIYDVDTGRLEEVSYPGPMGGFG-—————————————

RIEVN--P--FVT-————-— KHTSLRGFVFDVATGKLNEVTP-

RLKSS--P--LI--PE----SIGVHGLIIDINTGRLKPLYLDE

ILMARSSA--IS--ERIAGGSLAIVGVTYQLDDGRAVLRDHIGNIGEE-———————————————
NLLTYPFVREGL--VNKTLALKGGYYDFVKGSFELWGLEFGLSSTFSV-——————————————
NLGHS--TIMQS--AWKRGQKVTIHGWAYGIHDGLLRDLDVTATNRETLEQRYRHGI SNLKLK

80
71
70
87
95

80

176
132
137
162
175
155

219
163
170
206
221
214

Fig. 1-2. Alignment of amino acid sequences of COSase of 7. thioparus THI115 and B-CA of some bacteria.

COSase and each B-CA are aligned using TopMatch (Sippl and Wiederstein, 2008), and the alignments are shown

using GENETYX-MAC ver. 14 (GENETYX). The residues that are identical in all sequences and identical in

more than 50% of six sequences are boxed in black and gray backgrounds, respectively. The secondary structure

and characteristic regions of COSase are shown by arrows and bars above the sequence, respectively. The zinc

binding residues (Cys44, His97 and Cys100) and the residues (Asp46 and Glyl101) that stabilize the water

molecule in the fourth coordination site of COSase are marked by asterisks. The species, clade and PDB accession

number of each sequence are as follows: Mycobacterium tuberculosis, clade D, 1YLK; Methanobacterium

thermoautotrophicum, clade D, 1G5C; Mycobacterium tuberculosis, clade C, 1YM3; Pisum sativum, clade B,

1EKJ; and Escherichia coli, clade A, 1160.
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% 2 & COSase D FEER M 72 HEE K& OV S & & fE AT

2-1 COSase D ¥EH
2-1-1 ZU®IC

I— 7 APERTINIX, T2 =V, TURST, VT AR EREICEEND, TON, Bk
T A, 2= AT ADOWEROBEIZR/ b S E, @ik T VR T RIS L2 &
T, K0 FEIEDOIRN SCNIZEBE N D, T D%, SCNILS BT, IEMEGTRIEIC X DWW CHfR SN D,
WAFFEE TIX, ZOIEMEBIRNS SCN ZM—D =3 L ¥ —Ji b L TEEFT 5. (LFE I R
HEE T. thioparus THI115 £ (NBRC 105750) % 47Bf L 7= (Katayama et al., 1992), SCN DM K % 43k
X, COS LT VE=TIIHMRENLRKE ., T VA F > (CNO) & HoS ICHRENDRED 2 >
NHI BTV (Katayama ef al., 1992; Sorokin et al., 2001), T. thioparus THI115 ¥kix. A& OREKIZ LY
SCN D3 fRZATR, ZOMFELISZ S 28FE L LT, FHBEE TH S SCNase NHFR E N
(Katayama et al., 1992), SCNase IZ. 7 X / FRACHID HHIZ KL U | nitrile hydratase (ZAHFIME 278 L7223,
nitrile hydratase {EPEIZMH ST, SCN O fREAFFRNICIT R OBR TH L Z LB LN E > TEY
(Katayama et al, 1998) . %1 Ml B # F 5 EC 3558 & ff 5 & v T »w %
(http://www.sbes.qmul.ac.uk/iubmb/enzyme/EC3/5/5/8.html),

T. thioparus THI115 ££1%, SCNase (2 L - T4 U7z COS &, & 52 HyS & CO, (T3 fif L, Wit s i o3&
BAEICHBEBICE TR, TOMBTZRLVX — %53 %5 (Katayama et al, 1993; Kim and
Katayama, 2000), Z D Z L7175, SCN ZH1EWE & T 2REEE DO 2 FEHDAT v 7 Th b, COS D5
fRIZBE D HBER DORERNRITHAI DAL, COS fiflER (COSase) S FER S 7z (B, 2003; &4, 2003),
ZDORE, 75 g DXL v B 750 pg @ COSase WRERL I L7, MUM).  FEHE (2003). £/ (2003) i
Lowry IBIC K D X L /B ERICH S E KR L 72 COSase &% 3.1mg & L Cu /=, LA L., %D COSase
DOREFEEMIZE 45 Tris 25, Lowry JEIC LD B EEDHENE THDH Z ENBEI N TV RN T-
e, ARDOMEEY bE AL > TWEZ ERTPHRINT, £ T, COSase DEFRIEHR & [F U
KOV pH O Tris Wi ZE AW T, MEREZER L, MiELZE A, BEERITTS0pg Lo t&EL
TH<, COSase DEFEFHLMEEEZH OLMNCT DT, SDICEL OFFRELBELT 5720, FHE T
thioparus THI1S BROEENOERT L L Lz, ZNETORBRIL, A—T7 BT 2 E5HNTITR
STV, SENIEMICHER T 2 BEL, mERiKk7 e~ 7 Z 7 ¢+ — (HPLC) &AW\ T,
M2 AT (2-1-2-3~2-1-2-4), F£7=, 5 (2003), EAll (2003) (2 L K58 COSase 252 VW = N
KigT 2/ BRECH| DfEMT. < OBELHNZHE-SWNT COSase D7 n—=17 (£, 2003). =52, KIGHE
% FV 7= COSase (fHL#2 2 ! COSase) O KEFHL L OFEHMBIT 2T\ % (UM, 2005), & Z TAEIO
FERLClE, COS &M Tld7e <. sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
Z W= 2 8 COSase & D7)V ED X T EDNR ROWEIZ LY . T. thioparus THIN15 B 5
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COSase (745 COSase) ZFEHT 52 Lz L7z,
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2-1-2 #Bt & HiE
2-1-2-1 T. thioparus THI115 Bk D& L £

IR CTH D mTC BEHlc, ABFHEEL LT 10 mM FA4 7 A Y 7 A (KSCN) 2z 7
mTC10 54 (Table 2-1) % AT, T. thioparus THI115 £k & 5538 U7-, 5528 1X05AT. 120 rppm. 30 °C TlH|
EIRZ L7, MINL7TeTF A7 R — R 0, T XTHRINT-Z L 2R L=%, 8,000 x g, 4 °C T 30
SELT D2 & THER L7Z, 50 mM Tris-HCI (pH 8.5) & AW T 1 M. <L v F%-80°C THRIFL
77

2-1-2-2SCN D E &

Kim and Katayama (2000) O 5{E%2 5B L TiT7e->7-, K&K %A 21,500 x g, 4°C T3 pfilEo L
FiEEBEN L7z, £ EJE 50 uL 2, #iK 3.95mL, 10% (w/v) Fe(NO3); 0.2 mL, 5M HNO; 0.2 mL % A
NIERBRAE Iz, K<IEA L. Abs. 420 nm Z HI7E L7z, SCN (X, KSCN % MV TIERL L 72 # &R
MBHRDOT,

2-1-2-3 LA H K O FH R

BASERAT L CTRWMaO~< L > b (8 6g) 2% L, # 100 mL ¢ 50 mM Tris-HCI (pH 8.5) % H\»T
A2 BB . SOmL AR Y 7r v L v F o —7 3ARICT K L2 5 BE A (TOMY UD-201,
OUTPUT6, DUTYS50) % 1439 >, 1 MO ZE X /2036 § 10 [BIT72\0, EIKZE L7z, £ D%,
25,000 x g, 4°C T30 syffiz 0 U, =0 BiG A Mg & Lz,

2-12-4 BT brua~ T T 7 4—12LB5 COSase DFEH

5 DA T L&MW T, COSase DIER AT o7, MWCHKIZ, WA 4 U ZH]MKTH D
TOYOPEARL SuperQ-650 (V' —), 7 = =/LH% U H > FIZ% D> RESOURCE PHE (GE ~/V A7 7)), 7
= =V XV BUKMERE W T TV E Y B 2 RIZEFS TOYOPEARL Butyl-650 (B —), 7 /L AiEHE
KT 5 TSKgel G3000SWxq, (B Y —), FhEZA A 2 LUK TH % Mono Q 5/50 GL (GE ~/V A7 7)) Th
. ZONEIZH T L2HEEEIT IR 5T,

2-1-2-4-1 TOYOPEARL SuperQ-650 1 7 A7 u~ s J/'5 7 1 —

50 mM Tris-HCI (pH 8.5) T f#i{k. L 7= TOYOPEARL SuperQ 15 mL (7 7 ANEE 1.5em, 7L DE & 8.5
cm) (& CHLAHHE 108 mL Z 3# 3 mL min ' Tr— K L72,280 nm OWEEEA T8 % % T, 50 mM Tris-HCl
(pH 8.5) TyEH# . 50 mM, 100 mM., KO8 150 mM NaCl @ 3 BB i o> 50 mM Tris-HCI (pH 8.5) T
HUNRTERIEH ST, FEBEICLDEHIITE. 280 nm OWKEN TN 25 £ TITR o 72, FiiElT 2 mL
min ' TT/2 o 77,
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2-1-2-4-2RESOURCEPHE ¥ 7 A7 a~= N/ 5 7 4 —

SDS-PAGE T COSase DIEIENHETR S L7245 (50 mM NaCl T H L 72 Al 40 mL & OY 100 mM NaCl
THM LT 43 mL) 12, KRN 20%I2725 L) ICHET »E=U A& Nz 7o, 13.5%mME7 &=
¥ L% de 50 mM Tris-HCI (pH 8.5) T¥fif{k L 72~ RESOURCE PHE 1 mL (2, #k}% §i% 3 mL min ' T
n— R L7, 13.5%05 0%AilE 7T & =7 A% 5T 50 mM Tris-HCI (pH 8.5) @2 7 Y= & (30 mL)
kY, ZURNVBEEREN L, WHIZ 1.5 mLmin ' TIFRW, 79273 aralb s % — 3ml
fraction ') % HIVNTEUL L 7=,

2-1-2-4-3 TOYOPEARL Butyl-650 7 7 A7 u~ s 75 7 4 —

COSase M/ IZHAKIRIEDS 30%I272 D K D ITHEET v E=U A% Z, 30%MET »E=7 L& &t
50 mM Tris-HCI (pH 8.5) T Ff#i{k L 7= TOYOPEARL Butyl-650 50 mL (77 7 AN££ 2.0 cm, 7 /LD E & 16
cm) (2, FiE 3 mL min ' Tu— R L7z, 30%70 5 0%HilE 7 > & =7 L% & e 50 mM Tris-HCI (pH 8.5) O
7ZYxy b (200mL) Ik 0, ZuNsBEEE Uz, F#IE 3.0 mL min TITARV, 7T v a v
= L7 % — (5mL fraction ') % AVWTEIN L7=,

2-1-2-4-4 FNVHBAI T L7 NI T T 4—

COSase [#[4y (25 mL) L. Centriprep Ultracel YM-30 (Millipore) % F\ T 15,000 x g, 4 °C Tzl L,
127 mL £ TiEfg L7, 150 mM NaCl Z&7e 50 mM Tris-HCl (pH 6.8) TYAlij{b L7277 v Aiah 7 L
TSKgel G3000SWx; (FN£E 7.8 mm. 7 /LD & 30 cm) (2. 100 pL O #fE L7kt 2 o — R L IEH L7,
Fid% 0.5 mL min ' TIT72 > 72, IRHIEROREIE, 280 nm OWSEE 2B E I L TR > 72,

2-1-2-4-5Mono Q5/50GL A F A7 u~ NI 57 4 —

COSase 4y (8.5mL) % 50 mM Tris-HCI (pH8.5) T 10 f5# R L, HEEZ 15 mM IZ Fif 72, 50 mM
Tris-HCI1 (pH 8.5) Tt L72 Mono Q 5/50 GL I mL (22— K L7=, 0mM 2>5 350 mM NaCl % & ¢ 50
mM Tris-HCI (pH 8.5) ® 275>k (40mL) 12XV, Zo\7EEEH L, F#EE 1 mL min ' TfF
BN, 757 v aralb s Z— (2ml fraction ) & HWTEIN L7,

-1-2-5 SDS-PAGE {2 & 5 COSase D F 8
BEZ NV (12.5%K U 7 27 VL7 2 R, 373 mM Tris-HCI (pH 8.8). 0.1% SDS 75 72 5 V&% 17.1 mL |2
WL T =7 A 10 mg. N,N,N',N'-tetramethylethylenediamine 10 uL % i1 2. 72) M OEAE 7 /L (3%AK Y
77 U7 X R,125 mM Tris-HCI (pH 6.8),0.1% SDS 7> 5 7¢ 5 A% 10 mL (2@ fifg 7 > & = 7 A 15 mg,
N,N,N' N'-tetramethylethylenediamine 20 uL Z il 2. 72) ZHWT, WU T 27 VAT I RFVEERLTZ, K
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G (AE-6220 B! ATTO) (2t v b L JKk#Ei/N Y 7 7 — (25 mM Tris-HC1, 0.192 mM 2 Y 227 0.1% SDS)
Nz 7=, ~—7X—I\Zi%. Bio-Rad ® SDS-PAGE Standards. Broad Range Zfifl L7-, #>7/ic1/4
EBEDSx BTNy T 7— (50%7 VY 25%2-ANH T R X ) —)L 5% SDS. 0.05% BPB)
Mz, 100 °C, 5 3 INEVEMS, U /VIZT 774 Uiz, M7 V1T 15 mA, 5387 L $1% 30 mA
TUKEY L7, GLfiiR (28.6% A %/ —/v, 143%KERE, 7 —~3—7 U U7 b7 /b— R-250 (35.7 mg
L) ICR L, $B00ICiRE SETYGH, A 38.5%A %/ —/b, 154%HR) IZR L, & 5T
G XEa L,

2-12-6 Z U EE

Z X7 ERIL, Lowry 5 (Lowry et al., 1951) (2L V{77 o7z, MEMIL, 7 MiET7T V7 X 2 (heat
shock fraction, Sigma-Aldrich) % FCERK L 7=,
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2-1-3 WER

EEHUZIIN L7210 mM F 4 37 R — R Z 8RR LT B8 #K 10 mL %, 90 mL @ mTC10 £ 12 A
N72500 mLARN 7 7 A3 8 RICHAE L, HiEE L Lic, TATT X — bR LI L 4
Bk, EHIZ, TORER 90 mL Z 800 mL ® mTC10 55z A= 3L AR 7 7 223 § RiZ, T
ML, KEERETR o7z, K95 B OMKAEERE, RE L T588 g MEDEKZIF/, 5K
L, 0O ETE 108 mL &2 fHiR & Lz,

TOYOPEARL SuperQ-650 7 7 L7 v~ h 777 4 —IZX D, 50mM, 100 mM, } T 150 mM NaCl (Z
L OWHE S E LT, £REH 70 mL (APEO% HE Sy 40 mL & % O% H#E S 30 mL), 43 mL, KO
45 mL Z4537-, W4y ® SDS-PAGE DO#EH: (Fig. 2-1) 7>5 . 50 mM NaCl (2 X 5 ¥A H i 5y DR 40 mL
&, 100 mM NaCl (2 K DEH %) T, COSase D /N2 R LTRSS Nz, £ 2T, 2L DME Sy
%Z. Bll%|Z RESOURCE PHE B 7 A7 v~ K757 4 —"ChHli LT, TIHERTIX, 13.5%iE7 €
=ULFETT COSase (T, ZDOHTL~NRESND ZERTRINEN, BIEFEOY T Z2 [T
SDS-PAGE #1772 o7& Z A, COSase D/ NiX, £ TOMH S THEFE CTE Zenr» 7 (Fig. 2-2), £ D7z
B, BEOY T ALRBRICHEBY LIZESYIZ COSase BWFEET H LB X, WGFOF@Y LI-EN%E 1
DOIZE LD, & 52 TOYOPEARL Butyl-650 # 7 A7~ 757 4 —THE LIz, 777 ardD
SDS-PAGE D5 (Fig. 2-3) 725, 77 7 =2 > No. 34~No. 38 TV COSase /N> R FER S, £
Non77 7 varaEiL L, UEORE L LT,

TNABAT A~ NTT77 4 —ICXHHRTIE, 1 RS0 Ice— NI A2@KEELHRL7ETD
BICTDHZENED BWHBECEN S, £22C, AENEr—FT25&% 100 pL & L7z, 25 mL ©
TOYOPEARL Butyl-650 # 7 A7 u~ 7T 7 42KV AN L 7-BEERRZRINERZ1T729 2 LT
1.27 mL IZJRMET%. 100 pL T2 7 /A 7 L THEEL 72, 280 nm OWOLE R R b mEmWV, TV Al 7
L6 21 S HEICEEH T 5 % 2 /N7 B3 COSase Toh 5 & TR 41, SDS-PAGE 725 % COSase D /3
K& LTRIESNE (Fig. 2-4), UL, ZOMIZHEWN A RBREZ RSN 7Z0T, X512 Mono
QAT Lrmu~ NTTT 4 —%TIRoT,

MonoQ 1 5 L7t~ 757 4 —DT7 57 a0 SDS-PAGE OfEHF (Fig. 2-5) 6. 757 =
> No.9, 10, 11 TiX, COSase D/ KN A A N K& LTHH &7z, Fig 2-1~Fig. 2-3 TiE, #
iz A COSase 1Z 1 RAD /S FELTHRIBENTZDIZx L, Fig. 2-5 TlE, 97k fFrlc 3y R s
7o TOMDOL—2THRBED NS RBFET DI END, 5x B U TRy 77— TR VX E
PIRAL TWADAEEMER o To, D72, REBRTIZ, 20X 5730 RIF%HBIRA LT FH S v
NRIBIZEDbDEEZDLZLICLT, 2HLT AV RRMRELIARTH 72777 a2 No. 10 D
43T COSase g I/ & fa L, BOERIZIX, 20777 varEdxzElLE, 777V =
¥ No. 10 D& /37 E i, 67 pugin2mL Th o7z, F7=, Fig. 2-5 D COSase DN R % B T
% &L No.9 & No. 10 1E[A%, No. 11 1EZNo. 10D 1 /3FRETH-7=, TDH, ThbDT7 T v =
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VA bHE T COSase ®IF, BLZ 160ug &7 5,
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2-1-4 EZ5

ZHUE TP COSase DIFRTlX, A4 —7 417 L (DEAE Sephacel, DEAE Sephadex A-50, Hydroxyapatite
Bio-Gel HTP Gel, Q Sepharose high performance, Phenyl Sepharose CL-4B D&} 5 f&fH) % HWCT{T772 > T\
feie, FRNETTHE T, REIMSLETH -7 (F5AE, 2003; KA, 2003), ZOREIX, 75g DXLy
k738 750 pug O COSase 235 H 7=, A1l 6 gD~ k5 67 pg D COSase 7345 H 7= 728 . COSase
RO EITIZIZEDL L2027 b DD HPLC & Wiz 2 & CRERUC TS 2 REIAY 3 A S iz,

BKMEFIEA/E 7 v~ 7 7 4 —& L CTHW /= RESOURCE PHE Tit, WE SN2 hoTolzh, &
A1k, & 5 IZBUKPED TRV TOYOPEARL Butyl-650 % 7=, £ D 7=, A% k54 551X, RESOURCE
PHE 24\ T117e 9 T ENAREE B2 Bd, £72. AL, MonoQ D7 7 7 ¥ 3 > No. 10 D H % i
MR & L=, 7727332 No.9 & 1112H COSase W72 D FEL Tz, Thbix, ZFLAil
717 5R MonoQ 7 MIFENTHZ & THETE, INEZHEOTZELAEEERZOND, £70,
MonoQ 71 7 L & FOVIEIE S T 2T DIEE Z W5 Z &b, COSase DIERICHTHDLE LI
720

FEOEFE D COSase D1 AR, EORENIAATH LB, B ABRRNBDERETHE, XLy b
HZ COSase 1% 0.0027%F/ET 5 2 & 172 %, F5HE (2003), FAll (2003) X, 75 g DXLy &7 L v
F7UVATHEBHA L, ZOE L RE Th MR o % X7 8D 2740 mg ThHhHZ L2 6
WZUTee ZDFURZET, WEEZ R IBEEZEZBNDLZ LD, XLy PO 3% B A RS X
JETHDHETDHE, AR X7 ED 0.07%5 COSase TH D ERFEL bILD, 7 X/ BEINICE
W, COSase EAHFRIMPED EW B-CAIZBI L TiE, »St U LR oL Y UDEICE TN AEMESY Xy
B D 1~=2%M, B-CA Th D Z ENM BTV (Tobin, 1970; Okabe ez al., 1984), COSase 13 T. thioparus
THIN1S BRO =R VX — 25T 5 IGREEICED AR, —J7, VBV AU LY UD B-CA I,
RuBisCO ~ CO, Z s+ 2 £ TH D, £DD, MR L bEETIIH L0, AHERITERY
HMICHEII TE R0 H DO, COSase (X, B-CA L DR VEWEALRTHDL EVR D, 727210, 0.07%
EWOEN, T thioparus THIL1S BROEFITHEE KT T E 9 L, COSase D COS 3 fRIEMEIZ & -
THRFELTD, UBRIATR o TR FRRMEEZH LN T L2 LITHEETH D,
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Table 2-1. Composition of mTC10 medium.

K,HPO, 05gL"
(NH,4),S0,4 02gL"
MgSO,-7H,0 0.05gL"
FeCls-6H,0 001gL”
CaCl,-2H,0 0.01 gL
Trace metal solution 10 mL
KSCN 10 mM
pH 7.0

Composition of trace metal solution (mg L")
ZnS04:7H,0, 8; CuSO4-5H,0, 4;
MnCl,-4H,0, 4; H3;BOy4, 4; Na,Mo00O4-2H,0, 4;
CoCl, 6H,0, 4
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Fig. 2-1. SDS-PAGE (12.5%) of TOYOPEARL SuperQ-650 column chromatography of COSase. Crude extract
was loaded and eluted with 50, 100, 150 mM NacCl. Elution volume was 40 mL of the first half of elution and 30
mL of the second half with 50 mM NaCl, 43 mL with 100 mM NaCl, 45 mL with 150 mM NacCl. Fifteen

microliter from the sample was loaded on SDS-PAGE.
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o Fraction No. & -
;—?ﬁ‘ 1 2 3 4 56 7 8 910 <
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g

Fig. 2-2. SDS-PAGE (12.5%) of RESOURCE PHE column chromatography of COSase. The former elute by 50
mM NaCl from TOYOPEARL SuperQ-650 column chromatography was loaded and eluted with (NH4),SO4 from

30% to 0% (total volume 30 mL). Fifteen microliter from each fraction was loaded on SDS-PAGE.
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Fraction No. $
& o&

%’
é\&29 30 31 3233 34 35 Q;?’o 36 37 38 39 40 41 47

14.4k

Fig. 2-3. SDS-PAGE (12.5%) of TOYOPEARL Butyl-650 column chromatography of COSase. Flow through
from RESOURCE PHE column chromatography was loaded and eluted with (NH4)>SO4 from 30% to 0% (total

volume 200 mL). Fifteen microliter from each fraction was loaded on SDS-PAGE.
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Fig. 2-4. TSK-GEL G3000 column chromatography of COSase. (A) A plot of the arbitorary unit at 280 nm versus
the elution time. (B) SDS-PAGE (12.5%). The elute from TOYOPEARL Butyl-650 column chromatography was

loaded and eluted. Fifteen microliter from each fraction was loaded on SDS-PAGE.
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dég Fraction No.
&7 8 9 10 11 12 13

200k
1163k

974k
66.2k

45k

3lk

215k

144k

Fig. 2-5. SDS-PAGE (12.5%) of MonoQ 5/50 GL column chromatography of COSase. The elute from TSK-GEL
G3000 column chromatography was loaded and eluted with NaCl from 0 to 350 mM. Fifteen microliter from each
fraction was loaded on SDS-PAGE.
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2-2 COSase @O COS, CO,, CS, fi#iE M . e O\ T. thioparus THI115 £f & COSase IZ & 5 KK E COS
(2%t 9 2 43 fRTE 1
2-2-1 X UBHIC

F1ETI= L DT, COSase DT X/ BEELHNIE, B-CA IZEWMHIEMELRH D, CA X, FRollrRd

F ol WHIIZ COy 2 /KN L CIRIEKFEA A (HCO3) HARRT 5 i % ikl 5%

CO, + H,0 = HCO; +H"

CA (X, 1933 fEICEMW) (V) ORIMERD OO TR S L, BB T 5 CA OEEARZENL, ik
HIZIEIET D HCOs & COy ICEH L, TNEMMNOHEH T2 & TH D EorE N (Meldrum and
Roughton, 1933), & 512, 1939 FFlTiX, Y (L7 F Y ATHY avr U T b AIARY) (T
IEPED RS S 4L (Neish, 1939), K& 5D CO; DELY iAAR, RuBisCO ~® CO, DG ZEHET 5 =
& MBI 52N 72 o 7= (Shiraiwa and Miyachi, 1979; Hatch and Burnell, 1990), —J5. BEA&EAEWIZBW T,
HMEE (Neisseria sicca) @ CA 1%, 1972 4, WHIE (Methanosarcina thermophila) @ CA 1L, 1994 #1124
WTHE SN TWD (Adler et al., 1972, Brundell et al., 1972, Alber and Ferry, 1994), Ei#oME% Clx. E
RO X IIT, CA PIERN G R EOBEBRRN AT 2 2 &nb, WADEHETHD Z LNME
NTWD, BIRED CO, T TATT 2 —HOME R & T, CA ZFFIZRWAEMN»RND H DD (Nishida
etal.,2009; Ueda et al., 2012), 1T & A EDOEEAEMRLFEEAEMIZBNT, 7 LRSSV ZAZ 70y
MZ X D PURPUASIZ X0 . CA DIFTENH S22 > T % (Hewett-Emmett and Tashian, 1996; Smith
et al., 1999; Smith and Ferry, 2000), L72>L. Y& RMIE CTlx, YoB BGEE OREIZ CA %5 LT
HEZEZLNTNDN, TOMOBAEMZEBNT, CA PEEKNTED L > 2EHZKXIELTHD D0
IXBHREIC AU CU72 Uy (Badger and Price, 1989; Smith and Ferry, 2000 ),

O CAIZHOWTIE, FHTRWREHOHIESTRDbITETWVLR, LN THDIRY , 2T
DEH D CA 1Ta-CA IZ/FE S HL, COSase X° B-CA & 13T 2/ BRELSIC A RAY ekl S E N R D, £
OB E B LTI, FERA~OBIE21F TiEZe <, pH OEEMAR L fkx 2 EE R EPIERRICRE G5
ZEDBHMBI, DT T AD CA LHERTHREEIZHENSEA TS EWVWR D, £ Ol To-CA 13,
acetaldehyde @K Fl1, p-nitrophenyl acetate, 1-fluoro-2,4-dinitrobenzene, 2-hydroxy-5-nitro-o-toluenesulfonic
acid sultone, p-nitrophenyl phosphate D IZK 53 RS G & filtfiE3 2 Z & 238 & 22 & 72 o 72 (Pocker and Meany,
1965; Pocker and Stone, 1965; Henkart et al., 1968; Kaiser and Lo, 1969; Pullan and Noltmann, 1985),

COS (ZHT B ISTEIZ DWW TIE, a-CA (7D CA) & B-CA (=2 KU~ XD CA) Ofi#E T, COS
HINAKGHET D 2 LA &L TV 5 (Haritos and Dojchinov, 2005; Protoschill-Krebs et al., 1996), ™7 3@
CA X, COSase &1I7 X /7 BESIOFFEIPEN 72 <. COS 3 fRTEMEDMEVN O IZx LT, COSase & FAIFRIE
DHHTY Ry~ AD CA L, EV COS 735 M % Ff> (Table 1-1) (Protoschill-Krebs et al., 1996; Haritos
and Dojchinov, 2005; Ogée et al., 2016), & 5|2, B-CA EAHFIERH D2 b0 0b b3, CATEEZ RS 72
VN CS; hydrolase % COS % %3 f#9 % (Smeulders ef al., 2011, 2013), %< OHMIE D CA I%. B-CA IZ/HHH &
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N5 eEns, HRICARTLIMEICH, FROMELZEZLLONELFET LI LN THRIN, 20
BT, KRICHEICTFEET S COS DOHKBRIZENT, b OBEENEYS L T2 AN S
N5, ZDEH, B-CAICHFEMEDEV COSase DA T 4 7 AZB LN L., BEED COS 4 fiF
MR LT 52 LI LT,

REPEER Sy D &9 7o fed TURWIREE OIS BE T 2 EMIC & 5 5O R BSOS, FREEDS L
<. BRgEBIHZ LUy (Conrad, 1996), COS O, 12 IR Lc X 91T, SN ERICET 24EMT
COS I fREEDH BT 72 > TW D25, X O COS IREE (3 L% 500 pptv) Dorfifae & i~ 7= 5E1%

[ 54T % (Kato et al., 2008; Li et al., 2010; Kusumi et al., 2011; Masaki et al., 2016), ZiLE TiZ, 1
Oy BES VT ME B U Cld, Williamsia J&. Cupriavidus J&. Mycobacterium J&DFIE T, EiEE D
COS DI RMHE STV D, Z O HIT, 500 ppty {0 COS D43 D3RR S AL72 DL, Mycobacterium
JBOME T Th - 7= (Kato et al., 2008), — 7, LHENG B N-EEICE L TIE, Seytalidium 5 .
Trichoderma J& . Beauveria J& D12 H D7t 7 BIRA 500 pptv Bith D COS D43 fiEHE % 71~ L 7= (Masaki et al.,
2016), £7=. 7 a— VBB OLL LI AR m o S Bl S AV B, Fusarium solani THIFO1 #£ T % |
500 pptv Hii% D COS DI ENHER S TWD (Lietal,2010), ZiuH OFERIT, HEEREICHIT S COS
DEY IAFHIZBNT, MIEHSCEEO A% E5 L TCW\WD I L E2/Rd, —J7. Mycobacterium J&IZIET D
Mycobacterium tuberculosis H3TRv #ki%, 7/ AESIPRE SN TEY  B-CAILT /T —¥ 3 » S DL
FIA3, 32 (Rv1284, Rv3273, Rv3588¢c) F/ET 5 Z & MR ST\ % (Cole et al., 1998), Z DH T,
Rv3273 ZFr< Rv1284 & Rv3588c |L, ARICHATH U | HUERSME T CTlE, FFIC Rv1284 ORRGIEMED

BRI D T EMABILTUN S (Sassetti and Rubin, 2003; Sassetti and Rubin, 2003; Betts et al., 2002), £
oo, THUH 3OO0 CA X, 7 r—=U 7 ihbi, BEOKBRELRINTEBY, CATEMERHLZ L
HHA B E 725 T % (Covarrubias et al., 2005; Minakuchi et al., 2009; Nishimori et al., 2009), Z D X 9 72
Z B Mycobacterium JEFIE O p-CA & COSase D EHH, 72 5 TN B-CA ITB W T, KKIEE D COS
RGO 3 5 Z E N THRINDN, RSz B-CA IZ COS HRIEMENH 270>, F1o, CA DB, KK
BEED COS Z 0k TEDDE D DT TV, RBFFETIE, FREIC/RT &30 COSase © COS
KT D Ky fH2Y, 60 uM THDHZ L 2B 5T L7ad, Ziuk, [AEORED 3,300 ppmv Th 5 & X
DKFOWEEIAIYL T 5, ZOREIT, KAT O COSEED 6.6 x 10°ZITHYT 5, Z0kd, KK
LoUL D COS DIV ARSI & T 256, EBROBREE L 130T B 72 COS IREESRIMET T, A
XT A4 ABRDTNDLZ LT/ D, COSase X°, ZAUTHHRIMED @ EESRE & v R 7 S, HHEBRERIC
ABT HMAEMIC LD COS DRI E LTHETH251E, KRRTO COSEETE., HEIRE S

HDIETTHD, £ T, RKURED COS IZxT 2 D fRIEVEIZDWT | T thioparus THI115 #£ D B K7
NZ COSase IZkF L CHIET A Z Ll LT=,
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2-2-2 #BLE HIE
2-2-2-1COS D E&

COS 1T, K ER HIEE (FPD) 230 L= A7 mu~ F 275 7 (GC-FPD) (GC-14B. BHHUERT) 12,
FOSHEMDZMEFEALTHIE Lz, A7 v~ 7T 7O5MIE, Table 2-2 128 Lz, MERIERD
729, 10.5%D COS fEHEL MK (Balance gas: Ny, HE TANAKA) Z W AKX A h~A 7ol P THREL
L. N2 (99.999%, Hiftigss) @ L 7= 102 mL Z4HEMICIN 2 THAR% . GC-FPD IZ{EA L 7=, 2080 ppmy
? COS HEHEL A (Balance gas: N, HEE TANAKA) #HWA AL, REFICEALE, &onizt
— 7 BOFSHRE, FEALTZ COS & bIREMEZER LT,

2222 HR7m< b7 7718k HSDEE
HoS 1F, 2-2-2-1 IZFE#k L72 71ET COS LAIRFICERTE 572, GC-FPD IZRMHAZEAL TERL
77o BERIER DT, HyS EUERIR (2000 ppmv, Balance gas: Ny, St A = AW HAKR) & 4 A X
A R4 2782 TImLERL, Ny (99.999%, HiffEEsR) @ L 72 102 mL FHEHIC AL, 19.6
ppmv (7B L 7=, 20, 50, 100, 300, M O*500 uL 4% 3 T GC-FPD (AL, Hobhi-v—27 &m0
VIR E L AL H)S B0 DR EREERR L7,

2-2-2-3 COSase DIEWRIE (R b FA A b U —DHE)

COSase |Z X DFEFRNITIBNT, FiEEGDA A XA A MY —%KD7=, COS & HpS DERIL,
GC-FPD # W\ TAT72» 7=,

FOSIZIE, 4.9 mL F@E A 7Vfk (SVG-3, HEIHLH ) ZHW=, 3. 2o A T IHICT
ForanfeTrRE L, £ IICESE @05 mm, B 23 mm, K FHF 173, BERERS L) &2
KH UTzo A OVESEH %A LT 2080 ppmv @ COS HEHEL (A% 3 /3. 0.4kgem > DFEHTHK L. &
FRNE COS Tiifilz L7z, BEEGIC L o TAHER SN HoS &, BAEBRODVIRWIEHMNDERET D
Z L EAREIZT D72 HiTH o T 2000 ppmv HyS 380 uL %, Z D231 T LRI AN L 7=, COSase 0.066 pg
% & te 50 mM Tris-HCI (pH 8.5) 200 uL 2 = Z ~IRAI L, 30 °C THE L, 25 oML S 87, BRIEE
DIRMEZ L, KAHORENLE LRSS, WIS o%sOHEZBRB L, Z0%k, 5 5EIcKMEE
BRIRL, A7 m~ 7T T7~FEAL, COS & HoS ZE= LTz,

2-2-2-4 XA TAREED COS KU H,S BEDHE

GC-FPD Z ]V /2 COS & HoS DERIC L > T, KHHPITHFET H. ZHUHLDOK[EDERITTE 508,
K OFERIZTTE RV, E2, 2-2-2-6 IZFLHT D Kn & Vaax IS W TIE, AF LU T A—EIZ I DK
O HyS OERAZEfE L7272, KO HS ®ARDDH Z LT TE e, LarL, COSase DIEME
AL DICIE, [ EKBEOM G E2GbEleE&E LTROLIMNEND D, £ T, ~ U —DOERE
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I LU TR 21772 o 72, Wilhelm et al. (1977) 12X 5 &, 30°C FTO~Y Y —DOEHIT, COS 2% 0.018
Matm ', H,S 78 0.092 M atm ' T %, COS IE, #7/25 pH T~ VU —DEK DL/ (Elliott and
Rowland, 1989), —J5. HyS I&. pH BEL RABIZONTAY U —DEBDOMNRKREL Y ZOMHEITR
DEIRFHETRD D Z ENTE D (De Bruyn et al., 1995; Dean, 1999),

H(+Ka[HT"

2T, HiFA~r U —DE$0.092 M atm ™', Ka (2 FEHTER 1.26 x 107, [H IZAKEA A K 3.16 x
10° CTh D%, 30°C, pH8.5 FD HoS D~V —DEHIE, 3.76 Matm ' 12725,

Bl 2 1E. &AHDS 2000 ppmyv D COS DA, KRR L TV 5 COS 1, 0.018 x (2000 / 10%) = 3.6 x
10°M & 725, 2-2-2-3 DEBRT, KD COS 73 2000 ppmv Th 5 & X DAL T IAED COS &L,
WD E DI D, A TIVROKHOEEIL, 4.7mL, 30°C 2B D RAEOEMIL, 1 mol 282491 T
&% DT, 2000 ppmv DD COS IE, (2000 / 10 x (0.0047 / 24.9) = 3.8 x 10 mol, 2% ¥ 380 nmol
E D, —J5. KK (BEEEEHE) 13200 uL 72D T, 3.6 x 107 x (200 /10%) = 7.2 x 10° mol, > % ¥ 7.2 nmol
LD, LIzo T, AN TVEARD COS 1%, 380+ 7.2=387.2nmol & 725,

EROBIOE ST, ~ ) —OEHEEICLTHRE L, A TEEED COS & HS D' b, B
FIEMEZ R DT,

2225 AF LT NV—EICEDE HS DEE

COSase D Ky ¥ Vinax Z KO DIT1E, WD THIRE (F%) O COS ZHWDHUERH D, TDID,
2-2-2-2 |ZFC# L7z GC-FPD (2L % HoS OERELZMWT, HS DEEAITREBY LT5L, COSDYE
— 7 LKL, S OE—7 BNERS>TLEWY, S ZIELS ER&TE W, £/2, ERV ZF<T
WIZ, FREATROTHOATAZ v~ N7 T 7IZEAT L L HS B0 EIRFYELLTIZZ2Y | E&ET
X720, 2O, HS DERIL, GC-FPD # W\ Ti772 9 O TiX72 <, Chae and Tabatabai (1983) ®J7
EEBEIL, AFLUTA—IC LD lEETITR) Z iU,

H,S D ffitiE, 2-2-2-6 (25 L 72 COSase {EMERIE D Fik & [F U K 5121772 - 72, 7272 L . 10.5% COS
DR VI, OH,S FEAELA (2,000 ppmv) DR ARG EREASA TIVBICE#, £7213@102 mL 54
LIS L7 2,000 ppmv HoS &, HAX A h~A 27w U U2 HNT 24, 12, 25, XiT 60 pL £RH
LT TIVHRIZERIN L, £ D%, 50 mM Tris-HCI (pH 8.5) 200 uL % Iz 7=, 10 23812, H,S M3/KAH &
S[ITHEEL LT D b0 L AL, Filllitdk LIRIEDKEE, TAZA b~ 2713 PT
BIRL 7o, EHIZ, HoS e | HICHR L7k (EERO0%4A . 50 mM Tris-HCI (pH 8.5) 2000~1975
uL (2000 uL 25 FELISRT Y U U OBIEZ 2 LG[Wo &), 6 mM N,N-Dimethyl-p-phenylenediamine
sulfate in 7.2 M HCI 1 mL, 60 mM FeCl; in 1.2 M HCI 1 mL Z&{iREE. Li@o%H4E. 6 mM
N,N-Dimethyl-p-phenylenediamine sulfate in 7.2 M HC1 75 uL, 60 mM FeClz in 1.2 M HC1 75 uL &% 1.5 mL
BvA 7 aF2—7) [z, 10 BREIALT v 7 2L, 30°C, 30 531 v % 2 ~<— F%IZ. Abs. 665 nm
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ZRELE, ERROOEAEE., TAXA h~A 270y ) U PORRES 0, 1. 5. 10, 25 uL (H,S &I
BT 5 L 0~37.72 nmol I[ZHHY) ICE XD Z LT, EEE@DBEAIE, 250 BT AL A b~A 71y
UV ZHOTERIVEZ 150 L & L, A TAKIZEAT D HS &%, 0, 2.4, 12, 25, 60 uL (H,S &
(A S5 & 0~2.771 nmol IZFHY) IZE X D 2 & CTREMEZER LT,

2-2-2-6 COSase DIEMRTE (Kn B Vinax DR TE)

4.9 mL FB A TV (SVG-3, HEH(LE ) 7 F /LT L THE L, COS ZMZiiz, COSE
FE% 10.5% I CaR% 4 28R 1%, RS #HE 0.5 mm, RS 23 mm, K F#F1/3, BEREERE L) % 2
AFIL, FHFOERFEZI LT 10.5%0 COS FEHERA (Balance gas: Ny, H [ TANAKA) % 3 43[#. 0.4
kg cm > OFHETER LTz, THLSORED COS ITHHET HEIL, A T A% COS TiEAR<, N,
H A (99.999%, THiATEEFE) THEA L. 10.5% COS # AiL7- 102 mL FHEMR (P— A = R) 7
BHAZA b=A7my ) P TRIRL, S TSN Z T2, BERIRAZ I Z 2 EGZ, COS ORI £
EHAZ v~ 7T 7 CTHIE LT, ##x% COSase 0.066 ug = & e, 50 mM Tris-HCI (pH 8.5) 200 uL
ZMZ, 30°C THEE L. 20 0HISGH., WL TS H,S BZ2HIET D720, KO &2 AL A
A7y P THRIL, 222-5 ICFHLIZATF LUy T AV—IRIC KD EEEITR T2,

2-2-2-7 COSase D CA &M D H &

CATEMERIEEICIE ORISR O pH D ZAIZFE S E{EM %4 3R 8 5 715 (Wilbur and Anderson, 1948) |
@stopped-flow spectrophotometry % F\ T, SR D pH 21012 X » TA L 5 indicator DDA B
P& sk % J71 (Khalifah, 1971), @ZERNE *0 TF L L7 €0, 2NV T, KIS X > TAEL S
H,"*0 # it % JiiE (Silverman, 1982) 72 E 3 &% 5, 4101 BRAGH B I E TE 2 QDHIEIC LY
IEHERE 21T 70> 72, ZOREE, IEWER RGN o7tz MHEEEN R <, CA IEMEOPIEEE % 1
ETELQDHEEITR ST,

OBUSTAER D pH OEAVIZ IS ZIEMEZ R D 5 F ik

WO LR B HE CE 2 ERRODOHIEIC LY JEMEZ RS 5 Z &1 Lz, I5PEIE, Sigma quality
control test procedure (> 7~ 7/ KU » F) (ZFEHE O HIEIZ L o THIE L7z, #1812, 20 mM Tris sulfate,
pH 8.3 (25°C) 5 72% 3mL &, 50 mM Tris-HCI, pH 8.5 (30 °C) 5 72 HEEFRIANL 50 uL &, JK/KHIC
BEWTZ AL TV (RS 45em, NEE 1.5 em) (2N, BT (BS 1em) THEELZRD S pH M (pH
A—2%— F-52 pH &M 9618S-10D, Hi¥5HNERT) % T HR YV JED FIZHLE LT pH 2 0E Lt 7=,
CO, fafn/KlZ, 7F 2T Lke% L7z 13 mL B/XA 7TV (SVG-12, HEFALAE ) ISRk Z7- L. Kk
KHIZEE . CO, H A% 0.5 L min' DWGERTHT 7 8 (F—2 20G (0.90 mm), £ & 70 mm, 7 /LE) %
HWLT, 1500 FilR L TR L7, B o7 COfafik 2 mL 2, A 7 /WRICIN 2 TG % B G &

35



7z, pH83 7D pH6.3 ~DEAGIZEE L7 RE 2 HE L, IEMEIX, unit & U CHEFL L2, unit (X, (Tpjank,
avg TEnzyme, avg) (TEnzyme, avg)71 T§+% é ;}/L\ TBlank, avg k TEnzyme, avg Li\ %ﬂ%ﬂﬁ%%ﬁ L@%&Uﬁﬁﬁ D
D% THIE L7-H, pHS8.3 /75 pH6.3 ~DEAVICE L= () TH 5,

@stopped-flow spectrophotometry z H T, RUGNE D pH Z2{EIC L > TA U % indicator DD ZAL) HIE
&R 5 ik
B #Z PR IE, 50 mM HEPES-NaOH, 200 mM Na,SO,, pH 7.5 (25 °C) T#E#T L7z, FHWDEERRIK & .

Z® 1/10 & 2 mM phenol red % 7 ¢ 50 mM HEPES-NaOH, 200 mM Na,SO4. pH 7.5 (25 °C) % iRA&
L7z, —J7.CO fFnKIZ, LRt & [REED I X 0 §i%L L 7=, Stopped-flow spectrophotometry (SX-20.
Applied Photophysics) (Z& 0, # /827 B HE T 4 pg @ COSase % & LeEE3E{E 10 uL & . CO, fAFI/K 10 uL
ZIRG LT, 25°C FCRIS S, Abs. 578 nm Z I 7€ L7z, Abs. 578 nm DAL & KFEA 4 & & DFIfR
X, BERIR L COaFIAk DRV IZ, HCl ZHRETO, 1. 2, 5. KV 10 mM (27225 K HIZFHR L7
BOGHE D Abs. 578 nm 726, MEMRAER L. Kediz,

2-2-2-8 COSase @ CS, hydrolase 7% 14 @ #I &

TFN T LA LT 49 mL FREASA TIOUHIZ, CS, ZMA Tz, CSIREZ 1.02%I 7% 3 2 BRI,
EFEE (BHE 0.5 mm, B & 23 mm, 2 FEF 13, BEEERSTE) 27 F LT a2 AL, A
DVEF 2 LT CS, BEEHER A (1.02%. Balance gas: N, HEE TANAKA) % 3 55fHl, L X2l —X—%
0.05 MPa (2 L Cili& L7z, ##tx % COSase 0.066 png # &€, 50 mM Tris-HCI (pH 8.5) 200 pL % il %
30 °C, 20 3Bt S/ 721% ., GC-FPD ~&tHZFEA L, #ET 5 COS & H,S #E® L7z, Staudinger and
Roberts (2001) (2 L BEFHE TIL, 30 °C FD CS, D~V —DiEHIE, 00470 Matm ' THY ., ZZ0bH
FHET D &0 W CS IR 460 pM ICHIY T 5,

2-2-2-9 SCN#EE D COSase D & 4 #ll iE

SCN %3, COSase DILEHITH 5% 5T 57289 NaSCN Z IR L 72 FER AR (COSase 0.066 pg
% ¢e 50 mM Tris-HCI (pH 8.5) 200 uL) 7% L7z, 4.9 mL A A 7 Ui (SVG-3, HEELAET)
(7 F AL TRE L, NS EHE 0.5 mm, &S 23 mm, R FEF 13, BREREERGT¥E) 22K
LTz, WHOESEZN L TNy T A (99.999%, Hiftlg#R) Zidk L TR Z E#E, 102 mL &%
(V=P = R) IZRE L2, 10.5%0D COS fEHEXIR (Balance gas: N, H#8 TANAKA) % 4 A
HA h~vA 7y U UTRIL, A TV A 72, ZHUZEY . A TV OZAHO COS
&% 1050 ppmv (2 L7z, 2-2-2-3 [IZFEH O FIE LU X 512, HoS KON ERC OB AN 2 Ushn L TG 4]
ExEITIR -T2,
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2-2-2-10 RXIREE D COS O E &

1,2,3-Tris (2-cyanoethoxy) propane % . 5% D CTa—7 ¢ >~ L7z Uniport B 60/80 (¥ —=T/LH A =
A) EFIH U BMEE (U T8 S, BRRERT) ZREmAT TS omEAIL, £ ZICREEEAT L L
T, ZOHIZEEND COS e EORUKRZRMEEIZ N T > 7 Ui, NBE AZE (FLS-1, BERERT) %
AWT, BHEE % 100 °C ETIMELL, M7 > 737 COS % GC-FPD |[ZEA LTz, WA/ vu~v 7T
7 DML, Table 2-3 (28 Lz, BRERIER D=, 1,960 ppmv F 7213 2,080 ppmv ¢ COS FEAER A
(Balance gas: N,, HE2 TANAKA) %, HAX A h~A 7 O TRIL, Ny EH# L7 102 mL 4
HEHUTINZ THRE, BEEICEALE, BN —2Emn e AL COS &5 R EH
ZER LT,

2-2-2-11 T. thioparus THI115 £k O KR E COS D 43 7

2-1-2-1 CTRed L= 7B L RIRRIZ, T thioparus THI15 ¥R & B3 LU=, BEHUCHSIML7=F 47 F— b
DRSS NT2 2 & MR, 13,000 x g, 4 °C T 20 ofE L+ 52 & CHE L7z, mTC (T, thioparus
THI115 BROEEFEIZH T2 mTC10 51> & KSCN &RV 2R 2 T 3 | L7z, mTC (2 i
W%, STORFRIRICHRE L C10mL IS T 50K A, T A#ET 1 /v % — (GF-75, REFRIF£2 0.3
um, 7 RN T w7y BIC T v ST, WEROEEREEZE T-9I12, I8H#K (GF / C, circle 90 mm ¢ Glass
microfiber filter, V v b~ ) Z3KERTZHDOZ mTCA4mL TROLE AEIImDOHT T AT ¥ —L (&
IEBR<) ICEWz, 2O RIS, FEE N7 v IR TABHET 4 VX —FFER, Yy —LVIidEE
TP, IMERMLIZS LET VI =Ly Y (AAK-5, V—T /L% A T2 R) [T A, Bl L=
DE7 U7 (A-75, 280 mm, —ZEH AL TEE L, Ny INICERETRIE L, DL EOESEIL,
BT V= RXROTFNTIT -T2, 7T/ W ke (W-12, KG#LZE) TRRLZAV—T72BL T, Ny
DRI 300mL Z 50mL A2 VU > (T4F) ZHWT, BERICERR L, 2-2-2-10 D J5 1 THEHE#
(2 COS DIEREITIR ST,

2-2-2-12 COSase O KK IR E D COS 7 fi#

2-22-11 OFEERUT LI, SLETAI =Ly 72, M IMAZTWRWANE-8Secm OH T A
Uy —LU (FBERL) 2EX, BV v T TEELE, SOmL ATV Y Y (TAE) EAWT, Ny S
NDZER[RZ MR DR W51#, Ny T A (99.999%., HifflE#R) @it ZZIC LR b, BLE3TL
HEA LTz, 2,080 ppmv @ COS FEHESKR (Balance gas: N, HEE TANAKA) %, HAX A b~ 27 al
VUTEREL, Ny EH# L7 102 mL BEMICINZ THM LT, ZOMERN ST AZ A h~vA 71y
VoY HNT, 7T W (W-12, KIGELEE) CRLZAYV—=T7ZBEL T, 7AVI=UL Ny W
WCHEATHZ LT, BEZE500ppty D COS ZE ek &5 L5 ICHHHEE L7, COSase 10 pg &5 1p 50
mM Tris-HCl (pH 8.5) 10mL %, 10mL AT V> Y (7AE) ZHNTHV LY, AV —T&EL TV Y
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— LI EA LT, EEBERIEOTMNEZIT. SHEOERENLE LW D ., IS0 5% 0 SR E I
Ny ZNOEF 300 mL ZERE L, 2-2-2-10 @ 515 TENEHRIZ COS DERZ TR -7,
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2-2-3 fER

Fig. 2-6 ({273 X 912, COSase i£ COS 20 nmol % 20 /0 T L, AU, IRIFHEICH Y

% 23nmol ® HoS 4R L7=, 2D Z &M, COSase (2 L AWZENINIE. L TFORIG TR I N,
COS + H,0 — H,S + CO,
Z OFER, COSase 1X, MK REESZE TH D Z LML MNIT/R Y COS MK fiEEES#E (COS hydrolase) &
BESZ & b LTz, F£72. T thioparus THIL15 ¥k HAEHL S 4172 COSase (BPA COSase) &, KGE TH
H & H72 COSase (Fi#a 2 % COSase) DIEMEIL, ZHZH 17 umol mg ' min ', 18 pmol mg ™' min™' T, 1%
FELWVMEZR LT, 207, B4 COSase LML 2 COSase 1%, M LHDEHZ . DX, #
# %1 COSase & W THEBRZAT/ D Z LI LTz,

COSase O kinetics |%. Michaelis-Menten T DiE M2 7R L, K1 60 uM. Vinax 1 74 pmol mg ™' min™', A
BEFROTEHRBOEARL 2D 5 A ~—U720 TEHE LT ke 135857, FI U< kea/ K 13 9.6 x 10° s M
Tdh -7 (Fig. 2-7),

BOSTRIR D pH OEALIZHES < FHIET CATEMEZ Rz L Z A, COSase H Y ORIGRIL, BEFEEL O
FRERUL7ua~ 7T L%R L, ZOHFETITIEENRRD B> 7= (Fig. 2-8), & Z T, stopped-flow
spectrophotometry (2 & % CA IEMEDRIE Z1T72 > 72, T DR, COfafikZiRA L7 L b s pH
DOEALD, OSBRI 0 s, BEXZ 01 BOMTAELZZ b, TOREEZRIT 72010, KIGH
ik, 02 B0v5 0.5 DR D Abs. 578 nm D KIZEES X, iEMEZ KD 7= (Fig. 2-9), 17 mM D CO, &
J T CHIZE S U7 COSase D CO, AKFTEME (CA IEPE) 1%, 24 pmol mg ' min', %A ~—%7- 1 THH
L 7= turnover number |%, 19s' T - 7=,

COSase @ CS, hydrolase {EME & T2 72912, 460 uM CS, F1E F CHMT 21772 72 & Z 5. 3.9 umol
mg ' min~' O FSHE T CS,y 13 HoS ISR Sz, —F. €S, hydrolase 13, CS, + HyO = COS + H,S &
COS + H,0 = H,S + CO, DG E i3 572, COS 1%, CS, DA TH 573, COSase (2L 5
CS, i H D COS DAERLHE L, 0.1 pmolmg ' min ' LI FTH D = & NHER S -,

COS 73 fiRiEMEIL, 1 mM @ NaSCN TIHFHEZR A 579, 10 mM, 100 mM @ NaSCN (Z L V| J&EMEIX
ZIEI 70%, 20%IZ3 Lz,

T. thioparus THI115 BRIZ KX 2 RKIREED COS g FERIT, 7 U — 0 XU FHNDER L, Al & O#E:
EEMxTIT, TOEFEHANTTR o7, #IHI COS L. 600 pptv TH o723, 6 KefHl#ZICIZ, Th
25350 pptv (2720 | & BT 25 BRI, M IRFYE (280 pptv) LA RIZ £ T L7- (Fig. 2-10),
KEMZPIC, mTC OB TEREZITR>72a> hr—/L Tk, COSEED LHENR LR, &
HIZZ O mTC MBI Z 2> 72 % TiX, COS DEITELS R bignolz, L7eh > T, mTC KMl
Mo, COSMHOTNITHEALTWD SO &M LT,

COSase Z AW T, FARICKAKIRED COS (TR T HIEMEAZE Lz, £ ORER, SiRED COS 7fif%E
BROBSIZHV % COSase # & BT, K&ED COSase # WD M E|IH-7=H DD, COSase (% 26 pmol
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mg ' min~' OFGHE T COS #43ff LT- (Fig. 2-11),
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2-2-4 5

COSase D7 fiFIZEE D W3R 1T Table 1-1 (R T H D12, W< O0F BTS2, COSase 1, CA X
CS; hydrolase & [Al Uz TH &5 COS 73fif % 7~ L7z, CS; hydrolase (7 E~F 47 &~ —_ COSase
KLOB-CAIFARET FTI~—THY, AV I~—FEITRR D, EHEELET20 D kea/ K Z T D
& . COSase. CS,hydrolase, B-CA %, N ZF 48x10°s ' M, 6.0x10°s'M"', 6.9x10°~1.0x 10’
s M &72%, CS;hydrolase D key/ K 13 2405 OFEER Tic bV, ZHUE, COSase DIFHERIE X
iR g 5hiE LT2IRIETIT 2 > TV D D2k LT, CS; hydrolase D& 1d. A X —T7 —THALL TEH
D, BRSOEEOMBPMEES N TV D AEEREZ D, 20X )7k, WEFEOENDS, Zh
5 DIERD keat/ K DIEIZHBZRF LI bDEEZLND, WTFHIZL TS, BEAIO COS 7 fifiE 1
O BN TVWDHEEFE (Table 1-1) & H~_TH, COSase D COS S fRiEM L. B S MNTEWEREIZAD &
Wz 5,

T. thioparus THI115 BRIZEBW T, SCN ZME— DR L ¥ —JHE L TAEBFTSHZ L0, RHEREO K
WD AT v 7%, SCNase (2 & - TlEEX 5, SCNase D Ky K Viax 1L, ~11 mM,  } 18~0.056 umol
mg ' min' TV (Katayama et al., 1992), COSase ® Ky 60 pM, Vpax 74 pmol mg ' min ' 1 0 & 7372 0
WIEME A RT, 2D, 2-1-4 IZFEH L7 X 912, COSase DEA &M, T thioparus THI115 KED AR
P L RTED 0.07% THh-o7=& LT, SCNase (2 L D 0fiRIC Xk - THE LU= COS D KES L, COSase
Lo THfRshbs b0 LTINS,

TRLO 2-3 TH BT L7z, SCN AR COSase DB EIZI VT, SCN X, &M COS @
TFa ke Th Y IEMEEALICATE LT, £72. CAILX, SCN & Loz A F MAbEMIC L » T
INDZ ENHIBAL (De Simone and Supuran, 2012), il 21X, #E D B-CA (Streptococcus pneumoniae }
W Salmonella typhimurium) @ CO,/KFIEMEIZF51TF 5 SCN DL EE£41%.0.38~0.93 mM T&H % (Burghout
etal.,2011; Vullo et al., 2011), = ®D7=, COSase ® COS N RHIEMEICE- 25 SCN O IT/NX <, SCN
I, BWBHEAITH L Z RN o T,

COSase (X, 7 X / BB O OFER, CA LE@WHFEMERH DIZH b b3, CATHREEZIZEA
EIREMRDoTe, TNETIZHMOLN TV D CA O Thed @ \WARIEME 2 779, Mycobacterium tuberculosis
? B-CA Rv1284 THER STV D COp ARFTEMEIE, ke 2 3.9x 10° s TH % (Minakuchi et al., 2009),
COSase D CAVEMEIZE OO TRW= o IWHRBEAZEZ 5 Z LIZKAIEERENTE T, 17mM O CO,
T % turnoverrate 1Z | 195 ERDONTZ DD ke DD Z LT K2 D35 T2, Mycobacterium
tuberculosis ® p-CA Rv1284 ® Ky i&, 11 mM TH5H DT, COSase b[FFRE LIELTH. ke lF 30s"
FEIZ LR 5720, COSase &R U<, B-CA ICHH[FAMEDY & 5 CS, hydrolase 1%, CA IEPEA 7ouy & i
STV 5D (Smeulders et al., 2011), COS 3 fi#fE M & CO, KFITEMEIZBE L C,COSase & CS; hydrolase i,
IEFUFHEBEAL WD ENZ D,
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460 uM @ CS, f#7E T T, COSase O CS, MRS RIEMEIZ, 3.9 ymol mg ™' min ' D SHEE Th -7, —
J7. CS, hydrolase Tl, #3 L% 30 umol mg ' min' DIEMA 7T 2 & 25 (Smeulders e al., 2011), =
AUT R T 7.7 KNG & 72 5 72, CS, hydrolase 1235 1T 5 CSy MK /3 iR i& 1t & COS MK 43 fif s M ik
kea /| Kn 25, FNZENT3%x10°s M, 82x10"s ' M THY . BEDIEMED T A E L, COSase D CS,
IR FRETEPEIZ DUV TR, ABFZETIEEE L <R TIEW W, COS OAERIT, EFICIZFEA LS
Nieho7=, Z L, CS;hydrolase & [A U &L 912, COS MKGHEIETED R E <. s R E LTA
I T2 COS 1L, EHIZHS IZafREn/-ZbickdbDEBbinsd,

PLE XY, COSase, B-CA. CS,hydrolase X, AVWNZHEZ D IERREMEEZRT Z EDRHLMNIR -T2
(Table 2-4), ZiLH OIEEFFRMED A I = X L OMIZIE, VO EEEZ KT 5 Z ENEETH
%, % Z T, COSase D fmuiEZH HMNCTT 5 Z LI L7 (2 B 3 #),

T. thioparus. T. neapolitanus, T. denitrificans ® X 9 72l H 14 (neutrophilic) @ Thiobacillus J& B 1%
T LT 1g DA+ Y70 BEE 100 04— —THEBET %7-% (Chapman, 1990). T. thioparus
W, EERICEEICFET D I ERHENI SN D, T thioparus THILS BRI, KPR D COS &0 fifd 5
ZENARETH ST END. T thioparus 1L, THEIZH T 5 COS DIERJFEDOUE DL LTHIEL T
HZEMEZLND, £-. KENMHE B 72 COSase D Ky, 60 uM 1. KA 3,300 ppmv KD K FH D
PEFEIZHRY U, KRIRE FOKMEO COS JBEE & L THD TEV, L L7223 5, COSase IZHB W TH,
KEIEED COS Z4fRg Li=Z L xe . COSase 3. T. thioparus THI115 ¥R KKIEEE COS D43 il S s %
it L T s b0 b,
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Table 2-2. Conditions of GC-FPD.

Column

Packing material

Carrier
Temperature of Injector
Column
Detector
Flow Rate of N,
H,
Air

long, 2 m; inner diameter, 3.0 mm
Sunpak-S (Shimadzu)

N>

190 °C

190 °C

190 °C

100 mL min™'

28 mL min '

22 mL min "'

Table 2-3. Conditions of GC-FPD for ambient COS degradation analysis.

Column

Packing material

Carrier
Temperature of Injector
Column
Detector
Flow Rate of N,
H,
Air

long, 2 m; inner diameter, 3.0 mm
Porapak QS (50-80 mesh, Waters)
N>

150 °C

110 °C

150 °C

43 mL min '

40 mL min '

31 mL min'




Table 2-4. Comparison of substrate specificity among COSase, B-CA, and CS, hydrolase.”

cos Co, €S
. . . hydrolysis
Enzyme Organism hydrolysis  hydration - Reference
k(s e (s)) (mmolme
cat cat minf )
COSase  [Mob “CT’ZPII”S f;“’p arus 29 <10 3.9 This study
. . 5 Protoschill-Krebs et al.,
B-CA Pisum sativum 23 4 x10 ND 1996; Ogée et al., 2016
hydcrilzase Acidianus sp. A1-3 113 0 ~30 Smeulders et al., 2011

“Calculated per active center.
"The activity at a CS, concentration of 460 uM.

ND, not determined.
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Fig. 2-6. Time course of COS (@) degradation and H,S (O) production by COSase. COSase (0.066 nug) was
injected into a vial (4.9 mL) filled with 320 nmol COS and 20 nmol H,S. Because addition of the enzyme solution
into the vial caused disturbance of COS and H,S concentrations, the sampling of the headspace gas was started 5

min after the addition of the enzyme.
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Fig. 2-7. Michaelis-Menten kinetics of COSase. K, and Vi, that were calculated based to nonlinear regression
using GraphPad Prism 5 (GraphPad Software, California, U.S.A.) were 60 uM and 74 pmol mg1 min ',

respectively.
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Fig. 2-8. Chromatogram of the CA activity of COSase and bovine CA. The reaction was initiated by adding
COp-saturated water at 0 sec. The chromatogram of COSase (9.0 mg; red) was superimposed with a
non-enzymatic reaction (black) and showed a slow decrease in pH. On the other hand, bovine CA (9.0 x 107 mg;
blue) decreased the pH of the reaction mixture faster than COSase with an activity of 3.6 x 10° units mg™'. The

experiment was performed in triplicate.
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Fig. 2-9. Absorbance change at 578 nm after mixing CO, saturated water. (B) shows the enlarged figure of (A) for
clarity. COSase (3960 ng) solution contained 50 mM HEPES-NaOH, 0.2 mM phenol red and 200 mM Na,SOy,,
pH 7.5 at 25 °C, The COSase solution and CO;-saturated water were mixed 1:1 at 25 °C, and the absorbance at
578 nm was measured (n = 6). A control without COSase was measured in order to monitor the non-enzymatic
absorbance change (n = 3). To avoid the disturbance of the absorbance by the mixing itself, the activity was
estimated based on the absorbance change from 0.2 s to 0.5 s. To check whether the measurement by
stopped-flow spectrophotometry was correctly performed, the activity of carbonic anhydrase II (From human,
C6165, Sigma-Aldrich) (10 ng) was determined (n = 3) and the k. was 2.3 x 10° s under the experimental

conditions.
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Fig. 2-10. Degradation of ambient level COS by whole cells. Symbols: @, with cells; O, without cell. Cells in a
10 mL of culture containing fully grown T. thioparus THI115 were put in a Petri dish and then placed in a

gas-sampling bag (approximately 3 L).
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Fig. 2-11. Degradation of ambient level of COS by recombinant COSase. Symbols: @, with COSase; O,
without COSase. The reaction was started by adding the reaction mixture containing 10 pg of COSase to a
gas-sampling bag as described in the text. The volume of the introduced nitrogen gas that contained 510 pptv (20
pmol L’l) of COS was 3.7 L. The amounts of COS hydrolyzed by COSase was calculated based on the difference

between the concentration with and without COSase (indicated by the arrows).
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2-3 COSase O 5 fh1E &
2-3-1 TUBIC

RAx AN BE BN CA DT X 7 BEELH O EIFSEIZ KX > T, a-CA & B-CA L, TN Eha
LA EA L, WEEIZ LY, AWVICRICRISZ T 28R o EZEX LN TVD
(Hewett-Emmett and Tashian, 1996; Smith et al., 1999), B-CA (ZBI L TiZ. 2000 Fiz=> F 7~ A D B-CA
DFEFREESH LM SN TV DA, FRITIEMEF IOV TR, #EICBOTHa-CA & OFEBIA RS
NHZENRPELNE 7> TS (Kimber and Pai, 2000), = 512, a-CA EFEERIC, 7 2=v F%7=D |
JRFOHigp 2 BN T DBBHERTH DL Z LN REINT, ZNETICHMEINTWVD B-CAIX. XA ~—,
7 NI ~—, WA 7 Z~— (Strop et al., 2001; Covarrubias et al., 2006; Mitsuhashi et al., 2000; Cronk ef al.,
2006; Kimber and Pai, 2000) O & D23 &b 5D, FEARWIREEGEHNIIF A ~—F 21T, XA v —HROWIET
HDH, IEHEHROICH HHERIAFIZIE, 2 DDV AT A 1 DODOAF A=V RNEAL L, 5 4 Bl DN
BEZIIKR G FHFEET S,

B-CA EFHFEMENEWMZ B30 63, CATEMED B H S 4L TU 72\ CS; hydrolase (23T 6, #f fhiE
WERH BN Z TV D (Smeulders et al., 2011), FAUZ LD & CATEMENRWELE & LTk, BEEER
72 DIEEFLICE D O BB (h ) Bk FRBKER IV &< Ro T D72, K0 BKHE
ThH 2D CO, DRFNEMER LRV E WD AIREME AR L T D, COSase 1£7 N7 ~—T, 7 /&
Bl TliE, B-CA IZEWHHFEIMEZ /R L7 TH D0, CATEMEIFIZE A ERHE ST, Lt CS; hydrolase
EC & D7 COS fHEME A AT 2, ZDT=, BERIEVEICIIT D B-CA L OB - 2 R &2 3
7B OEREEDOTE S L LM T 720, COSase D st it 247172 - 7.,
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2-3-2 #BL & HIE
2-3-2-1 COSase M #& fh b
FEEAEITIE, HE# 2 COSase 2 L7=, 6 mg mL "2 % Tl L 7= COSase 1.2 uL & V>, 20 °C
TAVX VT Re vy 7RKIEEEC L0 S b 21772 572, 1.2 M (NH4),SO,4, 0.2 M NaCl, 30% glycerol,
0.1 M Tris-HCI, pH 8.5 DFR%D U P — R—Fk % 1.2 uL iV 72, COSase & U ' — —IAik & W X—H 7
A ETRAL, YV a7 ) —2A2 X0 EE L7z, COSase DIEIZHEE FFELL L 7-{b& & LT, SCN
DEEEOFRERBIFR L, A 1T72 572, SCN OEEEROFERLIEL, FifEET Moy FITRIBEN
0.0l MNaSCN (2725 X 5 ITiRIML TIT72 o 72,

2-3-2-2 X R [EIHT

X MRFEHTIE, 2 <X O R T 0L X — INIE SR AT JEHAR ) RS S AL ST 2T O U SE R E A JE i % 12
%, BL-5A O BL-6A B —ATA 2 Tiileo7z, 95 K OKIREFRE T A % W Thbdh 2 8 LT,
ADSC/CCD detector system (ADSC Quantum 315r & Quantum 4R) Z V>, [N — & 2 UVEE L 7=, [EIHTHR
EDOFHBESCHIER QNEWT T — & D~— 7%, 712/ F 2 HKL2000 % HWTIT72 - 7= (Otwinowski
and Minor, 1997),

2-3-2-3 BEREROHEEEEL

COSase DYIMINAHDOIREIL, T TITHMEESHI HNTR->TEY, Lrbbo L bmWHRENMEZ
7’3 Mycobacterium tuberculosis @ B-CA Rv1284 D& O —FK [Protein Data Bank (PDB) code 1YLK, 23-99
PRI &=V, 7 1 7 F A Molrep (Vagin and Teplyakov, 1997) T/ FEHIEIZ L VIT/2 > 7=, SCN #HE
RIZBA L TiE, 2 2 THE B 72 COSase DS 2 FAZIENT 21772 572, X 512, REFMAC (Murshudov et
al., 1997) &AW T, 2RI iEE DR EAL 21772 - 72% . COOT (Emsley and Cowtan, 2004) |2 X 0 i
ETVOMEE, SHELXL (Sheldrick, 2008) (Z X W #§#E L 21T/ o7c, ZOXHICL THETE HBETE
TNDEBEE R HAE & LT TR TR DAV EIHT O R IR & E 7 L5 B FHE 4 5 SO iR E
M5 Table 2-5 DR ¢ ([ZF0H L 72 5HRIZ L Y R-factor (R) &R 7-, F DiEHE R EIX COSase T 0.135,
SCN AT 0.156 L7820 | WH DX ™7 EREHEE TR OILD 10~20%fRE ThH o7z, S HIT, M
SCHTSEREE D overfitting Z3#E (T B 72912, 5% DEINTT —# % RO EICHWT, EBRTHE O
WrORSRE L. 2D 5%DENTT — % O TREE D & R-factor (Rgee) Z K72 & Z 5 (Briinger, 1992),
COSase T 0.170, SCN I ERT 0.204 £ 720 [ IEFH B X DAL TV D Riee [ (R ED+ S%FRE) &7,
L7eho T, B4/ COSase DHEEET ML, L<HBELINERLYlEEEx 6N, BAER
BREET — #3712, COSase 12 3VQJ, SCN #AIAIL 3VRK & LTS L2,
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Table 2-5 |12 X #REIWNT T — & L HEIEREEAL O R A 79, COSase (X 1.20 A, COSase ® SCN EA A%
133 A ORRET, 2N 6 OREREMEIEZIE Uiz, EEMNFS LIoRIBOR S 2 T3 57291
COS &H A XEMEEIZE W THELL TWD SCN 2 L7c, AVOREIER OS5 55 (RMSD)
13, 213 FEDofLO CIZFILTO0.16 A, R TOFRFIZEHLTO038A ThH Y, 1ZIFF Uk iMEEZ R L
7oo & ZTLUFIX, SCNHEAEEREZHWTH LK S ERITO/BRERRDZ L T 5,

COSase DY 7= MEEIX, SADOBARNT L RbRbB—h B1B5) &, 6 KDa~V v 7
A R &N Do/ BHEEE R L2 (Fig. 2-11, 2-12), I&PEEALIZ, LoD B-CA DA L [FIERIC
B ~—fEEERETHZE TR LS TEY, a2, B2, P3 O CEICHAMER L. HAEMEHICHE
bAHERMEIIL, b7 2=y FY4720~3,420A Th -7 (Fig.2-13), —F., # A ~—HEEL T, Tk
T~ —EEDHR DI D F A ~—FEEOMAEERIFTH, 7 =2=y 14720 960 A> Th-7- (Fig.
2-14),

TEPEERALIE, A ~—EZ BT 2 F / ~—RIOBEFICAE L, B IFREE S Tz, il
SR THDHMENTIL, VAT A 44 LV AT A 2100 DFRER T &, B 2AF V2 97 OERF T EANL
L HER DHE 4 BRI 13K 5y ASEAAL L Tz (Fig. 2-15), TN OENLIEEEIT . 2.28 A (Zn-Sy (Cys44)).
2.04 A (Zn—Ne (His97)). 2.31 A (Zn-Sy (Cys100)) T, K31 E1X208A ThHo7=, KuyTid, 7ARTZ
X UM 46 DIINVHRF T L— ML 259 A OFEBECKIERG L. ZEL TV, SCN AT, 220
Ko MBI T DK FERRATF VY 63 (XA ~—fEICBITS, OO 7=y Dt
AF TV 63) LIRFREG LIRS ] &, FNE3.00A,3.01 A DFRECTKERE L T, EHIC
SCN 73 FiX, EtED 9 >O7 I V&L bHAEFEM L TEBY , /&< BKMEO S WAMBLEHALAR 7~ ko
FEARIZA B L7z (Table 2-6),

B-CA 1Z. IEMEFNLITEE CIRAF SN TCWD T 2 ROREREIZ L » T, plant ¥ A 7 & Cab % A FT450F
535 (Kimber and Pai, 2000), R DX A 7 Tlx, FVF IV, T2 T 7=, Fuay U RMEFE
NTEY, BEIIMOT I /8L 72D, COSase DG IEMINTEICHFIET 27 I/ IX, V=
AT 33, BERAFVU63, ARYAL 8 ThHDI LN, Cab XA STHFIND, Bl L7
EWETDHT 07T ADALL 21772 o 72 & 2 A, Mycobacterium tuberculosis f-CA Rv1284 (PDB code
1YLK) & Methanobacterium thermoautotrophicum B-CA (PDB code 1G5C) 23t v k L7z, Zh B dD B-CA
& COSase D 146 FEIED LD C Z I L7 L Z A, RMSD 23, ZiLEiL1.2A, 14A 720 FHElL
T E ChH D Z Ny h o7 (Holm et al., 2008; Covarrubias et al., 2005; Strop et al., 2001), Z L5 D
B-CA & Cab ¥ A FIZ/HFESIAH Z £, COSase 1%, plant # A 7LV & Cab # A 7 LEWEIfRIZH
HiEZBRNEZ, LML, COSase Das &, TS V—T (V12967 7 =2 135) 1%
COSase [ZFFRIJICE SN DEETH Y, Cab XA 7D B-CA TlE, ZNFETIZTA Do TRV, &5
2, 06 O N RSl ONL—TF (V150 57l 2 158) b, COSase TOA R B (Fig. 1-2),
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ZHNETIZ, SCNHEAEIKE LT, Mycobacterium tuberculosis B-CA Rv1284 & Rv3588c O 238 & 7>
(272> T % (Covarrubias et al., 2005; Covarrubias et al., 2006), & (%, {EPEH.LIZIBIT H SCN DRALH
DET2 D | Rv3588c IZHBWTidk, HiFRIZ SCN AENLF 5, COSase X, Cab % A 7T %5 Mycobacterium
tuberculosis B-CA Rv1284 & \ZIZX[A] UL IZ SCN 2AfFTE L CTuhiz,

CS, hydrolase ¥, COSase D& L FELT %, LU, IEMEH LB ORKICEGRT 27 2 /BRI
DNWTHTHAD E, COSase TILT 7 =238, f YA 33, uA 87" ThDHMN. CS;hydrolase
TITRARY, VX I R3S, TAX=220, 72207 7= 78ThH-o7= (Fig. 2-16),
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2-3-4 EE

HERRMETERNHHH DD, COSase, B-CA, % L T CS;hydrolase 1X, 7 I / BEALHIIZIS\WTHE
FMERRSND72T TR, ffEED Lo LML R L, ZAUIFIC, EEPOLIEHF I N T
BEThol, TOZ LI, THHORERTIX, Bz X O 22 2 K > TRISDETIT LTV 5 AlRE
PEIRT, ZHE TS, B-CA D CO, KF1, CS,hydrolase ™ CSy MK ARIZET L C, it N 252 &
NTW% (Rowlett, 2010; Smeulders et al., 2011), F72. a-CA OHignix, p-CA LIXHELRD, 35Dk R
FOUDAIEY =L RaX A AU RENAT D, ZD3 0D, IXY = B Redi A
RO K DT EEWIZEB W T, COS 2B 2 AlissE & 12 ST\ 5 (Schenk er al.,
2004; Notni et al., 2007), a-CA & B-CA 1L, 7 X /BRSO L TITFFEMZFF 727203 IEMEFRLEEE O
HOEIFHELU LTS 2 Enb, 2L ERAEMICHIETT 5 L. COSase b, ZNE TIZE BTV DHEE
FLREILEIRAT v 72N LT, COSEZREL TS EEZBND, £ T, Schenk et al. (2004).,
Notni et al. (2007) |2 & V7R S L7 fibiiEpnE 2 5L12 . Fig. 2-17 IZ7R” 7 K 9 72 COSase D il iEREAE 2 $243 7
Do WAIDOAT v 71, HENCENL LI RE ¥ A 42, COS DRFERFISKREKEST S, Zhic
E0. v Fex T Eofg#E L COS ORI, ICHEH &G Lo hEERZ R T, BENKH I,
CO RS NND, T D%, HEITENL L7ohisgid, WP oKy F LS L, HoS MVERL S Fu, TEME
HIF T DIREEIZER 5,

COSase & B-CA DOfFEM: L OREE ITEEEL L T2 (Fig. 2-16), 1T H . Cab # A 7 & OFELE 1T < |
Mycobacterium tuberculosis B-CA Rv1284 (ZxF L TIXIZIE—F L 7=, Cab ¥ A 7D B-CA (Mycobacterium
tuberculosis B-CA Rv1284 & Methanobacterium thermoautotrophicum @ B-CA) 1%, kea/ Km 73, FILEI 3.7
x107s" M, 59x10°s' M TH Y @ COy KFITEIEZ R, L2235 T, COSase 7% CO, KFITEME
ZIFE AR 0B 2 {EEPODICRT 2 S 1XTE 22 (Covarrubias et al., 2005; Strop et al., 2001;
Minakuchi et al., 2009; Smith and Ferry, 1999), Z D7, FEEOM A, SUGERY OB HRREE IOV T,
CAVER % AW THERE L7= (Petiek et al., 2006), % DFEF. B-CA TR DIEI LV DIZ% LT, COSase
e, ZOmEWA, FERFEMEOBEVOEKTH 5 AlREMEN R ST (Fig. 2-18), %72, COSase Tl
as U w7 ZAR006 Y v 7 AD N KU ON—T (FV 150 b7l v 158) Ik by, BER
FOSHER ORRBER L 72 57207 TiE7e < BKMHEIZBWTHELS DT EnTFREIND, Ehilk, Z
DOREFEDH A XX, COS RIS EMY TH 5 HoS & CO Bl T 5 Z LIXATRETH 573, CO KFID A4
T D HCO; (23 LTIk &5, F£72, COSKRH,S LT, HAMTH D COy I, BAMD
REZBOICSWEBZOND, EDIZDH, CO, DKRFNEMZ T LA LRI R oTAREMERH D, — 5.
CS, hydrolase %, CO, KFITEMEZ FF72 72\ A3, Fig. 2-18 2By 0058 0 | BRI 23V, 2 4U1E COSase
CIWTRRY BTV T 2oy FOBEICL ST, ZOMENRHS 2o TEY, ZOREE, COSase
& RIBRIC SRR T8 < . BiKPEIZ 22 > TV D (Smeulders ef al., 2011), L7-723-> 7T, COSase & CS,
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hydrolase (X312, FERE DY A XL BUKMEIZ L > T, ZNENOEERRMEDRESI N TS EED
na,
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Table 2-5. Data collection and refinement statistics.

COSase COSase / thiocyanate
Temperature (K) 95 95
Resolution (A) 1.20 1.33
No. of measured refs. 560,892 703,987
No. of unique refs. 67,414 49,976
Rinerge” 0.063 (0.315)° 0.054 (0.334)°
I,/ o(l,) 35.6 (7.6)° 60.6 (10.9)°
Completeness (%) 99.8 (100)° 99.9 (100)°
Space group 1422 1422
Cell dimensions
a=b(A) 90.239 90.307
c(A) 104.98 105.13
Structure Refinement
Resolution range (A) 10.0-1.20 10.0-1.33
No. of refs. 63,916 47,313
Completeness (%) 94.8 95.0
R¢ 0.135 0.156
Riee’ 0.170 0.204
r.m.s.d. bond lengths (A) 0.013 0.012
r.m.s.d. bond angles (°) 2.1 2.1
No. of protein atoms 1634 1599
No. of solvent atoms 256 155
No. of ligand atoms 2 5

“Rumerge = ZnuiZi | 1{hkl) — < I(hkl) > | /Z4,ZI(hkl), where I(hkl) is the i intensity measurement of
reflection hkl, including symmetry related reflections, and < I(hkl) > is its average.

"The values for the highest resolution shell are given in parentheses, °(1.20-1.24 A resolution for
wild-type COSase, 1.33-1.38 A resolution for COSase / thiocyanate).

R = Zpq (IFo| = [Fel) /Zpia |Fol.
IR ee Was calculated on 5 % of the data omitted randomly.
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Table 2-6. Intermolecular interaction between COSase and thiocyanate
molecule in the catalytic site.

COSase thiocyanate

Residue Atom in the residue Atom distance (A)
Cysd4 Sy S 359
Met45 Ce C 368
Met45 Cy C 3.90
Aspdo Ca N 3.34
Ala68 Cp S 3.99
Met102 S8 S 381
Ile33” csl N 433
His63’ Ne2 N 303
Leu67’ col N 3.44
I1e82’ Cy2 S 418
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Core region

Fig. 2-11. The ribbon diagram of the subunit structure of COSase. Subunit is colored blue to red from the N to the

C terminus. The zinc ion in the catalytic site is indicated as dark gray sphere.
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N —

Fig. 2-12. The topology diagram of the subunit structure of COSase. The core region is boxed in yellow

background.
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Fig. 2-13. The ribbon diagram of the dimer structure. One subunit is colored blue to red from the N to the C

terminus, and the other one is shown in gray. The zinc ions in the catalytic site are indicated as dark gray spheres.
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Fig. 2-14. The ribbon diagram of native COSase. Each subunit is represented by different colors. The zinc ions in

the catalytic site are indicated as dark gray spheres.
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Fig. 2-15. The catalytic site of COSase complex with SCN . The residues originating from one subunit are shown
in cyan and those from the other in pink. The OMIT electron density map (50) for the SCN™ and surrounding
water molecules are colored orange. The zinc ion (dark gray sphere) is coordinated by two cysteine, one histidine
residues and a water molecule (red sphere). Interactions between the zinc ion and its ligands are shown as red
broken lines. Blue broken lines indicate the hydrogen bonds. Nitrogen, oxygen and sulfur atoms are shown in blue,

red and yellow, respectively.
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Fig. 2-16. Overlay of the catalytic sites of COSase (pink), the Mycobacterium tuberculosis B-CA
Rv1284 (blue), the Mycobacterium tuberculosis B-CA Rv3588c (purple), the Methanobacterium
thermoautotrophicum B-CA (orange) and the Acidianus sp. A1-3 CSz hydrolase (green). The zinc ion
and water molecules in COSase are represented as gray and red spheres, respectively. Interactions
between the zinc ion and its ligands are shown as red broken lines. Blue broken lines indicate the

hydrogen bonds. Nitrogen, oxygen and sulfur atoms are shown in blue, red and yellow, respectively.
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Fig. 2-17. Proposed reaction mechanism of COSase.
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Fig. 2-18. The possible substrate tunnels (yellow) from the active site to the surrounding solvent calculated using
CAVER: (A) COSase, (B) the Mycobacterium tuberculosis p-CA Rv1284, (C) the Mycobacterium tuberculosis
B-CA Rv3588c (tetrameric form), (D) the Methanobacterium thermoautotrophicum B-CA, and (E) the CS,
hydrolase from the Acidianus sp. A1-3. One subunit is shown in cyan and the other in pink. Dark orange and
green parts in (E) correspond to the N- and C-terminals of the adjacent subunit and light orange and green ones

represent those of the opposite subunit. Dark gray spheres represent the zinc ions in the active sites.
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HI3E BHBE D COS R & COSase Z & e p-CA @ clade D B F OB H

-1 LI

KPR OCOSD FEFRIE AR E LT, HEEIL, MW TEHE LS R I TW\5 (Launois ef al.,
2015), S HIZ, A— b7 L—T WA LTz B, CAICX T D R AIBHFE Al Z ¥ L 7= L5 Tk, COoS
SIRDE SN D720, COSONIEEMANIC L DO THY , I 51T, ZHITCOSHIEAH
REFLTWACAIZENT S L E X BN TWS (Kesselmeier et al., 1999; Saito et al., 2002), ZiLE TH S

(ZSNT-COSHRMAEMIT, 121ITFH LT K D12, ZRRRDBERICELN > TIHFEL TN H DD,
ZOHIT V72 <. PAEWERKIZCOSHIEIEN B 2008 9 MTH LN TIE R, S HIT, ZHuh D%
DIFEAEE, RRBE L LR TIHEFITE D, ppmvE—F —DCOSEHAWVWTEY | KKUREDCOSE H
W2 AIFZE 1A 6D T/ 220 (Kato et al., 2008; Li et al., 2010; Kusumi ez al., 2011), Kato ez al. (2008) DAFFEIC
k5 &, BN EE SN TR REBIEOTIEDOCOS /M DN, Mycobacterium spp. 4FEKIL, KR
FEDCOS% 53 f#$ % 05, Williamsia sp. 1 #ER M O\Cupriavidus spp. 2 KIE. 538 L 72 no 72, Z OftRI1E
AW HERIIR SN D b OO, HHEFICTEIET D Mycobacterium g % & T R E 1X, KRIEECOSD Sy
fERE 2 PR HF L T D FTREME 2R 97, RIS, BT oMAEmOh T, EEICRS AL A v AL LTF
fE3 % 72% (Islam and Wright, 2005), & D COS/MRRE A T2 = L 1%, COSOIHARIFE LT+ D COS
DIEOFMAET D7 DICEHETH D,

— 7 M OCOSHREEF D 5 b | W R & Ff Sl & L CT. thioparus THI1 158D COSase,
Acidianus sp. A1-3%KX°Acidithiobacillus thiooxidans S1pik & ONG8HEDCS, hydrolaseS 2} 5415 (Table
1-1), ZAUHOEERIT, 7 I/ BRESIOXH A S AT 22 5 . B-CADclade DIZ/HH S 415 B-CAD R
773U —=LLTEZOND (2EF; Smeulders eral., 2011, 2013), & 512, FEHDP-CAlL. clade BIZ434H
SN, BWSIENEOH D Z E N BN TS (Protoschill-Krebs et al., 1996; Ogée et al., 2016), ZiLH D
FNRLIE, B5EM DB-CAD COSHFRIETEN TR BN TV N DD COSTHFRIEIENRNH D = & ZRIBT 5,
ZDT=8, FHOCOSHFEIENEZ FFOMAEMIL, B-CADEER 7 7 J Y —ICHFHINIBREZHRFHFL TN D
AIREMEDN R,

AWEFETrX. HOBRE (Actinobacteriafil) DIZIEETOHE (suborder) % MAFET DAk 4 7oA, KOt
B HKato et al. (2008) 235yHE L 72COS/ i, J O'Katayama et al., (1993) 23538 L7=T. thioparus
THI1 158K D COSHy TG 1 % MU ] CHOle U7z, & BT, 1880 B 43 L 72 COSAr i Ml B 12 B L T COSase
Za— RT58BBEET DN EFHNT,
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32 B Gk
3-2-1 M R ONHE 2 Stk

Table 3-1 (ZFLL7-MIB A EBRICHE L7, 2?9 H Actinobacteria fiiZi%, 10 OHfi H B3FEET 52
(Stackebrandt et al., 1997)., £52#& DR S I H 5, Actinomycineae & Glycomycineae df H # < 8 fiH IZJ&
LM 20 FERA RO, BERIRAAREE [N TBOE N B G ET A #EHE Biological Resource Center
(NBRCQ). [E7HFFEBH 39 N B L A ZE AT Japan Collection of Microorganisms (JCM)] 72> 5 43 i S AL 7= # kK
PR Lz, 2o, Fox OF7EE T, Katayama et al. (1993) 23558 L7= T. thioparus THI115 B&. K
O Kato et al. (2008) 7377 L 721 IR K2 D COS 73 fiF#liE 8 Bk Th 5,

BEBAME, EREICL > TR, BRI LRWIRY | T thioparus THIL1S #&ZER\WT, PYG
(polypeptone-yeast extract-glucose) K IAEF A H\N o, PYG IRIAEFHLOMERL (g/L) 1Z. AU~ (H
AHUER) 2.0, Bacto yeast extract (Difco) 1.0, Z/b=—Z 0.5, pH 7.2 & L7z, #akfmsroe @ o T
thioparus THI115 ¥R DB 1T, 2-1-2-1 IZFE L7= mTC10 55t (7272 L. pH7.2 ICZEHE L7z) & iz, 120
rpm, 30 °C TEERE T2 2 & T, HRICEEZTRo7,

3-2-2 30 ppmv COS D 43 fif EBR

BEBEEMEOME L., PYG Elin sy o v an=—% 1 A&EHER L, BB (B X 20 cm,
WL 2 ecm) (2 ARL7Z 10 mL O PYG {RIAEFHNCHERE L 7=, EFWIC/2 5 £ T 3~17 HHE) #. 5,000
xg. 20°C TI154MmL L, £E L7, 25mM U VD U ANy 77— (pH7.2) THIKZE 2 [HI¥EH
e, ANy 77 —10mL THE L7, RBE (ES20em, NfE2cm) (B L, 75V W (W-21, K
BRBLZE) TEA L7z, 10.3%0D COS HEHEL (A (Balance gas: N,, HE2 TANAKA) %, HAZA h~A 7
0yl TR OKH 40 mL 2N L, KAHO COS #JE % 30 ppmv 12 L7, #INERIL. COS i
FEWETE LW T2 RN 10 53% 2> 5 120 rpm, 30 °C CHEEIER L oo BREFIICEHE 2 BB L | 2-2-2-1
IZFEH D 7 E T, GC-FPD IZ L - T COS IEAWE L7z, 7272 L. Katoeral (2008) 7377 L 7-1¢ R
EMED COS H A E o . Williamsia sp. THIA10 BRIZOW T, COS fEIcAET D HSIck v, 7
B~ h7 T A5 EDCOSDE—7 L HyS OE—27 BNERY | COS JREZHEH KL NoT, TDI2,
Kato et al. (2008) 7357EfE L7= 8 Bk & T thioparus THI115 #RDEER TIX. COS O E— 7 FFIZ HoS OB —
7 INE 72 5 720 B,B-oxydipropionitrile (Chromosorb W AW-DMCS, ¥ —=T /L% A =2 R) ([T LEEHE
L. GC&MELH T LREE 40°C, ¥+ V7 —HADHHEAZ 17 mL min ' (T2 F LT, COS DO HIE
o BRSOV

IREBR DK T 2, WIKOE2EHRFE (TOC) %, 3-2-4 |25k L7z HIEIC X 0 llE L7z, COS 4
JGIE, FEECIBIHAR Cy=Coe™ & LTRSS, HEER k(M) 2ROz, TIT. Cul. t(h) 28
7% COS DREE R L, Cold COS DYIMIRE Z /"7, HIKEM D COS RGO lzi%, TOC M7=
O kx=HHLUTITR2 572, T thioparus THI115 #:1X, 9.9 mL ® mTC10 £5#1i2, EH B OEHK 0.1 mL %
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LT, EWINIRDETT AR Lz, AEOERH Y OWEE LRV, WBRE 5 A TR
TR0, Wiz 1 2ICE & T, ERRER UL ICEREIUBROERIEZT -T2,

3-2-3 KKIRE D COS D EER

FBIL, PYG AR, T PYG #ERE- M 2 FAVCTRER L 72K &2 V72, PYG IR & - 7=
FEETIE, v han=—1 ASFEZRBRE (EX 16 com, N 1.5 em) (2 AR7Z, 10 mL PYG #RIAES
HICHERE L7z, 3~7 ARERG R L. AR CERMICKE L2 2 & 2 MEGaE4. 3-2-2 (ISRl HIE L
C RO UTHR, FRBEE. BB LT o7, WKL, 7 AKEIEHRT (GF-75. PRI 742 0.3 um,
T RART 7)) TR LT, BRERG<Tmd, A— b7 U—T WA LA [IL 4720 5% (w/v) &7
AT FY A 55mL, 1M VYU UEETKEL Y 7L 6.0mL 2 ETARK] 5.5 mL 2 ANz ¥ —LIic,
BRZ R L2 A Bz, vy — LIEEZE T, LA B L7 SLAET VI =T ANy 7 (AAK-S,
Ve YA T R) WA, EWT LTS E 2 Y v (A-75, 280 mm, —ZEHN ALF) THEE L, AN
v PRI ZER A FRE LT, 7F /0 W 2 (W-12, KEGELEE) TR LAY —=7Z@EL T, Ny Z7HOK
F8300 mL % 50 mL &>V ¥ (7/0F) ZHWT, REERICEIRL, 2-2-2-10 O 5L TREME%IZ COS
DEREATIE ST,

PYG HEREEHI % - 72 EBRTIL, PYG ZREFHIUE 10 (54 R L7z PYG ZEREFHIN & 72 5 AR S Hi
2, Yo/ van=—% | Qe L, 3~7 AR L., BRTEFEICHRE Lz 2 & 2 itk
Yy —LOHFEEHNLT, SLETNAVI=U LNy ZIZ AN, ERREFUT LI ICKKIRED COS Do fifs
BRa1T72 o7,

3-2-4 TOC D EE

TOC 1%, ¥ FRAL- IR T A 4385+ & > THIE L 7= (Seto and Tange, 1980), COS 73 fi# SEBR L T 4% |
B A= 7 T 2 a3 OBbR~% L 72, 10 mL @ milli-Q /K T COS 43 R FHh 1 Fi U 72 iR & 36 L,
BIIL7 (ZO#EEE 204778 -72), BEHIZ) VI mL 2L, N—F—TBXLZ 2 oFmE-4
5 & THEIRMARE L., WAKICTZ 7232 LT, KIERE E CTRERREZ T 72%, RitEE S
UL S5g ZMRALAEIC, 100 g L EESRIATE 1 mL &2 7 7 A ORI A, #% Lz, Y —Z4KICH#
KREVT, CO, 2MELEELKZ, ImLmin' T7 7 2 2l@R Lo, FREN 52251, CaCl, & 5
HU 728 12 X D KERDOBREER T, IEHBIERINREAT 25505k (ZRH, & LERK) (8 A LK,
N2 T A URNEE LR, 7T A3 2T THENOMBRRIAIE 2RI~ L, BEbli\—F—T
DNEN LB S 7=, RHERERIC & - ClEREE 7 U ¥ A X DEL2MERE S, #KD TOC B3k (L
RFEVFEET D, T Ok FEE, IS BICIRNMRET 2503 TRIE Lz, 7V a— AR (RFEE
& LT 0~3mg-C) #HWTHERDEIEEZIT/IRW, 2O — 7 OEMEN O M EM % (ER L T TOC %K
77
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3-2-5COSase & B-CA DT I/ BEFIOREHEREZ o2 — N+ 2 EEBF OB

Kato er al. (2008) 7% LML pHEE L7, COS ZfRHIE (Mycobacterium spp. THI401~THI405 #£.
Streptomyces sp. THI408 ¥, Williamsia sp. THI410 £, Cupriavidus spp. THI414 £, THI415 B£ D 9 BEkE) D
mTC A 7 > MG BICAE X 2RO 1| BeH %, 500 mL A0 7 7 2 22 Afiz, 100 mL @ PYG K
REEHICHERE L, B L=, BRI CERIICGE L L 2MR%E. ¥/ L DNA 27477 b (=
IR V=) ERHWTRER LT,

PCR (T & % COSase A& F DI HWHHEE 77 A ~ —I1%, COSase I[ZRFRAYR T T A ~ — 3R
23, COSase I%, T. thioparus THI115 FRUAN DAY T, ZDFIENBH BT/ > T2, EOfEK
DR 72 DR CX ey, 2072, REBRTIE, COSase & B-CA M TERIFESNZT I/ WRGE
1 [Fig. 1-2,Fig. 3-2 IZ/R 415, COSase D it o Bl fEIk > —# &2 & e 7 X / FEEIS| (VACMDAR),
KON B3 fEHI D —EEG&ie T 2 /WAL (HTRCGML)] I SWTHiE 7 74 ~— &% L.
5-GTNGCNTGYATGGAYGCNMG-3'} T} 5'-“ARCATNCCRCANCKNGTRTG-3' & L 7=, £ D7, COSase
EBCADELL LS DATHEMNH D, PCR X, Phusion High-Fidelity DNA Polymerase (—& 7
AT X—IA T T 4T v ) ORPEFEELSHZIC L, MUSEHIE 1 < HF buffer, 200 uM dNTPs, 7
V= R7FI74~v—, UNRN—RT T4 ~—%2uM, £ DNA 10 ng, Phusion DNA Polymerase 0.004 U
T, Milli-Q KT 20 uL & L7z, PCR BUGSAF:IE, 98 °C, 30 #—98 °C, 10 #, 60°C . 30 #», 72 °C,
30 % 25 %14 7 v—T72°C, 1047 & Lz, PCREMIL, 2% 7 H v — A7 /VEKUKEI Tl L. COSase
(23T 185 bp (1T DM A 2481 0 Hi L | illustra GEX PCR DNA and Gel Band Purification Kit (GE ~/L- &
Ty ZRHWTHIH L7z, 819 1 L7z DNA BrA i, pGEM-T Easy Vector System [ (7'1 A ) & T
R B —~FFAL, 2TV FEAXLIO-Gold (T YLy b T 7 /) uy—) ([ZEl#Hk L TEA L,
TN—FRUA ML I va itk A — NOFEEfR LIz2r =—% LB 5 #i CH; %%, DNA
HEN B E (PI-50a, 7 7 A D) 12XV, 7T A REMi L7z, HIIREESE EcoRl 12851 % —Fh
DR, ¥ PCR I X 2R Z MR TEL T T AI FEHANT, ¥y T U —v—27 % — (3500
Genetic Analyzer, ¥ —E 7 4 v ¥ v —Y A T 4 7 4w 7)) 2L, WIS ZRE LT CBR e
& # Table S1), COSase & B-CA iB5 - DORIFHEIE A & Lo ERLSIL, BARDNA 77— N 7 128G L
7= (7 7% v a & 5E Mycobacterium spp. THI401~THI405 #8745 LC127314~LC127318, Williamsia sp.
THI410 ¥k7% LC127319 TH %),
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3-3 R
30 ppmv @ COS 43 &

Table 3-1 (C=3 & IV | Spirillospora albida NBRC 12248 ¥, Skermania piniformis NBRC 15059 .
Micromonospora chalcea NBRC 13503" Bk & < | 17 Bk OB E T, COS S fEMED & 5 Z & A3 & 7
Elpofe,ary ba—v b UTITR o T BE X OS8R Tl COS DALFI R MK 3 fRDT= % (Ferm, 1957;
Elliott ef al., 1989), %2 0.027 £ 0.003h ' (n=6) T COS WD L1z, ZD=b, KW TIE, 0.04
h' LU B ER T COS & 0T DMl %, COS /il & Ew iz, Corynebacterium ammoniagenes
JCM 1305" £E D COS Ffifix, SUGHREAT 9 B H LKL, FREGEEIAIC 7 « v R Lirhoielzth, 5
e B % T COS 7 i h BB EE 2 R 7=, TOC %70 OEEEE T, WKk D COS 7 fiRis i 4 bt
W% & BB > & 9938 S IUT- i RE O Tl Dietzia maris NBRC 158017 ¥k (6.19 = 5.68 h™') 78,
b EWEMEZ R L7 (Table 3-1), 823508 L 7= COS /il 8 Wk Crulie 5 & Mo
WX B-Fa T F 7T U TGS D Cupriavidus sp. THIAIS KR L 0 & B WEME 2R Lo, O E O o Tl
Streptomyces sp. THI408 FRITIRVEMETH 723, ZHUFEEEFIC 7 vn v 7 2B L2729, @V oorfii
EMEE R THEEOR G N DI oo AIREEDN B 2 B iz, COS BN RNV X—% 5D T OICHAT
&%, T thioparus THI115 BROTEPEIZEVMEZ R LT,

KZBED COS 43 fiF

PYG G IRE % FIV - Streptomyces ambofaciens NBRC 12836' ¥kD F2BRTiE, 2 HRET COS 73, B &
Z 500 pptv 725 1300 pptv ~ L7 L72, EEXICHBWTH, BEZ 1400 pptv ~EH L. KEEED COS
R EFANT 5 BT, PYG A EBRICHND Z L TE vt BEx o, 20 LT, By
ANZEENDEEBEZLND, TNVETFFUROVATA U7 ED LS 7, AN b EWITHEEKT 5 AHE
R H 25 (Flock et al., 1997), % D7, WREEEHA AW EEZIC, TOREKRE R L, B Hp S 2 B
DERWTZRIT, RKURE COS D RFER 21T/ o7z, Z ORI, WRIRAFHEE 2 B3R STz 20 FE
. Dietzia maris NBRC 158017 #£ D 117 KA E COS D AMRIEIEN TR S 1177,

COS MIRICIX, RERHO X 5 2 BEMOFEENLETH L AHEME D E 2. TOC %4720 @ 30 ppmv
COS D WV fRIE M 2R Lz 12 kR 28 Y, 10 5 R L7z PYG iR A2 VT RRIRE COS O
ORFEREAT IR T2, T OFEE, Fig. 3-1 \ORT X 912, Dietzia maris NBRC 15801" £ & Streptomyces
ambofaciens NBRC 12836" ¥kIZH] & 72 COS % 43f#% L 7=, Rhodococcus rhodochrous JICM 2158 ¥k, Gordonia
bronchialis NBRC 16047" £} U8 Nocardioides albus NBRC 139177 ¥kiZ, BEE X & H~<T COS 24 13KV
HLOD, I COSEELVIFEmL< Y, tMEICIVARREZ, a2 he— Lo THLALI->
7= (P > 0.05), XTHRHIIZ. Geodermatophilus obscurus NBRC 13315T i & Amycolatopsis orientalis NBRC
12806' #kTld. COS DA ~DIAEN BT,
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COSase & B-CA D7 I/ BRELFIDRFEBEZ = — F I 2 BEEER S DM H

Mycobacterium spp. THI401, THI402, THI403, THI404, &% U} THI405, Williamsia sp. THIA10 O HEERIC
BT, HIFFS4L5 185bp D PCR EW IS B AL, & D DNA ORI (77 A ~— Ik Z FRU N7z 145
bp) ZUE L FEMERMRBR AT 7oL T A B-CA TR b mWHIEMER & 2 2 & 23487 L 72 (Fig. 3-2).
FED—FHT, W ONPDORTT 477 1m—2TiE, COSase X° B-CA L ITH BT ERAR HEH R S
72 e, RERICHWE T 74 ~—OFRRMEITIRN & B 2 DAL, Streptomyces sp. THI408 #£ Tl
70— A VESIKE TR SN D 185 bp DN RGN > 7=, Cupriavidus spp. THI414 £
THI415 R TiX, 185bp LD/ RGO, HWHEEIIZH OGN LS REORY T 771
— 12 COSase X B-CA OEFNT 72 < (FHRPERMRBE LIck 2 A &< Bx D % /X7 (lipase, cellulose
synthase, lauroyl acyltransferase, DNA gyrase, Tursiops truncatus @ ankyrin repeat and SOCS box protein 16
ETPHEID X NI E . Klebsiella JEFME O hypothetical protein) % = — K925 ¥ FEEHIZ &V [RHE
s Uiz, REBRTIL, Streptomyces sp. THI408 #% & Cupriavidus spp. THI414 £, THI415 £ Tid, COSase
& B-CA DESNIHELNRD -T2, TTA~—DRRMEDIKE S PCR KFEOFBLEZ LMD D,
TN DOBERNFET HAEREZIEETETE RN EEBEZLND,
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3-4 BE

R IRAT BB 7 B 7078 S AVTZ HGRREE D 20 BERRT 17 BEFRIT. 30 ppmv COS DRIEMEN D D H DD,
30 ppmv COS D@ W27 L7z 12 EEED 5 6, KRR D COS (X L TH & 272 3 s 1t 2 7R
L7=Di%, 2 BikD B Tdh 7=, Streptomyces ambofaciens NBRC 12836" #E D K KL EE COS D4 iR 25k T
X, BER MR L (PYG K HEOFHA-OUEIE) (2 K o THOBEMER R o7 2 &b M OAEBISIEIC
WEE T T A R 103, COS DffiEMEICET 2D LB X bz, Y (Kesselmeier and Merk,
1993) <> (Lehmann and Conrad, 1996; Kesselmeier et al., 1999; Conrad and Meuser, 2000) TiL, COS ®
WY & FE AR RNT B Z S0y COS REE, DEVMMEARHLZ ERMLNTND, EDH, K
FROFERNG  MIEITB N T, [T XD ZifE AL COS /D RBEL . KK D COS & 30 ppmy
COS DRENIHIET DA REMEDR & D,

WL DO BEESCIREE TlX, COS DFAEN HALTE Y (Melillo and Steudler, 1989; Kanda, Tsuruta and
Minami, 1992, 1995; Liu et al., 2010; Whelan et al., 2013; Maseyk et al., 2014; Whelan and Rhew, 2015; Whelan
etal,2016), THETIXHATMIIC COS B, KRRE LV BWETRAHLEEZLND Z &b, KRIRE
D COS FfRIEVED 72 W & . COS D EERIH KPR T 5 15T, COS I 5T D alRetEn & 5,

Geodermatophilus obscurus NBRC 13315" # }2 0N Amycolatopsis orientalis NBRC 12806 ki, KK D
COS 73 fif FEBRIRFIZ COS DFEN R b7, MAEMIC XD COS DFEEIX, SCN X CS, D4y fif THs i
TUWA DS (Smith and Kelly, 1988; Katayama et al., 1992; Sorokin et al., 2007; Smeulders et al., 2011, 2013;
Hussain et al., 2013), 215 ObEMIT, AEBRCTEHE<EHIN TRy, —F, JVZF4H U0V A
TA Ul EOREEALA WL, COS DRIBEMRE 2V H25 Z ERNMBLENTEY (Flock et al., 1997),
ERNIZFTET D 2o ObEWH, COS FEAEILTHFE LIZmiEEbE 2 bid,

TNV F =555 72012 COS DIy RN VAT, T, thioparus THIL15 RO COS 43 fRiEMEA B D 1T Y
RE LR D, —J. E\ COS W iRiEM: % 759 Dietzia maris NBRC 15801" #%=°. Mycobacterium sp. THI405
BRI, IERREBME CThH Y, COS N TRAF—AEFELBMRL TS LIFB I, ZOAEHME
BT REHO L TIE R W E B2 D, RKIFIETH 5272 - 72 PCR FEY) D Fikd 51| % National Center for
Biotechnology Information (NCBI) @ % L /X7 EHIR(FE R A A LR — /L Toh %, CD-Search |2 & V) Ksk
L7ofE 5. B-CA D clade D IZHFHIND Z E PRSI, B-CA 1L, 7 X/ BBELHNC IS < Rk 6 |
4 DO clade (A~D) 25T Hiv, Table 1-1 ([ZR”T L 57, @V COS HfRIENELZ FF> COSase X CS,
hydrolase |%, B-CA @ clade D IZ/33H &5 B-CA DfEFE 7 7 I U —Th D, B-CA D cladeD % 2 — N
LG AR, ABFIE TR LI E O WL D007 ) AT HAIFTE LT (Fig. 3-2), 25 OEFIZIL,
COSase ([ZRFHHI72 05 ~V v 7 AR, DD /V—7" (Glyl50—Prol158), CS, hydrolase (ZH58% 7% FF €
F—7 (Smeulders et al., 2011, 2013) [X/F7E L 72\ (Fig. 3-2), =D 7=, COSase X°> CS; hydrolase & |5
720, B-CA THDHAREMAE . MM EF U KL 512 (Protoschill-Krebs ef al., 1996), B-CA DA DIEM:
T D CO, DAIHH R AKFSER & ITBNZ, COy & COS IXT Fr T bEWTH D=, COS b MK iE
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THHDEEZLND, TO—FT, ERFEFZMETH D Mycobacterium sp. THIS03 Bkix, HMALEHEN)
IRRREIRLRE R FE D, S DI COS gL & D Z E ML E TS (Kusumi ef al., 2011), =
D L. Mycobacterium J&EDFME TIX, COS M RIEMED, TR —APE L BIR L TV D ATREMED &
Ll ERERT S, REBRTHWIZMED 16S rRNA X° B-CA & COS /S fifiEtE & OBRZ . Zfkt & o
FHBEI TR L7223, BAREZ2BAGRIZEA & 272 B 7e >y~ 7= (Fig. 3-3. Fig. 3-4),

AIFFENZ Ko T, %< OIEHRE T COS fIEMER D Z &, B-CA ¥, ZDIEMEIZEMR L TV 5 Alie
MEW O LT, TF, BEREICxT D HUAEYE nystatin ORI T, HEIZ X D COS WIS E SN D
Z & (Bunketal,2017). Fusarium J& <° Trichoderma J&7% & DEEIZ Y, COS mfifiEIED & 5 = & A
LTSN (Lietal, 2010, Masaki et al., 2016), ZD7=8%, K5 COS ODEEZRMHKF L LToLES
FERNZ R 9™ 2 72 011E, BRI O £ 5 22T Tl BEF oSS Fv R LTEERERO
HELWRLIEDPEETHDLEER D,
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Table 3-1. Comparison of COS degradation activity at 30 ppmv and ambient COS.

Ambient
30 ppmv COS oS
. a)
Phylum Order Species Rate Rate constant / Rate
TOC
constant (mg C) TOC constant
L9 £ (0" mg C) @)
Named bacteria in
Actinomycetales
Dietzia maris NBRC 158017 2.34+£0.49 0.90 = 0.77 6.19 = 5.68 >0.41
Streptomyces ambofaciens
NBRC 128367 1.57 £ 0.07 1.26 £ 0.06 1.25 £ 0.01 >0.33
Geodermatophilus obscurus
NBRC 133157 0.69 = 0.20 1.24+£0.14 0.55+0.10 <-0.05
Streptosporangium roseum
NBRC 37767 0.55+0.10 1.46 = 0.16 0.37 £ 0.03 -0.04 = 0.04
fggf;’?”“ bronchialis NBRC 0.11£0.01  0.31=0.03 0.35 = 0.05 0.08+0.18
Streptomyces albidoflavus
NBRC 128547 0.47 £ 0.04 1.51 £0.01 0.31 £0.03 0.01 =0.02
ﬁ’zafgf”p ora sefae NBRC 029+001 111005  0.26=0.00 -0.09 = 0.03
5{’5”;“0“”“' rhodochrous ICM 31 L 000 130£0.08  0.24%0.02 0.06 = 0.07
Corynebacterium ammoniagenes
JCM 13057 0.23 £ 0.00 1.14 £0.22 0.20 = 0.04 -0.10 = 0.05
]1\]309‘?;?’0"1“ albus NBRC 0312004  1.71%002  0.18=0.03 0.09 = 0.04
fjggffy nnema mirum NBRC 030003  199+004 015001 -0.01 = 0.01
fggy(féﬁlampm orientalis NBRC 23,004 2102006 0.110.02 <-0.14
Streptomyces albus NBRC
Actinobacteria | Actinomycetales 130147 0.05+0.01 L15+0.19 0.05 = 0.00 n.d.
fg’fg}“w” aponicus NBRC 006002  176+0.00  0.040.01 n.d.
P sl S 007002  2.86+001 002200 n.d.
Micrococcus luteus JCM 1464" 0.04 = 0.02° 2.76 = 0.07 0.01 £ 0.01 n.d.
Sporichthya polymorpha o
NBRC127027 0.02 = 0.00 1.61 = 0.05 0.01 = 0.00 n.d.
f’z’;’ig?sl’ ora albida NBRC 0.00£0.00  0.38=0.13 0.01 = 0.00 n.d.
Skermania piniformis
NBRC150597 0.00 = 0.00 0.29 = 0.05 0.01 = 0.00 n.d.
%’gggﬁ"""a‘gp ora chaleeaNBRC 60 L 000 1.79£0.04  0.00 % 0.00 n.d.
COS-degrading bacteria
isolated from soil”
Mpycobacterium sp. THI401 1.27 £ 0.48 0.84 £0.32 1.83 £ 1.09 n.d.
Mpycobacterium sp. THI402 0.93 +0.09 1.64 +0.04 0.57 = 0.07 n.d.
Mpycobacterium sp. THI403 1.07 £ 0.04 1.98 £ 0.02 0.54 = 0.01 n.d.
Mpycobacterium sp. THI404 1.70 £ 0.14 1.84 +0.10 0.92 +0.03 n.d.
Mpycobacterium sp. THI405 334+0.14 0.75 +0.22 4.62+1.19 n.d.
Streptomyces sp. THI408 0.20 = 0.04 1.51 £0.09 0.14 £ 0.03 n.d.
Williamsia sp. THI410 1.00 = 0.03 1.81 £ 0.04 0.55 +0.01 n.d.
Burkholderiales ‘ Cupriavidus sp. THI415 0.04 = 0.01 0.95%0.15 0.04 = 0.00 n.d.
Proteobacteria COS-degrading bacteria
(Chemolithoautotroph)
Hydrogenophilales ‘ Thiobacillus thioparus THI115° 7.33+2.10 0.88 +0.06 8.26 = 1.84 n.d.
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All experiments at 30 ppmv COS were done in duplicate except that Dietzia maris NBRC 15801" and
Mycobacterium sp. THI401 were done in quadruplicate and quintuplicate, respectively. The experiments at
ambient COS were done in tripricate. Values of rate constants and TOC of each organism are shown after
subtracted the values of uninoculated control, respcetively. Each value shows mean + standard deviation. The rate
constant of Corynebacterium ammoniagenes JCM 1305" at 30 ppmv COS was obtained from the degradation
curve up to 5 h as described in Results in detail.

? The superscript “T” indicates a type strain.

® Dietzia maris NBRC 15801, Streptomyces ambofaciens NBRC 12836, Geodermatophilus obscurus NBRC
13315" and Amycolatopsis orientalis NBRC 12806" show mean values because some data obtained by GC
analyses were beyond linear range of calibration curve. n.d. = not determined.

© Although the rate constants that were subtracted from the values of uninoculated control were low, it was
considered as COS degrader because there was clear difference in the degradation curves between
bacteria-inoculated and un-inoculated control.

9 Isolated by Kato et al. (2008).

® Isolated by Katayama et al. (1992).
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Fig. 3-1. Time courses of ambient COS degradation by actinomycetes. (a) ®, Streptosporangium roseum NBRC
3776T; m, Actinosynnema mirum NBRC 14064T; A, Streptomyces albidoflavus NBRC 12854T; O, Rhodococcus
rhodochrous JCM 2158; +, Geodermatophilus obscurus NBRC 13315T; o, uninoculated control. (b) o,
Corynebacterium ammoniagenes JCM 1305T; m, Kitasatospora setae NBRC 14216T; A, Gordonia bronchialis
NBRC 16047T; O, Nocardioides albus NBRC 13917T; X, Amycolatopsis orientalis NBRC 12806T; o,
uninoculated control. (¢) o, Dietzia maris NBRC 15801T; x, + and O, Streptomyces ambofaciens NBRC 12836T; °
and A, uninoculated control for Dietzia maris NBRC 15801" and Streptomyces ambofaciens NBRC 12836,
respectively. The experiments of figures (a) and (b) were separately performed because of the limitation of the
manipulation. Figure (c) is shown to emphasize bacteria degrading ambient COS rapidly. Asterisks indicate the
bacteria significantly emitting or degrading COS. All experiments were done in triplicate. The symbol and error
bar show mean and standard deviation, respectively, and are offset for clarity. Because results among triplicate
time courses of Streptomyces ambofaciens NBRC 12836" differed, each assay 1is separately presented.

Amycolatopsis orientalis NBRC 12806 increased COS to 2861 + 954 pptv in 3 days.
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T. thioparus THI115 (COSase) (372558276)
Mycobacterium sp. THI401
obuense UCT (8 )e)

Mycobacterium sp. THI402
Mycobacterium rhodesiae ATCC BAA-494 (491288636)%
Mycobacterium sp. THI403
Mpycobacterium sp. THI404
Mycobacterium phlei DSM 43071 (489984060)7)
Mycobacterium sp. THI405
Mycobacterium rhodesiae NBB3 (503978052)*
Williamsia sp. THI410
Nocardia jiangxiensis NBRC101359 (750548916)2

is ATCC27294T ( o

Dietzia maris NBRC 158017 (1021689168)°
Streptomyces ambofaciens NBRC 128367 (921183923)°)
Streptomyces ambofaciens NBRC 128367 (917648564)°)
Geodermatophilus obscurus NBRC 133157 (284066081)°)
Streptosporangium roseum NBRC 37767 (502657338)°)
Gordonia bronchialis NBRC 160477 (262086520)°)
Kitasatospora setae NBRC 142167 (503901279)°

NBRC1003307 (26227050

Primer,

o1 B1 o2
— _‘k —
1 KSNTDALLENNRLYAGGQATHRPG--HPGMQPIQ- PSRRVAV‘EI.I_\.C_D_{_[-).AII_@LD— -VEDLLGLQTGE--
1 LD--VYRILGLADGE
1 VTDEYLVNNEEYAKTFS————————— GPLPLP-PSKHVAVVACMDARLD--VYRILGLADGE
1 LD--VYRVLGLKDGE
1 'VTDEYLANNVEYAKNFT
1
1
1 'VTDEYLANNAEYAKTFK-
1
1 'VTDEYLKNNEAYASSFS—========
1 LD--VYRILGLGAGE--
1 TVTDELLDNNTRYAAQFS— —-GPLPLP-PSKHVAVVACMDARLD--VYRILGLGEGE--
1 TVTDDYLANNVDYASGFK-
1
1

—-GGMDAR-PVRRVAVVACMDARLD--LFAALGLELGD-~

Actiosynnema mirum NBRC 140647 (255918802)°) 1 —-GDRSSPMPSMQVTILTCMDSRIR--VFEIFGLKQGE-—
Amycolatopsis orientalis NBRC 12806 (511265535)°) 1 —-GPLPLP-PAKHVAVLACMDARLN--VYGALGLQOEGE--
Amycolatopsis orientalis NBRC 128067 (511270551)°) 1 —-GDRSSPRPSLHVTILTCMDARIR--VFEIFGLIQGE-—
Amycolatopsis orientalis NBRC 128067 (739458976)°) 1 —~-GDRSSPRPSLHVTILTCMDARIR--VFEIFGLIQGE--
Acld/anus sp. A1-3 (CS2 hydrolase) (342239636) 1 —-VKGIP--NNRRLWVLTCMDERVH--IEQSLGIQPDD-~

G8 (CS, 1 M —-QMGIP--NNRRLWVCACMDERLP--VDDALGIRGDR-~

S1p (CS, ) 1 —-RYGPDGHNNRSLWVLACMDERLP--VDEALGIHVDTPAGGGDAHCFR
Escherichia coli JCM 20135 (Clade A) (47606320)° 1
Pisum sativum (Clade B) (115471)b) 1
Mycobacterium tuberculosis ATCC27294T (Clade C) (61 1 MPNTNPVAAWKALKEGNERFVAGRPQHPSQSVDHRAGLAAGQKPTAVIFGCADSRVA--AEIIFDQGLGD-~

o3 B3 (—Pn—mer— o4 o5
-

T. thioparus THI115 (COSase) (372558276) 67 NAGGVIN----EDAIRCLIISH---HLLNTHEIIL Vl-ﬂ«f;‘.}gg(.;_-‘l_ll_IAFTDDLLRAGLEGDAAAEKLIGQATGRAFVSAGKASASPAAFQAFRGPPEPLDAP

Mycobacterium sp. THI401

Mycobacterium obuense UC1 (810923830)
Mycobacterium sp. THI402

Mycobacterium rhodesiae ATCC BAA-494 (491288636)
Mycobacterium sp. THI403

Mycobacterium sp. THI404

Mycobacterium phiei DSM 43071 (489984060)
Mycobacterium sp. THI405

Mycobacterium rhodesiae NBB3 (503978052)
Williamsia sp. THI410

Nocardia jiangxiensis NBRC101359 (750548916)
Mycobacterium tuberculosis ATCC27294T (15608424)

Dietzia maris NBRC 158017 (1021689168)
Streptomyces ambofaciens NBRC 128367 (921183923)
Streptomyces ambofaciens NBRC 12836 (917648564)
Geodermatophilus obscurus NBRC 133157 (284066081)
Streptosporangium roseum NBRC 37767 (502657338)
Gordonia bronchialis NBRC 160477 (262086520)
Kitasatospora setae NBRC 142167 (503901279)
Actiosynnema mirum NBRC 140647 (255918802)
Amycolatopsis orientalis NBRC 128067 (511265535)
Amycolatopsis orientalis NBRC 128067 (511270551)
Amycolatopsis orientalis NBRC 128067 (739458976)
Acidianus sp. A1-3 (CS, hydrolase) (342239636)

idans G8 (CS,

$1p (CS; )

Escherichia coli JCM 20135 (Clade A) (47606320)
Pisum sativum (Clade B) (115471)
Mycobacterium tuberculosis ATCC27294T (Clade C) (614098999)

T. thioparus THI115 (COSase) (372558276)
Mycobacterium sp. THI401
obuense UCH (8

Mycobacterium sp. THI402

Mycobacterium rhodesiae ATCC BAA-494 (491288636)
Mycobacterium sp. THI403

Mycobacterium sp. THI404

Mycobacterium phlei DSM 43071 (489984060)
Mycobacterium sp. THI405

Mycobacterium rhodesiae NBB3 (503978052)
Williamsia sp. THI410

Nocardia jiangxiensis NBRC101359 (750548916)
Mycobacterium tuberculosis ATCC27294T (15608424)

Dietzia maris NBRC 158017 (1021689168)
Streptomyces ambofaciens NBRC 128367 (921183923)
Streptomyces ambofaciens NBRC 128367 (917648564)
Geodermatophilus obscurus NBRC 133157 (284066081)
Streptosporangium roseum NBRC 37767 (502657338)
Gordonia bronchialis NBRC 160477 (262086520)
Kitasatospora setae NBRC 142167 (503901279)
Actiosynnema mirum NBRC 140647 (255918802)
Amycolatopsis orientalis NBRC 128067 (511265535)
Amycolatopsis orientalis NBRC 128067 (511270551)
Amycolatopsis orientalis NBRC 128067 (739458976)
Acidianus sp. A1-3 (CS, hydrolase) (342239636)

a8 (CS,

S1p (CS, )
Escherichia coli JCM 20135 (Clade A) (47606320)
Pisum sativum (Clade B) (115471)
Mycobacterium tuberculosis ATCC27294T (Clade C) (614098999)

NBRC100330" (2622705)

NBRC1003307 (2622705) 122

19 -RLLGTREIILIH:
58 —~RLLGTREIILIHHTDCG-MLTFTDDEFKRAIQ EETG IKPE
19 -RLLGTKEIILIH:
58 ~RLLGTKEIILIHHTDCG-MLTFTDDGFKRDIQ ETG IKPQ
19 —~RLLGTREIILIH.
19 —RLLGTREIILIH.
58 ~RLLGTREIILIHHTDCG-MLTFTDDEFKRQIO: EETG IKPE
19 -RLLGTKEIILIH
58 ~RLLGTKEIILIHHTDCG-MLTFTDDDFKKAIQ: DETG LKPE
19 ~RLLGTTEIILIH
58 ~RLLGTTEIILIHHTDCG-MLTFTDDDFKRGIQ EETG IKPG
58 —-DDVIRSLAISQ---RLLGTREIILLHHTDCG-MLTFTDDDFKRAIQ DETG IRPT
62 —-DGVIRSAAVAI---YALGVNEIIIVGHTDCG-MARLDEDLIVSRMR ELG VEEEVIEN
59 —-DDVLRSLTISQ---RLLGTEEIVLIHHTDCG-MLTFRDDDFKDQIQ SDTG LRPR
77 —-DDVIRSLTISQ---RALGTRSVILVHHTACG-METLT-EEFRHELE LEVG QRPG
84 —-DDVIRSLTISQ---RALGTRSVILVHHTACG-METLT-EEFRHELE LEVG QRPG
58 —-EDVIRSLTVSQ---HVLGTREILLVHHTQCG-LQATDDNSFADLVE QATG RRPP
59 —-DDVLRTLVLAV---YLLGVNRVLVMPHTDCG-MAKSTDDDVHALA QHG: VDTRS
58 —-DDEIRSLAISQ---RLLGTTEIILIHHTDCG-MLTFTDDEFKREIQ: NEIG QKPN
68 —-DDAIRSLTISQ---RALGTRTVVLIHHTGCG-LLGLT-EEFRHELE REVG QRPQ
59 —-DDMIRSLALSQ---RKLGTREVLLVHHTNCG-LELVTEDAFKDELE TDSG MRPP
58 —--EDEIRSLAISQ---RLLGTREITILIHHTDCG-MLTFTDDDFKKSIOQ EEVG VKPA
59 —-DDMIRSLALSQ---RKLGTREVLIVQHTDCG-LSMVTEDDFKDELE AAS LRPT
59 —-DDTIRSLALSQ---RKLGTREVLIVQHTDCG-LSMVTEDDEKDELE AASG LRPT
58 —--DDAIRSASLTT---NFFGTKEIIVVTHTDCG-MLRFTGEEVAKYFI SKG IKPTEVQLDPL
61 —-DDATIRSAMLTC---NFFGTEEIVIINHTECG-MMSAQTDTIVKALK DKG IDLDNLQLDPD
68 —-DDATRSAMLTC---NFFGTKEIVIVOHTQCG-MLSGNANEMEKVLR EKG MDTDNITLDPT
65 NVANLVI----HTDLNCLSVVQYAVDVLEVEHIIICGHYGCGGVQAAVENPELGLINNWLLHIRDIWFKH LLGE
75 NVANLVPPYDQAKYAGTGAAIEYAVLHLKVSNIVVIGHSACGGIKGLLSFPEDGTYS—--TDFIEEWVKIG--————————————————= LPAKAKVKAQ
74 TAGHVID----SAVLGSIEYAV---TVLNVPLIVVLGHDSCGAVNAALAAINDGTLPGGYVRDVVERVAPS -VLLGRR
o6 B4 B5
— —

159 RSDASTERI-—————————————————, AADVRRGLSIILNHPWLPTAGPDA--ITVRGF IYDVDTGRLEEVSY!
48

115 WAAESFGDL-—========——————— DEDVRQSLRRIDASPFVTKH-———-~ ESLRGFVFDVATGRLSEITL:
48

115 WAAEAFGDL---=====—=—————— e DEDVRQOSLRRIEKSPFVTKH-————~. ESLRGFVFDVATGKLAEVLL
48
48

115 —-EEDVROSLRRIENSPFVTLH------TSLRGFVFDVATGKLNEVTL
48

115 —-EEDVRQSLRRIEASPFVTKH------ESLRGFVFDVATGKLNEVTL
48

115 NEDVROSLRRIQTSPFITKT- —SSLRGFVFDVGTGKLEEVTD

115 -TSLRGFVFDVATGKLNEVTP-
~IGVHGLIIDINTGRLKPLYLDED

~TAVRGFVYDVSTGELREVQRE:

116
133
140
115
116
115
124
116
115
116
116
121
124
131
137
153
144

—-VRITGYVYEVETHRLRKPNQIIYN--ETSKFEHGTIVKE-
LPELTLKAG-MFGKWVKMYQDV --VTISGWIWEVETGHLRPPHFRIGEKVNTN---KAMGAK-~
LPELQLAKG-AFAKWIGMMDDV IVVSGWVWEVENRRLRAPTLDKEKRARTDCTPTPYGVKGNQPPRWK-
MPQERRLDT-======————m LCELNVMEQVYNLGHSTIMQSAWKRGQKVTIHGWAYGIHDGLLRDLDVTATNRETLEQRYRHGISNLKLKHANHK
HGDAPFAELCT- ~HCEKEAVNASLGNLLTYPFVREG-LVNKTLALKGGYYDFVKGSFELWGLEFGLSSTFSV-
DGLSRVDEF --- —--EQRHVHETVAILMARSSAISERIAGGSLAIVGVTYQLDDGRAVLRDHIGNIGEEV-~

78

66
18
57
18
57
18
18
57
18
57
18
57
57
61
58
76
83
57
58
57
67
58
57
58
58
57
60
67
64
74
73

143

219

48
163

48
163

48

48
163

48
163

48
163
163
176
166
182
189
164
164
163
171
163
164
163
163
204
199
217
220
221
207



Fig. 3-2. Multiple alignment of amino acid sequences deduced from partial nucleotide sequences of
Mycobacterium spp. THI401-THI405 and Williamsia sp. THI410 with B-CA, COSase and CS; hydrolase. The
alignment was constructed using ClustalW with MEGA6 (Tamura et al 2013) and showed using
GENETYX-MAC ver. 17 (GENETYX, Tokyo, Japan). The residues to be identical in more than 50% are shown
in grey background. All proteins, except as otherwise noted, are clade D of B-CA. The secondary structure of
COSase is shown above the alignment. Closed stars show the zinc binding residues and the residues stabilizing
the water molecule that occupies the fourth coordination site of COSase (Chapter 2). Open stars show the FF
motif that is specific to CS; hydrolase. The amino acid sequences of COSase used for the design of the degenerate
PCR primers are surrounded by a broken line. Arrows show the PCR primer regions. The accession number of
each sequence is shown by NCBI GI number in parentheses.

Y Amino acid sequences of B-CA just below each THI401-THI405 and THI410 are those suggesting the highest
relatedness by results of NCBI BLASTP search: for example, Mycobacterium obuense UC1 for THI401.

b B-CAs reported their characteristics such as CA activity and X-ray crystal structure in detail.

® Included in this figure, because Clade D of B-CA was found in the genome databases of actinomycetes used

here.
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Rate constant/

Ccos TOC Ccos Rate constant
degradation 4 4 degradation (h)
(30 ppmv) (" mg C1) (atmospheric)  (atmospheric)
(30 ppmv) -
Mycobacterium sp. THI404 (164454370) + 0.92 +0.03 +
Mycobacterium sediminis YIM M13028T (566085633) +
Mycobacterium sp. THI403 (164454369) + 0.54 +0.01
Mycobacterium sp. THI402 (164454368) + 0.57 £0.07 +
Mycobacterium tusciae CIP 1063677 (645320754)
Mycobacterium sp. THI503 (356995831) * -
Mycobacterium confluentis 1389/90T (343201519)
Mycobacterium sp. THI401 (164454367) + 1.83 +1.09 +
Mycobacterium sp. THI405 (164454371) + 4.62+1.19 +
Mycobacterium brisbanense W6743T (265678732)
Skermania piniformis NBRC 150597 (663226) -
Williamsia sp. THI410 (164454375) + 0.55 +0.01 -
Williamsia limnetica L1505T (645320808)
Corynebacterium ammoniagenes JCM 13057 (1066022) + 0.20 +0.04 - -0.10 +0.05
_‘;‘jDietzia maris NBRC 158017 (639964) + 6.19 +5.68 + >0.41
Gordonia bronchialis NBRC 160477 (444304105) + 0.35 +0.05 + 0.08 +0.18
Rhodococcus rhodochrous JCM 2158 + 0.24 £0.02 + 0.06 +0.07
Nocardia sp. THI406 (164454372) +
Nocardia sp. THI407 (164454373) + ~ Actinomycetales
Nocardia coeliaca DSM 445957 (559795187)
Amycolatopsis orientalis NBRC 128067 (10045578) + 0.11 £0.02 - <-0.14
Geodermatophilus obscurus NBRC 133157 (444304106) + 0.55+0.10 - <-0.05
Brevibacterium linens NBRCT 12142 (515022) + 0.02 +0.01
Micrococcus luteus JCM 14647 (27657416) + 0.01 £0.01
Actinosynnema mirum NBRC 14064 (343201115) + 0.15+0.01 - -0.01 +0.01
_:Luteacoccus japonicus NBRC 124227 (3395617) + 0.04 £0.01
Nocardioides albus NBRC 139177 (2581826) + 0.18 £0.03 + 0.09 +0.04
_|:Micromonaspora chalcea NBRC 135037 (1359927) -
Sporichthya polymorpha NBRC 127027 (6009629) + 0.01 £0.00
_|:Spirillospara albida NBRC 122487 (3426158) + 0.01 +0.00
Streptosporangium roseum NBRC 37767 (444304134) + 0.37 £0.03 - -0.04 +0.04
Streptomyces albus NBRC 130147 (42557944) + 0.05 +0.00
Streptomyces ambofaciens NBRC 128367 (90959998) + 1.25+0.01 + >0.33
Streptomyces albidoflavus NBRC 12854 (90960012) + 0.31 £0.03 - 0.01 £0.02
Kitasatospora setae NBRC 142167 (2511473) + 0.26 +0.00 - -0.09 +0.03
Streptomyces sp. THI408 (164454374) + 0.14 +0.03
Streptomyces flavidovirens NBRC 130397 (343200412) .
Blautia producta ATCC 35244 * L Firmicutes
Eubacterium limosum ATCC 84867 (174517) * N
Mesorhizobium sp. THI412 (164454377) +
_| Mesorhizobium caraganae CCBAU 112997 (343205720)
Rhodospirillum rubrum ATCC 25903 *
Methylomicrobium alcaliphilum DSM19304T (444304224) *
Dyella sp. THI413 (164454378) +
,—{Dyella kyungheensis THG-B117T (566085616)
Acidithiobacillus thiooxidans G8 (523585722) *
Acidithiobacillus thiooxidans S1p (523585727) * r—Proteobacteria
E— Variovorax sp. THI411 (164454376) +
—[Variovorax defluvii 2C1-bT (566085263)
Thiobacillus thioparus TK-m (293407685) *
Thiobacillus thioparus THI115 (302029724) * 8.26 +1.84 +
Cupriavidus oxalaticus NBRC 135937 (631252421)
_ Cupriavidus sp. THI414 (164454379) + -
0.05 Cupriavidus sp. THIH5 (164454380) + 0.04 £0.00 -

Fig. 3-3. The relationship of COS degradation activity and bacterial phylogenetic position based on 16S rRNA
gene of bacteria used in this study. The phylogenetic tree was constructed using the neighbor-joining method with
MEGAG6 (Tamura et al., 2013). Nocardia sp. THI406, Nocardia sp. THI407, Variovorax sp. THI411,
Mesorhizobium sp. THI412 and Dyella sp. THI413 are COS degrading bacteria isolated in the research of Kato et
al. (2008) and their phylogeny was determined. Bacteria that phylogenetically related to isolates by Kato et al.
(2008) are also shown in the phylogenetic tree. Bacteria marked with asterisks are known as COS degrading
bacteria (Smith and Kelly 1988; Smith et al., 1991; Katayama et al., 1993; Kusumi et al., 2011; Smeulders et al.,
2013). The accession numbers of 16S rRNA gene sequence data are shown by NCBI GI number in parentheses.
Due to the lack of 16S rRNA gene sequence data, 16S rRNA genes of Blautia producta JCM 14717 (GL:
631252072), Rhodospirillum rubrum ATCC 11170" (GI: 444303827) and Rhodococcus rhodochrous DSM
432417 (GI: 640003)) were used from the data of Blautia producta ATCC35244, Rhodospirillum rubrum ATCC
25903 and Rhodococcus rhodochrous JCM 2158, respectively. Blautia producta ATCC35244 was formerly
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classified as Peptostreptococcus productus strain U-1 in the research of Smith ez al. (1991).
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Rate constant/

COs Toc COs Rate constant
degradation I 4 degradation (h")
(30 ppmv) (! mg C) (atmospheric) (atmospheric)
(30 ppmv)
Mycobacterium rhodesiae ATCC BAA-494 (491288636)
Mycobacterium sp. THI402 + 0.57 £0.07 +
Mycobacterium sp. THI404 + 0.92 +0.03 +
Gordonia bronchialis NBRC 160477 (262086520) + 0.35 £0.05 + 0.08 +0.18
Mycobacterium rhodesiae NBB3 (503978052)
Mycobacterium sp. THI405 + 4.62+1.19 +
Mycobacterium obuense UC1 (810923830)
Mycobacterium sp. THI401 + 1.83 +1.09 +
Mycobacterium phlei DSM 43071 (489984060)
Mycobacterium sp. THI403 + 0.54 +0.01
Nocardia jiangxiensis NBRC101359 (750548916)
Williamsia sp. THI410 + 0.55 +0.01 -
Mycobacterium tuberculosis ATCC27294T (15608424)
Amycolatopsis orientalis NBRC 128067 (511265535) + 0.11 £0.02 - <-0.14
Thiobacillus thioparus THI115 (COSase) (372558276) + 8.26 + 1.84 +
Dietzia maris NBRC 158017 (1021689168) + 6.19 +5.68 + >0.41
Geodermatophilus obscurus NBRC 133157 (284066081) + 0.55+0.10 - <-0.05
Kitasatospora setae NBRC 142167 (503901279) + 0.26 +0.00 - -0.09 £0.03
Streptomyces ambofaciens NBRC 128367 (921183923) + 1.25+£0.01 + >0.33
Streptomyces ambofaciens NBRC 128367 (917648564) + 1.25 +£0.01 + >0.33
Actinosynnema mirum NBRC 140647 (255918802) + 0.15 +0.01 - -0.01 +0.01
Amycolatopsis orientalis NBRC 128067 (511270551) + 0.11 £0.02 - <-0.14
Amycolatopsis orientalis NBRC 128067 (739458976) + 0.11 £0.02 - <-0.14

Acidianus sp. A1-3 (CS, hydrolase) (342239636)
ﬁcidithiobaoillus thiooxidans G8 (CS, hydrolase) (523525295)
Acidithiobacillus thiooxidans S1p (CS, hydrolase) (523525297)
Streptosporangium roseum NBRC 37767 (502657338) + 0.37 £0.03 - —-0.04 +0.04
Methanothermobacter thermautotrophicus NBRC100330T (2622705)
Mycobacterium tuberculosis ATCC27294T (614098999)
Pisum sativum (115471)

— Escherichia coli JCM 20135 (47606320)
0.1

Fig. 3-4. Phylogenetic tree based on amino acid sequences of B-CA, COSase and CS; hydrolase and their relation
to the COS degrading activity. Enzyme proteins illustrated in Fig. 3-2 were used to construct the phylogenetic tree

using the neighbor-joining method with MEGAG6 (Tamura ef al. 2013).
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% 4 FE COSase & W\ T. thioparus THI115 £k D COS 23 fRIZ £ 9 B B D RIAL 55 Bl

-1 XU ®I
F1FETRLIZEY . COS OFATCHRITUE T DL, 6. MERBIUKD COS DIEE 2 ifE T 5
ZEPRBLNTND, LAL, BBOMRICENTEH, DO RBERDWHREDTL DX IK
<, BIZIE, HHEOWMERETIZ255~770 Gg S yr ' EHEE STV 5 (Launois ef al., 2015), i 5D
RS VL, Hx OFAP, HRENSD COS OFAMRE, HREHEZ KB THR L XL SIT4ET
TWAHDOEEL TTbITnWD, —J, ZOX 5 R REMER Sy OBRELZIZET 2 FEEE LT,
FINLAR Sy BIOFIH A E B 40TV % (Johnson et al., 2002, Brenninkmeijer et al., 2003), ZauiL, £Ex 78R
Biip bERILS Au7 COS DRIALIREL L. COS DA D D W MFIHRITEID 2 SUG TE U 2 [RIALIR S 5] 2 F)
ML T, HIERAAED COS OBEAHEE ST 2 HIETH D,

IHNETIT, EHERIE R 2 BOSIZ R 28R 2 W RIGLAR S B O FEIE. EERICE D 5
RuBisCO (Park and Epstein, 1960), J&FE (2B 4> % glycolate oxidase (Guy et al., 1993), % (234> % nitrate
reductase (Karsh et al., 2012) % " nitric oxide reductase (Yamazaki et al., 2014), {12 B3> % hydroxylamine
oxidoreductase (Yamazaki et al., 2014), %52 [EH E(ZBI40 % nitrogenase (Sra et al., 2004), 7 & =7 [A{kIZ
B93> % glutamate dehydrogenase (Weiss et al., 1988) [ U® glutamine synthetase (Yoneyama et al., 1993) 73 &
B, Wi s OGA L BRERE T H 12 X 2 fftFRE T SUS OfESE TH 5 | dissimilatory sulfite reductase (DsrAB) @
BB TWD (Leavitt et al., 2015), & O, AWHIERLFHI 722 SO6 TlX 72 WA, AR b DR &
L CHE— FREA] ametryn O 73 fiE#%35 T 5 s-triazine hydrolase (TrzN) 23JF%E 41TV % (Schiirner et al.,
NHL*ﬁ\%ﬁMMMEK%LTH\ﬁ%ﬁ%¢bkbf\ﬁ?%ﬁ@%ﬁ%@@kﬁ%®@ﬁﬁm

BIFD, RAAERZBNCE L CTHFFE STV 5 6 D@ [Jones and Starkey, 1957; Kaplan and Rafter, 1958;
Kaplan and Rittenberg, 1962, 1964; Nakai and Jensen, 1964; Kondrat’eva, Mekhtieva and Sumarokova, 1966
(Zerkle et al. (2009) (Z & - T5|IH & 4172); Mekhtieva and Kondrat’eva, 1966 (Chambers and Trudinger (1979)
KO Zerkle et al. (2009) (2 X > THIH S 4172); Ivanov ef al., 1976 (Chambers and Trudinger (1979) & O®
Zerkle et al. (2009) & & - THIH &#172); Chambers and Trudinger,1979; McCready and Krouse, 1982; Fry et
al., 1984, 1985, 1986, 1988; Taylor et al., 1984; Habicht et al., 1998; Zerkle et al., 2009; Kamezaki ef al., 2016],
PRI B D BESR O FALIR 3 B OBFFEITAT R b T 720,

ZHIVETIT, COS DFENLAEZZBINZ DWW TIL, COS D Y43fi# (Hattori et al., 2011; Lin et al., 2011; Schmidt
etal.,2013), KX P AL [+OH KT OCP)] & DG (Danielache ef al., 2008; Hattori et al., 2012; Schmidt
etal,2013) (2B L THIEDMTRDNTND OO, EERHEKKTH D, YL I L D COS i
RIG L LIZIRIE R0 e, T OPH & LT, FALARDBIOMEIZIE, COS 238 pmol 4B TH -7
7D ThD, Lol T4, Hnmol @ COS Z MW TRMAELZJETE 5, ¥AZ n~ b7 T 7-[FfL
R B EE (GC-IRMS) 23B%E &4 (Hattori et al., 2015), #1$ T COS 3 (2 X 5, COS 43 fiRic
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BT D i DRINAR S B DA FE AT e o7z (Kamezaki et al., 2016),

Kamezaki et al. (2016) X, JIEEIZ LV LEEN S 3BES V-, 7 ERONEEREMED COS il (Kato
et al., 2008) % JHU T, 4,000 ppmv @ COS DAY FREER 2177200, 7 BkEE TIZH VT, COMs kv b Co™s

EEE LTI A 26N LT, £ LT, ZORNRDBIEE (348) . Mycobacterium spp. 4
BEAE D3 -3.99~-3.56%0, Williamsia sp. THI410 #£73-3.74%0. Cupriavidus spp. 2 BE#H3-2.38~-2.09%0 C &
D, AMEORE LV T e ERRRDAREMEZ R Lz, L LA, MAMIC L D Ye i, FURIE
ThoTHOAWEEFEEEOEND X D, FERFMEOENS, KEERM CEBT 5653 % 5T
Y (Kaplan and Rittenberg, 1964; Zerkle et al., 2009), FEFEED KK D X 5 72 pptv L)L D COS EE TS,
[ C XD RENAR IR AE C DA TH 5, [FNAREIIE 21772 5 L TOEAR 261576 BUR
Tk, KKBED COS % AW RN RHRIE O FERIT, RARETIE® 243, FALIESBIOFER 72 A 7
S ANEEET D 2 L0E, MAEMIC XD KRKIBED COS R T 5, FNEs R ZHEST 2 ECHE
HLCThD, I T, AFETIE, 2 ECEERFEMES X MAESIEZ P 5202 L7z COSase, WNC
thioparus THI115 BROE R E AT, [RNAKGBIEEZRE L, FNLRDBIO A B =X L2 SN
HZEHHBE LT,
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4-2 Bt & ik
4-2-1 COSase O f5 H

NI (2005) 12X B FEEFAWT, ez ® COSase DREMEIT/ooT=, 7272 L, IAEZFF 7
7 H—Z 4B (GE ~/V A7 7)) I S 7 GST fil & COSase % | Factor Xa Cleavage/Capture Buffer (£ /L
7 IVART)ICL - T, mLMRICEEEREZ B CHER T 25 £ THyF L7z, £7=. HiTrap Q HP
717 5 (GE ~VAT 7)) TR 5, 045 pm JLEDO A 7 L7 ¢ /L% — (Millex-HV Durapore
PVDF membrane, A/L7 I URT) ICXVERERAZEEB L, V¥ F A7 7 1m—2 4B X Xarrest
Agarose (A /L7 T URT) Z#EEITRE L,

4-2-2 COSase IZ X 5 COS 7 fE £ Bk

68 mL 5/3A T /U (V-50, HEHLIE ) 7 Ffe (TRt y 7 X Ry x— #ilH 2 A{k5) TH
Z L Ny A (99.999%, Hikfless) % FE L7z, 10.4%0 COS HEHEX (A (Balance gas: N, H 2 TANAKA)
T, HAZA h~A 70 PT343 mL L, A 7VRICEIN L T, 3 L% 5,000 ppmv @ COS
ERE LUz, U U ERIL THNEL KRB S E7%, 50 ug O 2 COSase #&Te 50 mM
Tris-HC1 (pH 8.5) 2 mL Z ¥R L, 30 °C TS &7z, ar hue— & LT, BHELEE I 50 mM
Tris-HCI (pH 8.5) 2 mL & [AI£RIZ1T72 5 72,COSase (X 3 #, 2> b v —/U L 2 # TIT72 - 72, IRINE & 1
KAHD COS RENEN DT, WINE 5 0 OREEHICH AL A b~A 7 ) P2 HnT, KA
BT Y T Ui, COS IEEIL, COS DIEEITIG U T 30 ul XL 50 L 28 L, £ % E# GC-FPD
WZHEA L 4-2-5 D HIEIZ L o THE Lz, — 5 [FAAR O BIEIZE L CTix, COS DL U T 1 mL,
2mL I3 mL &% 7Y 7 L He (>99.99995%., KB5 H RFE3R) Z FelE L7z 5 mL &/ 1 7V (V-5B,
HEHALA 7) WL, % H GC-IRMS ([Z X 2WE&E1T72 > 7=,

4-2-3 T. thioparus THI115 ¥k D $5 &

500 mL A0 7 7 A a~Af7=, 10/ 9 {F#E D mTC10 F5H (Table 2-1) 90 mL (2, EHHICE L T
W5 T. thioparus THI115 #R OB 10 mL Z8FE L, 120 rpm. 30 °C THEERE L7236 2 HEE#EZ1T
Moz, 2-1-2-2 DFFEIZL Y, SCNBETHEINT-Z L 2R %, Bk 1 A&F4, BBRE (B&
20 cm, W& 2cem) WO mTC10 AT & MEFHL FIZHERE L, 30 °C THHERTE L7, 155 25 B, &
(ZELTWD L AETHIBT L, 4-2-4 [ZR2HD 1L T COS fif B & 1772 o T2,

4-2-4 T. thioparus THI115 #R1Z X % COS 7 fg EB

EFME CHlE L7z, T thioparus THI115 $£0 COS N REBRZ1T/2 57280, AT > MG ECh#% %
Tlhao TEIRBEDO VY aed . 7L Wk (W-21, KIEELEE) ICR#%, [EEeER (71— R
G3. MHEEFR) LK A (TAERFR) &M\ T, 80% Nay 20% O,. 0.03% CO, IZiEH L7z, &2
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~10.4% " COS HEHES K (Balance gas: N,, H £ TANAKA) 2 HAX A h~A 27 ) PEHANT,
B X% 4,000 ppmv O COS 12725 X DT L, 30°C T COS 20 S 7-, IRMMERIT, KFHD COS
RENEHND T2, WL 20 53 PABEN HRRFIIIZ, TAZ A h~A7mv ) VW TRMHE
TV Uiz, COS EEERIERICERI L7 20 uL O%AHIL, EH: GC-FPD IZHEA L, 4-2-5 D FIEIZ X
S THE Lz, —J, FNIAERORIEICBE L TE, 1mL 237V 7 L, 4-2-2 O Fik & RRIC/ER
L7z, He B L7z S mL /34 TVHICIRIN L. % A GC-IRMS (2 L5 HIE Z 1778 > 7=, COS DHIHIE
FE D TO%FEE S o3k ST WE R TR EBRz2 /& T L, A7 > b FOMEE % 4-2-7 O HIEIC L - TiEK
L 72, COS ARt FECEPItiRR Cp=Coe ™ & LTIEBIEN, MEEK k(") 2RD-, 22T,
Col t(h) 123175 COS DIREZRF L, Cold COS DHIMIRRE % ~7,

4-2-5COS D EE
COS DEEIL, 2-2-2-1 D FELFRFEIZLTITR o7, 7272 L. 7 2DREZ 190°C TIE72< . 60
°CIZEH L7-, COS BEEDOHIMEMERZIT 3% N TH -7,

4-2-6 COSase O % 7€ [FIAL & 53 51 D Bl &

Hattori et al. (2015) (2 & » TBA% & 7= GC-IRMS (2 L ¥, COS D # D RN At 2 & L 7=, fliEIC
RARHESAELFaT—v—T (VI TARY vF) ICE o TR ST He (599.99995%. KB
HAMESH) %, 1.5Lmin ' OFWETHF ¥ U7 —H 2L LTHWE, EFE0 COS /iR T L 7= % H
BETe A TS COS A 8 nmol YA EIZeD K HIC, HAXA h~A 7 mv ) P THRILL,
preconcentration line (Z{EA L7z, MAER THALTEAT UV VARF—LF 2—7 (E X 150 mm, HNEE
10.5mm) 2 COS % F7 v 7%, |RICET Z L THAESE, TNEREERTHEA LT Y —
Fa—TIC T v T EET, TOHK, REEREZREL, BELLCOSE, XYy ET VI T L (ES
30 m, NE2 032 mm, JEE 10 um, HP-PLOT Q. 7 ¥ L v b7 7 /) m ¥ —X) %4 L7- GC, & 5|2 IRMS
(MAT253, b —F 7 4 v ¥ ¥ =V AT T 4T v 7)) ~BEALT, 777 A0 A2 P8 P Mg
ZREL., FMAEEZRH L, BXZ 11 ppmv O COSEHERIK (DX /X777 AT aXr ) i,
RN A HE I E OHEFE 2 iR+ 5 72010, 3 M CHIE Sz, 67°S, oS, AYS DIEHEF 1L, COSase
FER T, ZNEI 0.1%0, T. thioparus THI115 BEDEER T, ZILZ4 0.6%0. 0.3%0. 0.5%0 T -7,

4-2-7 T. thioparus THI115 £ © & X

AR ) OBER AR O #4502 1%, LIVE/DEAD BacLight Bacterial Viability Kit for microscopy (¥—€ 7 «
VY= AT UT 4T 4y T) EHWE, IO, AT~ EOERE 0.85% NaCl 10 mL T, [F]
WL, 10,000 x g, 1530 LTy h &7, 28] 0.85% NaCl 10 mL CEAPEE%. FHE 10 mL T
W X 7o, AR, B 1 mL 2%t L C Live/Dead i3E 3 uL M x, 15 0SS H 72, 0.01%748 Y -L-
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Uy (P8920, 7/~ TRV wvF) T L7, BEAE25mm OALFE02um NV Ih—RRx—Fr7 7>
7 7 4V — (KO20NO25SA, 7 K> 7 v 7)) T L., @A EIUNE, & EBMEE (BZ-8000,
KEYENCE) IZ X VW & L7,

4-2-8 FLEDER
PS & M ORMKIE, SEE LTROEIITREN D,
'S = Reample / Rreference — 1
Z 2 C Ryample B O Reeterence 1L 8 DFFRICI T 5517 COS KOO COS DRINEIAL [S /7S (x 1% 33
XL 34)] THDH, SHITAPS T, EEMEAFHSH [mass-dependent fractionation (MDF)] & . B & IEHK 17
#4575l [mass-independent fractionation & % \ V% non-mass-dependent fractionation (MIF)] % X33 % 72912
M b, MDF b DfFZESE LT, RO X IITRDLEND,
APS =67S - [(8's + 1) - 1]
NS Z 7 7 2 —a tE, o="k/>k (x 13 33 XL 34, kITHEEH) L LTRESND, RMLESHE
B e (0 1233 XiX34) 1F, e=(Ca-1) & L THRI{, Mariotti et al. (1981) IZ L > TEZRI NI LD IZ
RIREND LA V= bRDHND,
0"S — 0" Sinitiar = e In f
I TR HOMERICIT D COS HREE A FM D COS L THI > 7-fETd 5, MIF IZ, MDF 75 DfF
FEL LT, ORIZL > TREN, MDF OEANCE > TPS(PE) L LTEDHLS (Bigeleisen and
Mayer, 1947; Hulston and Thode, 1965),

BE=3¢_0.515%%

4-2-9 HEEHT

TS kX, =7 &/ (for Mac 2011, version 14.7.2, Microsoft) ¢ SLOPE BE%t% FHWCTHEH L7,
el & PEEO#E 1L, 7 U — Y 7 k R (version 3.4.1)(R Core Team, 2017) % AW\ TIT/2~72, LAV
—HUTBW T, il 0'S — 0 Siniar. HHHZ Inf & LIZREOMEI N el L 720 . el & F DEHERZE KL O
PEORHIX, FEAzZ@oH/D FEIIL>TRED, RO summary %% FHWTI772 > 72, COSase
& T. thioparus THI115 #£ D ¢ fED FL#ZIE, R O ttest B E AW Tt REIC L V177> 72, PAEA<0.05 D
REIC, ARICENRSDI DL LT,
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4-3 fER

COSase |2 L 5 COS /R DR EE FEH01%.0.79+0.10 ' (¥ =1.00) & 720  AEBRD COS I EEH#iPE Tl,
—WRGTHDH Z EDIRENTZ (Fig. 4-1A, Table4-1), =2 h 12—/ L TlL, COS DO N7 BB /5
ATED HpS (3B S 78 o 72 [< 7 ppmyv (BRHBRFUE)] Z &6 ALK BRI X % COS 43
fRl%, 720 b @ LT L7z, COSase 1Z, COPS <2 CO™MS LV & COS 2B LTHML, Ye R Ve
X, ZNEN-1.0+0.1% % 2.2 +0.2% CTd > 7= (Fig. 4-1B. 4-1C. Table 4-1),

T. thioparus THI115 ¥RIZ K % COS 43RO EHIE, 033+0.03h" (°>0.94) &720, COSase & [
FRICIRBUGTH D Z &N &ENT- (Fig. 4-1D, Table 4-1), = > b 2 —/ L CiX COS DB FL 5407223,
COSase DI5E & AR HoS 1M S 49" [< 10 ppmv (5 HERFUE)], ALZE 72 MK ARIZ &% COS 79
RIT72 NS D LW LTm, AT v NS EICAE LIz T thioparus THINS BROHIEEIL, COS HRMX T
AHEL 4.7 x 10°, 2.0 x 10° cells tube ', FEE%C 4.8 x 10°, 1.3 x 10° cells tube ', COS #EFMIK TAEH 3.1
x 10°, 3.2 x 10 cells tube ', FEE%L 0. 81 x 10°, 1.8 x 10° cells tube ' & 72 ¥ | WAMMBIBIZE CTHER LT[R Y
TIE, ARFEBRICHEM LZIRED COS oL, EERDEFITEREL KITL T RN LAVRShT:
(Table 4-1), T. thioparus THI115 #kDEE 2 7= 1) & COS /R EEE#IE. 0.76~1.51x 10" h ' cell ' TH
572 (Table 4-1), COSase DFE & FEEIZ. T, thioparus THI115 ¥RIZHBWTH, COPS R COMS kv b
COS 2B L THM L, Pe RO e ilid, £ EN-1.8+0.6%0 /% '-3.6+0.7% T~ 7~ (Fig. 4-1E,
4-1F, Table 4-1),

COSase & T. thioparus THI115 BRI D P¢ e O e fHOD PAEIZ, 0.08 TR 0.03 L 720, e DREE 2=
Llpol= (Tabled-1), LWL, AU =T A Y b—=F 71y MIXDHMHEEIX.043~0.56 TH Y (Fig. 4-2).
MDF % R4 & 0.515 [ZHlAmVME AR L7z, S 512, PEEiX, COSase T 0.1+0.1%0. T. thioparus
THITIS BE T 0.1£0.2% & 720 1FIE 0% TH D Z &6, COSase & N T. thioparus THI115 ¥£1Z £ % COS
S3fRIE, MDF (Z KX D506 & B 2 L7z (Table 4-1),
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4-4 B

COSase X N T. thioparus THI115 ¥RIZ & 5 COS ZfiRiL, RIFBRIZCB N T—RIEZE R LTz, COS I,
{LZRBNTINK 3 S 2 Z E R BN TV DA (Ferm, 1957; Elliott ef al., 1989), = b —/L bt L CTRE
L7cBERR L, HDOWVITEEX TIL, COSEEICIEL DX IIR NS DD, NKSRDOERB TH 5
HoS (IM & 417, AbFRI IR fRIT, SN2 LV TIHAELC T RD o7, COSIREDITH D
X, GC-FPD DOHIEIZ X DFHHEER A O bR 203, ZORKIIAHATIEH 508, 2 he
—/L & T COSase X° T. thioparus THIL15 #RIZ, BIGMNITHR S COS 2R L TWA Z &nh . ARifF%E
TiX, ZOEXSDE XA OPRFEIZEELRNE D EHE 2T,

INFETIZTHLNZEN TV D EEICE T D EERE O RN 511X DstAB & TrzN D& T 5 (Leavitt
et al., 2015; Schiirner ef al., 2015), Desulfovibrio vulgaris & Archaeoglobus fulgidus @ DstAB @ **¢ 1%, #
NZEIN—153%0. —16%0 T D, Arthrobacter aurescens @ TrzN |25 5, ametryn DF 4 A F /LD E K
FUHADBEWIC LD Yl —147% ThHHZ b, T b & AT COSase D e fliL, K2 &
B BT 572, TraN & a-CA O X G IL, 2EMICIERL 5 OO JEMEFRALIZ DV T g
T 5 &, MAIXEWICELIL TW5 (Seffernick ef al., 2010), £7-. COS HiETEIEIT R E < Big 528,
COSase # & te B-CA &, IHEMEBALIT a-CA (ZFEEL L T 5 (Kimber and Pai, 2000; Haritos and Dojchinov,
2005; Ogée et al., 2016), = 512, TrzN OILE ThH 5 ametryn &, COSase DILE TH D COS 1%, &< £
LG TS AN, WMERITIBE LA D=L, OFE 0 | IEEBAIAATET 5 BT
5, E RRX A FUICRDRBA~DOREREL | TDO%RD C-S G OB L > TRERSMREND
(Fig. 2-17; Schiirner et al., 2015). Schiirner ez al. (2015) 1%, TrzN {2 £ % ametryn @ C-S fif & OfigdfIL, K&
TRIENEARS R 2R L. 2 ORISR ERFE CTh 272, ametryn D532 K 2 Bt #5 O RIACAR 53 B3 K
LMD EREL TS, —F, 0-CA DIFMEIIL AL L 72T T /L AW[(HN);ZnOH] 12 X %, COS O
TNy RS VE R 3B~ D SRIZ BB N EE BB T D LIRE I TV D (Schenk et al., 2004), = D7
COSase |2 & % COS MK F T 2 FNLIR B/ N S WERER & LT, C-S f5 & OfFBER R I, Al
i<, RUSHHERIZE T, C-SHEDOMEEZ AL 572D, ZORKISITRNT B RS 5]
RER, — I IRFBESORBBENFEERBERE L 720, ZORKNIZ L D RAAR BN S W)
COS MUK I T D [RNLIR RIS, /NS < 7R D ATREMEN B 2 b Tz,

T. thioparus THI15 RO ER Y72V D COS FffIEMEIX, Kamezaki et al. (2016) 23K D 7-EIRHKAE D
COS M D 0.07~1.12 x 10" h ' cell ' L LR TEVMEZ R L=, ZHUE. T thioparus THI115 £Ri%
TNV FX =R E5D 72D COS DRNEBICHNHEATHY . £ D702, T thioparus THI115 BRix. ¢
JBARAEHIE & b CTHRIIYS 720 O COS RIEMENE W EB X bz, —J5, HERREMEICL S COS
GrffiE. EOEFRIEREICY 7 LTV D ONMIBRTIIAITH D, HIHTHRL LM@Y . COS 4
fRICAFMBEENH D L9 KD b, COS L, CO,DTFuZ{baTh bz, B-CAIZED CO,D
R 22 KRB FED . COS b RSN D EEZX DT NEUTHDL DM Lz,
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T. thioparus THI115 BRDRINAKRSIBIOD A T3 = X 2%, RO K 57 THREN D, Rees TT /LIS

THUiETE 5 (Rees, 1973)(Fig. 4-3),

Enet = €dif T (€enz — &dif) Kout / (Kout + Kenz)

ZOK T, enern Editn fong 1X0 HA, MILSL D> & MU~ DS, BEFRIZ L 2 RN BIEIL TH Do Kinton
Kouts Kenz 1. HERRLSL 2> & MAEL ~ Dl . MR 2 O MR SN~ Dk, BERIZ KD COS M fRICBId 28
JEERTD D0 kout/ (Kout + kens)s XIF kout + kenz = kino £ 5 X BIND T kout/ Kino 13 FUIRE~FHAT D
COS Tk LT, Mgt~ 9% COS DElIG Znd, Mla, EEOIES NI o AR—F =7 L
WK DEEEEIC LY RN ERmT 7 77 2 —D 1 25L LTHMBN TSN (Harrison and Thode,
1958; O’Leary, 1988), COS O && i, KKROWEIEW TH Y | MIE T TH L7280, COS I3HE
BTorb0e&EXLND, EHUL, Dr & LTRO X 9D 72 TER IS (Mills and Harris, 1976),

Dr= (i)

ZZTom & mlt, FRER COS it COMS & H,0 DERA <7, =9 LT, DICO?S)E D(CO™S)
MRE D, COSIEELD PegelT, DCOMS) / D(COPS) — 1 & LTEHE &N, 3.7% TH Do kout << keny D
BE. Rees ETFAMND ., Mo B1E Yeq B TH 5-3.7%0. W kow >> kene DB Mo I1F. e, T H
5H-22%0 & 72 %, KEBRT, T thioparus THI115 ¥k D e fEIZ, —3.6 £ 0.7% TH 7= 2 & D35 | kou/ (kou +
kenz) S kout / Kinto 10 0.07. Kingo 1 0.35 h™'\ keny 15 0.33 by ko 12 0.02 h' TH B Z E B SN |
REFTHOSA7Z COS IR T Tl MIREIZHA L7z COS DIE & A L3, COSase 1T & - THfiR S 4L
LbDEEZLNT, TOZ LiE COSase (T X DFNADHIL Y &, MILE~D COS Dt AT & 2 [F]
NARG DTS FIZHEDRNARS B Z G 57 7 7 2 —TCTh b Z L &7,

ABFFE TR, BT ZRHR R B 272010, RRRETIERL, XY ERED COS & FERIZHW,
BUBBREOEYT — & L LTI, /DNRMO#E% O 5 TiE, 13 pmolm>s ' @ COS HAH Y, ZD
ST COETAMERIZESE, 1RO COS JREIX, 3 K% 10 parts per billion by volume (ppbv) & Ji.
b b TWD (Maseyk e al., 2014; Sun et al., 2015), 155 D COS fgHIE F~7=[R Y Ti%. ~50 pmol
m s BEKTHDHZ LMD (Billesbach er al., 2014), +HEF D COS 1L, H R TS ppby DA — 4 —
ThdLEZABND, ZOH, KEAPO COSRE LR, HHHh O COS AL, ARBRTHWR
JEL T2 0IKRLS . ZD X D RKIBIE T C. T thioparus THI115 ¥R COS /I, kou << kenz & 72
B2 EMD, P, YealETEH D-3.7%IRY A2 < EVMETH 5 LHERI SN 5D,

Kamezaki et al. (2016) OWETIX, 727 F /77 U TIZJ@T D Mycobacterium spp.D 4 HEEE & |
Williamsia sp. THI410 Bk e flIX. ZHZ1-3.99%0~—3.56%0 % ’—3.74% T ¥ . AWFZE T ST L
27T F N0 F YT T D T thioparus THINS5 BED el 3.6%0 & . ITVMEZ R LTZ, —F., 7054
7T )T T D Cupriavidus spp. THIA14 ¥k & THI415 BRIZ. THFN-2.09%0 % N-2.38% CTH->7-, =
oD M EOENOERIL, LTIV, A[REED 1 5L LT, 53 3 TR L COS /) fifhE#
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DEBNREZHND, DFD., BIED S EHKEKD Y /7 AIZiE, COSase & e B-CA @ clade D 2 23— RN
%35 A DOERAF S T W FEEC S G 2N FAE 3 5 28, Cupriavidus spp. THI414 £k & THI415 £k Clid, B &
Nignolzl2dThsd (3 E), NCBIOX R ET—H_X—ZA Tt v b LTz, Cupriavidus J&\ZJE
w0 245 8O CAIZBI LT, RAF KA A DR Y —/L Tl % NCBI O CD-Search 1772 >72& =
A.clade D IZHFEEINTZ CAIX2 DDBRTH -T2, 2D Z &S b Cupriavidus spp. THI414 £k & THI415
BRIL. clade D 2/ E LD CA ZIRFFL TR WAREMR MWL B X bhviz, BLEDFRERN S, FHED
Wt & LT- MRS L OIS, RO 00, RBFENHIE, MEO COS HRICHIT 5 e il
L. ORBERIC L > TRET HARERSH L LB X b,

COS 7ffRe%x b oA, 12 1ZEHk L2y | MEC AR DR E T, R FRICIRIA < F(E
95, @\ COS ofi#inth (5 2 #; Smeulders et al., 2011, 2013; Ogée et al., 2016) <°. AEWITI T 5 B-CA
DKy AR (Smith er al., 1999, Smith and Ferry, 2000) 725, 245 QA X % COS 43, EIT p-CA
77 IV IR T ABEENRHS TV D EHERIIND, ZD7D, Zhbd COS mfREMIL, FEH
LoULTIE, COSase & A U & 9 2R [ENARS B 2R3 vl RetE s @, L LZann s, Ziuh Lidhlo CoS
fREESRIC K D RNERSBIO AR LR ET D Z EIXTE R, COSase & 2 — R4 5iEa %71
— VWYY T ey MK D5, COSase i@ {n 11X, T. thioparus THI15 ¥R 7 AHIZ 1
A—DORFHETDHERLNDS (IL,2005), ZDZ Lik, BRI L~L T COSase & HfEl L 7= B-CA
77V —ICBT OMRIL, T APITFEEL RV ATREEA G W L AR, —FH, A D 3FHD
WEOBPELDFEZEY | WERSOMEMEMES &b, BFRILZY I VB2 ~T 2L 8FER2 D
AU, COSase L 137225 B-CA 7 7 IV —IZB T HBERIIFET DML H DH, S HIT, Table 1-1 (TR
L7, COS /&M DIRWEER OIFEIX, BHETE 72V, LW LN/ > 72, T. thioparus DSM 505
¥R 7 221X, B-CA. carboxysome CA. y-CA, RubisCO T SN DB EEND (Hutt ef al.,
2017), Carboxysome CA & y-CA @ COS Z3fiFREICEET 20981, 1Thiv T b7, COS BfRIEMEN & 5
DAE D DB TIE AR WD | X ARFE ST OFE R0 O 1X, 2o OIEYEILIZIE, ZhE i B-CA,
0-CA DOIEVEEALIZHERL T 2 REENFEE L TV D Z E BB M/ > TEY (Hewett-Emmett and Tashian,
1996; Kisker et al., 1996; Sawaya et al., 2006), COS 73 fR{GEMED & D FIHEME 2 R 5, Fex 1L, T. thioparus
THI15 #RIZH 205 D COS fiRBER BIFET D0 E I LMNCT 5720, BUES ) AENT 247725 T
Do

COSase & T. thioparus THI115 #EDRIGAKA7BIIIL. MDF Th b Z LRy o7z, MIFIZL VAU D
T v Y VORNKRE L, SREO=T7 ey e, mEEBOZT Y AREEND, EXT A A2
T OGS THESNTVWEN, ZOMBET oYy LORMEREDFERO 1 5%, fEDO COS HEIz
JF9 2 EIETE RN T & A" T (Romero and Thiemens, 2003; Savarino et al., 2003; Guo et al., 2010),

AWFFETH & 72 o T FNAR S B RN 2 HI N CTHIEER B > COS DM EIGBR 2 E+ 2 1T,
HETH D, 5%IL, COS DI H KERMERFE RSN TS, HMIZBIT 2 RNLRS B Z B 5§
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HZEWLE-T, COSDIHEIRE LT, HELEMORELXAT LI ENAREICRD EEDbDND, F
7. XVEKED COS OBEA BT 2I121F. KRKIBEICBIT2HES., 1S COS i 4EY 1T
NHERETHD, KK COS DIRNARS BRI EIE DML N L EN D,
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Table 4-1. Sulfur isotopic fractionations in COS degradation by COSase and T. thioparus THI115."

Isotope Rate Living cell Cell speciﬁcm e e BE

Buch - sumpling  conspmt mimher 00 2t O w0 2 Pvaue G 7 Pule ()

1 5 0.90 - - —09+0.1 099 2.8x107 —2.0+02 099 22x107 0.1

COSase 2 5 0.72 - - -1.1£0.0 1.00 7.6x 10*2 24+02 099 2.6x 10*2 0.2

3 5 0.75 - - ~1.1+0.1 099 4.1x10" 22+03 099 4.0x10" 0.1
Average® - 0.79 +0.10 - - -1.0+0.1 — ¢ 22+02 - ¢ 0.1+0.1

1 6 0.36 4.7 0.76 -14+02 099 9.1x10° —29+03 099 48x10° 0.1

T. thioparus 2 5 0.30 2.0 1.51 24+08 093 20x10° —43+13 094 12x10° -0.2

THI115 3 6 0.33 ND ND -1.6+0.1 099 13x10° -3.6+03 1.00 3.9x10" 0.3
Average® - 033+0.03 33+1.9 1.14 +0.53 ~18+0.6 — ¢ 3.6+07 — ¢ 0.1+0.2

ND, not determined. * Indicated +SD. ° Indicated mean + SD calculated based on the value of each batch. ¢ P values for ¢ values between COSase and 7. thioparus THI115
were 0.08 for the *’¢ value and 0.03 for the **¢ value.
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Fig. 4-1. Time courses of COS and sulfur isotopic compositions during COS degradation by COSase (A, B and C)
and T. thioparus THI115 (D, E and F). In f represents the natural logarithm of the ratio of the residual COS
concentration at the times indicated divided by the initial COS concentration. (A and D) e, o and O represent
batches 1, 2, and 3 of COSase or 7. thioparus THI115, respectively. x and + represent batches 1 and 2 of buffer
without COSase or uninoculated control, respectively. (B, C, E and F) e, o and o represent batches 1, 2, and 3 of
COSase or T. thioparus THI115, respectively. The COS concentration at 0 min cannot be measured because of the
disturbance of the headspace gas by the addition of COS. Therefore, the concentration of 7. thioparus THI115 at 0
min was regarded as those of batches 1 and 2 of the uninoculated control measured at 20 min and 60 min,

respectively, corresponding to measurements conducted on different dates.
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Fig. 4-2. A three-isotope plot between 6°°S and 6°*S values. The broken line indicates the mass-dependent
fractionation line with slope (0.515). %, +, and — represent batches 1, 2, and 3 of COSase, respectively. ®, o, and O

represent batches 1, 2, and 3 of T thioparus THI115, respectively.
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Fig. 4-3. Schematic diagram of s isotopic fractionation by T. thioparus THI115. €, €4ir, and &g, represent the
isotopic fractionation constants for the overall net, transport into the cytoplasm, and the enzyme reaction,
respectively. Kinto, kout, and ke, represent rate constants for diffusion into and out of the cell of COS and

degradation by enzymes, respectively.
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BSE REER

AWFFE Tl XA O COS D EFE/RHIRIAD 1 > ThHh 5., 13 (Launois et al., 2015) % SFAIZE T,
COS D43 fR% COSase & AW =B L ~L A ONT T. thioparus THINS BE R OVt E 2 £ & Lz, R
KM OB Z o, I L~ L O &2 1T 272, COS Db 9 1 DD FEERIEKIRTH HHH T
IZ. B-CA 3 COS 7fifZ fiklft4 2% L& 2 54T\ % (Protoschill-Krebs et al., 1996), B-CA DA DIEM:
I, BRI E > THHTH D CO, & HCOs & DAL TH D73, COS 1, CO, EMENELLL T
L7, B-CA X, COS bIMAKGEST 5 LN TE D, CAIL, EMTITTFRBOIAAET D0, £DOH
TH B-CA X, Z< OMIECHMEICFTET AEEHE L L TCAILID (Smith ef al.,, 1999; Smith and Ferry,
2000), = D7z, LEEIZBWTH, COS DY IAAIZIE, HEMAN O B-CABEEGLTVWDHEBEXL
NTIENWDA, ZHET, WAEDD B-CAIZEIT 5 COS HfRIZMIE Z L TU72\0 Y (Conrad, 1996).

% ZC. T thioparus THI115 R BRI S 7=, COSase DA A 3T 4 7 A ROT-FER, Ak g
DIz, COS LB L THZLENRHLMNER->TWD, BEHOEEE DT T, B-CA X° CS, hydrolase & 3t
(2. B\ COS o fifiEME 2 R 2 E MBI 5 M2 5 7= (Table 1-1), B-CA I%. 7 3 / BRI A& FLIT/ERL L
T2 RN L o T, clade A~D (247 3E & 4L (Smith ef al., 1999; Smith and Ferry, 2000), COSase (%, CS,
hydrolase & 3£(Z, B-CA @ clade D (33D, B-CA DEFR 7 7 I U —L&E 2 bz (Fig. 5-1), L
L. B-CA LITHEZRY | COKFIEMEITIZE A LR NI > T, HMD B-CA TROEND KD 7, ik
17 COS 73R & 138720 | T thioparus THI15 BRIZEBWT, COS X, SCN Z = pr/L¥—Jf& L THE
THEOMRHPHAETH D, D7D, COSase D EARBEREIX, COS Z i+ 22 Lichbr B2 bR
7

7 X R, COS MK EENME, KO COp ARKFEMEIZBI L T, COSase & ¥AMLL L 72F¢{# % £5-> CS,
hydrolase |%, EMHEHLOMEEIZIBWTH, COSase & BN 5415 (Smeulders et al., 2011), D 7=
D, R XD REIEA T = A LT, COS KDL CSHNMAKDIEDFOEHIBE SN D Z &3, RS
HEBRRD, EEDOEARLARY DRI, 2 < O B-CA TIIME/A <, —J7, COSase X° CS, hydrolase
TIEHLS, LbBAMETH T2 &, 2O OEEM T, CO KFTEHICEZREN R ON-ERTH
L2000 LIV, EDT=® | flfbiEE OMATRE R 22 61, EMERL TR <, REOEA, E70i34m
WM OR MRS, RERRMEICEE CHLAREEEZ R Lo, 4%, BERFEMEICE L TiE, AR/
B AETER LR DT X RO ROERKAEERT 2 2 LI ko T L TV BERD D,

T. thioparus THI115 £k & COSase (%, =1, KQHFITHET DI D COS (500 pptv Hif:) & fk L7,
ZHETIZ, COS A fRT HEERIZH N T, TD K ) RRWIEEIREIC I T D /5 RGP &~ 7 i 51X
o lo, AL KRKIRED COSIZH LTH, nfREtT/ 22 2 LR BMNTR Y . Lb, Thiobacillus
BRI L, TEPICEBEICERT S b E XD L, COSase ld. HHEIZIRIT D COS 4 fif 4 il il 4~ 5 %
FO12L LTRATZENTE D, AW TEBRIZHWZ, KKIRE D COS % 53f#3 % Mycobacterium
spp.D 7/ LTI, B-CA D clade D # 22— R T HBIR T OFEN T I NI, ZNDDORERIT, 73/
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FRBCL A SOMG Ba & 123\ T, COSase & FALL L T % B-CA @ clade D X° CS; hydrolase 128, R U L 9 1Z
KRRIRED COS Z o DRE Mo » TW D AREMEZ /R, B-CA DT X/ FRBls 2 SLITHER L 72 %
FBHZ I\ T, COSase & flfifbEE DR S, EWERIEZ AT 5 Z L BB X BN D, Mycobacterium
tuberculosis  P-CA Rv1284 X° Methanobacterium thermoautotrophicum B-CA, & 512, CS, hydrolase %, 3
\Z clade D IS D (Fig. 5-1), fEMD B-CA IX. clade B IZFEI LD, 2D ORI, p-CA D
T, clade D IZJET 2MEHE 2 O HEMAEW D, HHEICK T 52 KT D COS DIV AR ZT L LT
15 FTREME 2 T,

B-CA 1T, Hix AEMIZHAM L TEY, HEMEDME Carboxydothermus hydrogenoformans <°, i {li 4
Methanobacterium thermoautotrophicum 78 £ O AW OHERFER OIRITITE WA B FEET D Z & D
L. HREZETHDH L EDN TS (Smith er al., 1999), 30 (E4E1FE & H D COS DEEFEIL. 5 XY % 10,000
ERRE RV Sppmy FREThH o772 LT 585 H D (Ueno et al., 2009), 15\ FEE FF IS COS 4 i 4
%787 COSase X°, B-CA 2L D COS fiid, BIIEL Y bAEMICE s THERMISTH =00 L
TRV, MSLIEFAEW T D T thioparus THILS BR, Acidithiobacillus thiooxidans Sp #&. A. thiooxidans G8
KRB O Acidianus sp. A1-3 Bk BRI X 4172 COSase <°. CS;, hydrolase (Smeulders et al., 2011, 2013) &
TRNAX—EHBOIZO DR ICEHDLLIBETH L, EHICAARRERTHDL, —H. K%
D 3 FET/R LT E D COS 73R D X 512, TERREREMIZI T 5 COS D AP ERIZ OV T
THTH D,

COSase X° T. thioparus THI115 ¥R COS 73236 1F 2 RINLAKR D BNE, AR E > THL N E R -7

D, PN XD COS DRIGARZHNCBET 2 HF781F. WdmicZ Ly, IT4E, COSIE. MEMIZHIT Dk —
WAERZRBELAT2OD, Fo—H =220 G5 L LTHRFEFEINTEY (Campbell et al., 2008; Seibt et
al., 2010; Stimler et al., 2010), HE¥ D COS 3 IZI1T D [FINLE A RS 5 Z L%, [FNLR R FAL
RBIEE DI OE NS, COS DIHKIATH 5 L LW 2 XBIT 572012, LERRHFEH TH
Do

AIFFRIZ L > TORENTZ L HIT, COS eIz H 5 & LTH, KRR D COS % i3 2 AEMIE
ROND, HEKKRELD COS OEEAFEMICHIET 72012 b, 4%, clade D ([ZH1A T, Lo clade |2
BT 5 B-CA 72 EDEEFEL, NS~ AL LTEERER, £ L CHEE DO COS Db K& 72HK
& &N, D COS mfiR=e. = DFRNARS R ZWET 2 2 LITEET, ZOERIE. KKIRED COS
ZHWTITR D ZEDBMETH D,
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Mycobacterium tuberculosis (053573)
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Mycobacterium tuberculosis (P64797)
0.1 Anaeromyxobacter dehalogenans (66857380)

Acidianus sp. A1-3 (GOWXLS) CS, hydrolase
Frankia sp. EAN1pec (68228831)

Figure 5-1. Phylogenetic tree of COSase and B-CAs. A phylogenetic tree was constructed with MEGAS (Tamura
et al., 2011) using sequences of COSase and B-CAs. f-CAs were selected from the PDB and used the sequences
from UniProt Knowledgebase (UniProtKB) corresponding to B-CAs. B-CAs from the NCBI conserved domain
database (CDD) were used to classify f-CAs into 4 clades. For each clade, single sequence data from eukarya and
archaea, and those of bacteria that represent clade A, B, and C at the phylum level and clade D at the genus level
were used to construct the tree when the sequence data of B-CAs was unavailable in PDB. Sequence data of
Halothiobacillus neapolitanus deposited in PDB were not included due to the low homology with COSase. The
transit peptide sequence of B-CA from Pisum sativum was also not included. The accession numbers of the B-CAs
used here are indicated by its NCBI GI number or UniProtKB number and appear in parentheses. The COSase,

CS; hydrolase and B-CAs of clade D that were deposited to PDB are shown in bold.
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Table S1. The nucleotide sequences determined in the chapter 3.

Plasmid  Sequencing primer®  Nucleotide sequences including primer regions shown in red Number of bases
THI401
1 F GGCCTGTATGGATGCTCGCCTGGACGTGTACCGGATCCTGGGGCTGGCCGACGGTGAGGCGCACGTCATCCGCAACGCCGG 181
CGGGGTGGTGACCGACGACGAGATCCGATCCCTTGCCATCAGCCAGCGCCTGCTGGGCACCCGCGAGATCATCCTGATCCA
CCACACCCGATGCGGCATG
1 R Reverse complementary sequence of the above. 181
THI402
1 F GGCGTGTATGGATGCTCGGCTGGACGTCTACCGGGTCTTGGGCCTCAAAGATGGTGAGGCACATGTCATTCGGAATGCCGG 178
CGGTGTGATCACCGACGACGAGATCCGGTCGCTGGCGATCAGTCAGCGCTTGCTGGGCACCAAGGAGATCATCCTCATCCA
CCACACCCGCTGCGGA
1 R Reverse complementary sequence of the above. 178
2 Sequence identical to the above “THI402 plasmid 1”. 178

117



THI403
1

TGCCGCAGCGTGTGTGGTGGATGAGGATGATCTCTCTGGTGCCCAGCAGGCGCTGGCTGATCGCCAGCGAGCGAATCTCGT
CATCGGTGACCACGCCTCCGGCATTCCGAATGACATGTGCCTCACCATCTTTGAGGCCCAGAATCCGGTAGACGTCCAGCC
GGGCATCCATACACGCC

Reverse complementary sequence of the above.
CATGCCGCAGCGGGTGTGGTGGATGAGGATGATCTCTCTGGTGCCCAGCAGGCGCTGGCTGATCGCCAGCGAGCGAATCTC
GTCATCGGTGACCACGCCTCCGGCATTCCGAATGACATGTGCCTCACCATCTTTGAGGCCCAGAATCCGGTAGACGTCCAG
CCGAGCATCCATACACGCC

Reverse complementary sequence of the above.
GTGGCGTGTATGGATGCGCGGCTGGACGTCTACCGGATTCTGGGCCTCAAAGATGGTGAGGCACATGTCATTCGGAATGCC
GGAGGCGTGGTCACCGATGACGAGATTCGCTCGCTGGCGATCAGCCAGCGCCTGCTGGGCACCAGAGAGATCATCCTCATC
CACCACACCCGCTGCGG

Reverse complementary sequence of the above.
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THI404
1

THI405
1

Fl

GGCGTGTATGGATGCCCGGCTGGACGTCTACCGGATCCTGGGCCTCAAAGATGGTGAGGCACATGTCATTCGGAATGCCGG
AGGCGTGATCACCGATGACGAGATCCGTTCGCTGGCGATCAGTCAGCGCCTGCTGGGCACCAGGGAGATCATCCTCATCCA
CCACACACGCTGCGGCATG

Reverse complementary sequence of the above.
GGCGTGCATGGATGCCCGGCTGGACGTCTACCGGATCCTGGGCCTCAAAGATGGTGAGGCACATGTCATTCGGAATGCCGG
AGGCGTGATCACCGATGACGAGATCCGTTCGCTGGCGATCAGTCAGCGCCTGCTGGGCACCAGGGAGATCATCCTCATCCA
CCACACCAGATGCGGCATGCT
CATCCCGCAGCGGGTGTGGTGGATGAGGATGATCTCCCTGGTGCCCAGCAGGCGCTGACTGATCGCCAGCGAACGGATCTC
GTCATCGGTGATCACGCCTCCGGCATTCCGAATGACATGTGCCTCACCATCTTTGAGGCCCAGGATCCGGTAGACGTCCAG
CCGCGCATCCATACATGCCAC

TGTCGCGTGTATGGATGCGCGGCTGGACGTCTACCGCATCCTCGGGCTGGGCGACGGCGAGGCACACGTCATCCGCAACGC
CGGCGGTGTCATCACCGACGACGAGATCCGGTCACTGG
ACGCCGGCGGTGTCATCACCGACGACGAGATCCGGTCACTGGCCATCAGCCAACGCCTGTTGGGCACCAAAGAGATCATCC
TCATCCACCACACCCGCTGCGGCATG
CATGCCGCAGCGGGTGTGGTGGATGAGGATGATCTCTTTGGTGCCCAACAGGCGTTGGCTGATGGCCAGTGACCGGATCTC
GTCGTCGGTGATGACACCGCCGGCGTTGCGGATGACGTGTGCCTCGCCGTCGCCCAGCCCGAGGATGCGGTAGACGTCCAG
CCGCGCATCCATACACGCGACA

(Reverse complementary sequence of the above two sequences.)
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THI410

1 F GTGGCGTGTATGGATGCCAGGCTCGACGTCTACCGCATCCTCGGCCTCGGGGCCGGCGAAGCCCACGTCATCCGCAATGCC 183
GGCGGCGTGGTGACCGACGACGAGATCCGGTCCCTCGCCATCAGCCAGCGCCTACTCGGGACCACCGAGATCATCCTCATC
CACCACACCCGCTGCGGCATG

1 R Reverse complementary sequence of the above. 183

2 F ATTCCGCAGCGGGTGTGGTGGATGAGGATGATCTCGGTGGTCCCGAGTAGGCGCTGGCTGATGGCGAGGGACCGGATCTCG 180
TCGTCGGTCACCACGCCGCCGGCATTGCGGATGACGTGGGCTTCGCCGGCCCCGAGGCCGAGGATGCGGTAGACGTCGAGC
CTGGCGTCCATACACGCA

3 F TGCGTGTATGGATGCCAGGCTCGACGTCTACCGCATCCTCGGCCTCGGGGCCGGCGAAGCCCACGTCATCCGCAATGCCGG 183
CGGCGTGGTGACCGACGACGAGATCCGGTCCCTCGCCATCAGCCAGCGCCTACTCGGGACCACCGAGATCATCCTCATCCA
CCACACAAGCTGCGGCATGCT

4 F GGCGTGTATGGATGCCAGGCTCGACGTCTACCGCATCCTCGGCCTCGGGGCCGGCGAAGCCCACGTCATCCGCAATGCCGG 181
CGGCGTGGTGACCGACGACGAGATCCGGTCCCTCGCCATCAGCCAGCGCCTACTCGGGACCACCGAGATCATCCTCATCCA
CCACACCCGCTGCGGCATG

’Sequencing primers used in this study were pUC/MI13 Forward Primer (5-CGCCAGGGTTTTCCCAGTCACGAC-3"), pUC/M13 Reverse Primer
(5'-TCACACAGGAAACAGCTATGAC-3"), and Degenerate PCR Forward Primer (5'-GTNGCNTGYATGGAYGCNMG-3"). These primers were shown as F,

R and F', respectively.
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