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Chimeric protein for characterizing the dinuclear active center of a class-c nitric oxide reductase
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Denitrification by denitrifying bacteria proceeds according to four sequential steps from NOs~ to N2 (NO;~ —
NO:,~ — NO — N20 — N), of which the reduction of NO to N20 is catalyzed by nitric oxide reductase (NOR).
cNOR is one of four class enzymes of NORs and is composed of two subunits, NorC and NorB. NorB has amino acid
sequence homologous to that of the subunit I in cytochrome ¢ oxidase (COX) which serves as terminal oxidase in the
oxygen respiratory chain. This homology between cNOR and COX strongly suggests that they have evolved from a
common ancestral gene. Although both NOR and COX are present in the same cell as paralogs, the former utilizes a
non-heme center, Fes and the latter a copper center, Cus, in the construction of the active centers to reduce NO and
Oz, respectively.

This study investigates the correlation between the non-heme and copper centers which are coupled with the
high spin heme b center. Notably, Roseobacter denitrificans encodes a NorB-like protein that carries a copper,
despite its extremely high homology with that of Halomonas halodenitrificans cNOR. Among twelve transmembrane
(TM) helices in H. halodenitrificans NorB, TM VI to TM VIII are located in the proximal of the Fes region. We
prepared synthetic DNASs to replace this region of the Halomonas NorB protein by the corresponding region of the
Roseobacter homolog, and the resulting construct was used at the aims of expressing the chimeric ¢ctNOR in
Escherichia coli. Expressed proteins were partially purified from the membrane fraction of the transformed E. coli
cells using DEAE-Toyopearl 650 and ceramic hydroxyapatite column chromatographies by tracking the Soret
absorption band as marker. Expression of NorC subunit was confirmed by immunoblotting using anti-NorC*
antibody. The a-band at 550 nm for the reduced heme ¢ has been found in the chimeric cNOR. In the electron
paramagnetic resonance (EPR) spectrum, a g = 4.2 signal derived from non-heme center has been detected, although
free Fe®* as impurity also was detected impurity. In addition, the high spin heme was also detected at g ~ 6.
However, no EPR signal derived from low hemes has been detected, while sensitivity for the low spin heme c is very
low. These results suggest that the chimeric NorB was not properly incorporated into membrane, or the

transmembrane helices did not properly form the pore to accommodate the metal centers.
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1. [FL®HIC

BZEL1T, IKEEPED NOy R NO, 72E DREEEREZE #3, T A5 FIRDEREMEL T, Raf~
HBSNAHBGTHY, NO; 725 No~DOSERMEITME ICIRONZRE /1 ThDH[1], MR R A
EFIERIEL TS T 2 RRZE T, EICBELEE D LL EORIRIC K07 S 22 R HE D He
TARNMRAL, 1G0T DT LD LR >TN D, BEFEITCOREICHEE R EE 2 RIZLTHDHEN
2505, HHIAFAE T DM EHICLDEE 5 AEb L, EREBOERIEILZ ENTHDELE 2D,
i 2 R L I THEINN DABBED S 736725 THEY (NO; — NO, — NO — N,O — N.), NO 7>
5 N,O ~DiZE It Nitric Oxide Reductase (NOR)IZ XD filifExi5[2, 3], NOR (ZIH#ERIZ4 DD
TANRADY, ZDHH eNOR 1E 2 2DY 7 =k, NorC LU NorB 7Dk & 41TV 5, NorB 7 =
=y NX, BREIFR SRR LRSS ChHDHU R aL ¢ AFUF —F (COX)DEEFIE TN &5 Tt
Tazmyh | LG LOMREMEZAL, MEFITILEH LR OLEZLNTNS[4-6], NOR &
COX 13377 LLCH—MIEPIZAFIET DIZH 03057, ctNOR DIE~LEREL TERAA D3,
ZLC COX TIHA A BRI ND (K1), — 7, RifEDLHBES4172 Roseobacter denitrificans (2
[T CNOR IZEH 1T AR MEZ 7= 725 NOR EPEZFF/Z 97990y COX IHME4A 9% NOR AER /7%
TFAET DD, ZOENLERBITFTHLEHESNTNBT7-9], AFFETIXHEEROIE~LE RO
FEEHE ORI IE D —BR L C, Halomonas NorB 7 = hOIGPEF LA 92 pore B DR
BB 7 2GR D — %, FENLBJBEL THEA 5L HEESHLS Roseobacter NOR ARER
DR YT EE X 2% A7/ cNOR DIERZ ATz, £ DFER, &M LA A9 5 pore B 2T
A 2 B EE A Y 7 ZFEIEAS NorB 3 7 2 = s D AR~ DAH 7 A 7-R> CNOR O & Ik i i
DOHEFFICE BB E AT QD ARV RIS LT,

1. COXI & NorB ¥ ==y hD IR E i~ v 7 AL BALE T AR D ORLE
(a) Paracoccus denitrificans ™ COX | & IEIZHE[E 7 [1] 7O AT I BB A~Y > 7 2
(0)BiZEH NorB 7 2=y hOEE BRI~ v 7 A
BRI a ~Vy 7 2%RL, MR CTHENDMIBIL, FHERH<4 DDAy 7 AL, BT 2 M O b AL
FTHNVY T ADFE DD 7 AL A T 5 pore A BL U B, C &#TEALT D,
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2. REBAXK

2.1 PCR L& =F AT## 2 DNA 7527 A hOVER

150 bp 75 200 bp /% polymerase chain reaction (PCR) FEMMEHNLLIIC, T4 ~—IRETE
WD ann e D3FfE(a: U01~U04 & L11~L14, b: U04~U09 & L06~L11, ¢c:U09~U14 & L02~L06,
Lower Primer (Nsil site) ; 5-AAAATGCATAAAACCCCAAA-3) Z R4 IZFHHRLL C, 1st. PCR Z17»
72 (K12) , DR, Invitrogen ££0> PCRx =2/ 24— A7 AL Roche £E0 FastStart Tag DNA 7RY A
F—¥ %MW, 1st. PCR %D GVARK a 3L Wb, c DIREWET 7L —hEL, &5IZ, 2nd. PCR %
1T-72, 2nd. PCR B D SRR AT 7L —heL, Spel BB 232 —REN7=7ZA4~— (Upper
Primer (Spel site) ; 5-GGACTAGTATGACCCTGCTGA-3") & Lower Primer (Nsil site) % H\ T, 3rd.
PCR %#1T7-72[11], #5417 PCR FE¥)%, QIAGEN PCR Cloning Kit(QIAGEN #1:)iZ&b T-A Cloning
L7
2.2 FAFM NorB DNA 777 A h® PCRIEIZEHEH

FATHAMEZ DNA 777 A MZEHUT, U02 225 U03 ~DD7eE HIXT TR TIETF IVIEED, ~
AT ATIET 7= H 6 (HIESESA2 L5038, DNA & — 7 — O CRSIfERBLIZE2A, 1
HIERIBLCQe, 22T, A7 NorB DNA 777 A RAMEASNIZ T TAIRZ 5L L L, Upper
Primer (Spel site)& 771~ — (5-CCAGAACACTGCTGCCAG-3') D&, b NI T T4~ —
(5-GCAGTGTTCTGGCTGTTTGCGTT-3) & L08 7T A ~—Dfl &% H /2 PCR 21T\ VA B4
ALz, EBICEGIRIRZ #7111 C Upper Primer (Spel site)& L08 771 ~—% IV C PCR (240, 2
S0 PCR FEMZHFESE T, RUT, FHEE T-A Cloning 217V > Spe I-Nur | 7 MEZEI0 HL, FE8R)7
21 T/R—= T SPIT TAIR AN X — DS E ANVE A T2, DNA S —7 22— (X0
FLROF 2 ffei %, Spe I-Nsi | A REZGIV L, pTVNORASL O S FRAL~FAL, FATFHBLT T A
3R pTVNORexTM678dSL ZHE45E 1L 7-[16],
23 DNAY—J=x A

T IAINKH %, DNA ¥ —27 = 2 KSR 21T >72, DNA ¥ —27 =% —I|Zid, ABI
PRISM 310 Genetic Analyzer & H\ 7=,
2.4 NOR {HIEHIEE

BOSHHEIER , 4.59% NO HAZEI AL, BYREEHRHRT 27 0~<h777(GC-8A, HEEAERT)
Z VT, NO OiRTTHEZMIE LT, BT, 30°CTITo72[11, 12], ZZA0%, Molecular Sieves
5A (2m>x3mm i.d,Yanaco ft) ZfEH L7, F+vV7 —HADE )L, 160 kPa Téh->7[12 -15],
2.5 FATM cNOR DK E TOFEH L HEEER5 1k

Tz 3BASE L T2 cNOR D FFEFEHLRICHEL THER D DI E T T 7216,
2.6 XL I EOEEEH NorC*HLRIZEL DY = AX T ay Nk

280 T B TR TR A O 8 % %% 1 72\ s Bicinchoninic Acid (BCA)EAE FALZ[17], v=AH
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7y O LIRFURICIE, HT NorC*Hifkz Hv 7-[16],
2.7 UV-Vis & ESR A7 ML Ol iE

WX AAZ IV, JASCO J-500C 43 G EERFCRIE L 72, EPR AL DI E 1% Oxford 7 4
AT BT TA G AL SHBEOATHT BT Bruker ESP-300E X /X R 45254 W CHRIE L 72,

SerMetThrLeulLeulLysGlyArgLysThrAlaIleAsnMetValLeuMetLeuGlyLeuTrpLeuAlaAlaValPheTrpLeuPhe 166
Uo1 uo2 x %

CTAGTATGACCCTGCTGAAAGGTCGTAAAACCGCAATTAACATIGGTTCTGATGCTGGGTCTGTGGCTGGCAGCAGTGTTICTGGCTGTTT 89
ATACTGGGACGACTTTCCAGCATTTTGGCGTTAATTGTACCAAGACTACGACCCAGACACCGACCGTCGTCACAAGACCGACAAA 430

L15 L14 L13* *V|
AlaPheTyrAsnProSerAsnLeuAlangAspLysMgLTerrpTrd yrValValHisLeuTrpValGluGlyThrTrpGluLeuVal 196
uo3 uo4d uos

GCGTTTTACAACCCGTCTAACCTGIRCGCTGGATAAAATGTACTGGTGGTACGTGGTGCACQCTGTGGGTGGAAGGCACCTGGGAACTGGTG 179
CGCAAAATGTTGGGCAGATTGGACCGCGACCTATTTTACATGACCACCATGCACCACGTGGACACCCACCTTCCGTGGACCCTTGACCAC 340

L12 L11
[ MetAlaSerValleuAlaPhel euMetfLeul ysLeuThrGlyValAspArgGlulleIleGluLysTrpLeuTyrLeulleValAlaThr 226
Uoe6 Nur | yoz

ATGGCGTCTGTTCTGGCGTTTCTGATGCTGAAACTGACCAGCGTGGATCGCGAAATCATCGAAAAATGGCTGTACCTIGATCGTGGCGACC 269

TACCGCAGACAAGACCGCAAAGACTACGACTTTGACTGGCCGCACCTAGCGCTTTAGTAGCTTTTTACCGACATGGACTAGCACCGCTGG 250

L10 VII LO9 LO8
|AlaLeuPheSerGlyIlgLeuGlyThrGlyHisHisTydEhgTrleeGlthrProGlyTyrTrpGlnIﬂleeElySerIlePheSer 256
Uo8 uo9 uilo0

GCACTGTTTTCTGGCATTCTGAGCACCGGTCACCACTACT T TTGGATCGGCACCCAGGGTTATTGGCAGTGGATCGGCTCTATCTITICT 359
CGTIGACAAAAGACCGTAAGACCCGTGGCCAGTGGTGATGAAAACCTAGCCGTGGGGCCCAATAACCGTCACCTAGCCGAGATAGAAAAGA 160
VI LO7 LO6 L05

AlgLeuGluValyglProPhePheglyMetMetAlaPhdAlaPheyglMetyngrpLysGlyArgLysAngisProAsnLysAlaAla 286

Uil Uiz
GJGCTGGAAGTGGTGCCGTTTTTTGGCATGATGGCGTTTGCGTTTGTGATGGTGTGGAAAGGCCGTAAAGATCACUCGAACAAAGCAGCA 449
CGCGACCTTCACCACGGCAPAAAACCGTACTACCGCAAACGCAAACACTACCACACCTTTCCGGCATTTCTAGTGGGCTTGTTTCGTCGT 70

LO4 LO3
MetLeuTrpAlaLeuGlyCysProThrMetAlqPhePheGlyAlaGlyValTrpGlyPheMet_ 307
u13 ui4 Nsi |

ATGCTGTGGGCACTGGGTTGTCLGACTATGGCATTTTTTGGTGCAGGTGTTTGGGGTTTTATGCA 514
ACGECACCCGTGACCCAACAGGCTGATACCGTAAAAAACCNCGTCCAC AAACCCCAAAATACGTAAAA 1
LO2 Lower Primer (Nsi | site)

(2. [EHLE 5> DT X BERLA LI RS

WHRAS LR Y7 A3E L DNA, U01~U14 (375 284, Lower Primer (Nsi | site)l L02~L15 (Z~AF A
8, TUBES EOR I AT EEER A RL, 0TI O I AR FER T, T WSO
RO TFNIF AT o3 FICBT DT U BE 57T, AR OLAMOES L S KENODERORIE
Y, HHERLH L0 # I3IRALEIC PCRIEIZEY, AL MERBIMADN, EBIITTTABTIE 77 &
HEBOBEHDO T BENENG, C~, vA T AHTIT 239 FHE 242 B H D ABENETN G, C~LESN
Too T B —=FA L BFENT=T 2 /1% Halomonas cNOR 1 BAE BIC L0z ST/ THY, Leul76 H»
H Asp280 FETHS Roseobacter NOR AERT DXFIST DI/ LEMS L, T ¥ — T A DMt/ AR
F I B E% SR RR R L T D,
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3. FEREER

3.1 F AT NorB JEBL T AIN DS

AWFFECTIXFIRESR DI~ LG B OFHE ST O B FE DO —Bt LT, Halomonas NorB ¥~ =
=y rOIEEFLETEAT S pore B DI EBIAY 7 25RO —H %, IE~LBBEL THEZHA TS
LHEE S D Roseobacter NOR 7S E 7 DFH M /3 I Z B E AR 72X AT 55 F- OAE A A 7o, FEERITIE,
NorB DA 512D E @A~V A (transmembrane ; TM) D955, FE~Lgk Feg DITEHIAFET D
TM VI 2>5 TM VI % Roseobacter NOR €17 OFH 4555y EE#LL 7=, Tag DNA VA —E & H\T
il B COVATVEINZED G AL DNA Z i S LHE LT, s E L) T, £ T, #fE I
X PCRIEZERA LT, MR SOGR L7272 EH1Z, 150 bp 725 200 bp FEE DR ST 32124317 TPCR
ZATo72(K3) . Fiz, st BL T 2nd PCR 1T 4 727 T4~ —& FIVVTND72®, FUL SO
BT LHILND, TTA~— DR RIMEZ & D, MO~ 7 2T MREL, IKFHO T =—U 75
[ % 5.2 % Invitrogen £ PCRX T\ —33 25 DA WA Z L TRHLLT-, fif 8, REH@EVOYA
ADTZTARDGHITIZ, LNLIRNE, 7T A ~—U0275 U03 D270 & B IS5 6 fHlDF Ik
D UFRERBEL TN, 27 —RIRDBG L= DI R ZRSR G LTI T T A~ —Tho7hs, RICHE R
HFEL TRY, Mx TF I~ —RLDOOREH Tholed), MERICHEED KENECTLHEESN
%, T, KL EOHFL I AL U MERLRDISI0aR ~DEHE 2 BRI, #i72lZ DNA 7
FA~—ZE KL, PCRETTSTAER, YHIRGEHL7Z U02 &L U03 D272 E HD 5-TTT TTT-3'DEAIIE,
5-TGTTCT-3&HEEZMA LI, RGBT OMFILT I/ BOEWA LR AL MEREZE AT
TENTE,

Uol uU02 U03 uo4 U04 U05 U06 U07 U08 U09 uo9 U10 U1l u12 U13 Ul4

— o DO D —
— —— ¢ e e —

U14 U13 U12 U11 U11 U10 U09 U08 UO7 U06  U06 UO5 UO4 UO3 U02 LPNS
b
@ 1st. PCR
2nd. PCR

PCR Product 520 bp

[X|3. PCR {E% A= AF7% NorB & a1 Dok
aBIOb, clIFNZENKIGAER a BEL O b, c KT,

LPNS : Lower Primer (Nsil site) D%
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3.2 ¥ AT/ cNOR DFEREZDOME
F A7 cNOR D FEHLFBEIZME L L TV % cNOR DL IZHEL TOYOPEARL DEAE-650 77 A7 1
~ N7 4—1%1Z ceramic hydroxyapatite BT L7a~ T7 —4T7-7=, B4 Halomonas ctNOR
(Wild type) & [FIFE RS AT TV ELl i 82 & LT- £ 2%, TOYOPEARL DEAE-650 17 A D IRE N
IIRIEZ DN T-H DD, F5t\W N TET 7= ceramic hydroxyapatite 777 2 EDIEH S 72— A2 HH%
PRIEVDN BT, Halomonas cNOR [ i, 7 [E 12 hydroxyapatite &AL, 0.7 M UL LD & E D
VY7 7 — RIS IR T 203, ~L0Y —L—HAFRIRICL THINE 5% AF7 cNOR 13.0.5
M USRSy 7 7 — R CH LT (7 — 2 3E40R) . £/, TOYOPEARL DEAE-650 ¥ %)@ sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) % ® Anti-NorC* ki Lo =A% T
T AT HAToTeE A, NorC O/ RMR IS L2 (X 4), 72, ceramic hydroxyapatite 777 L5
52 7327E D SDS-PAGE 13 NorC O /3 R THHL, F AT NorB I[ZHH 2§ 5/ 3 Rl Ab /s
Mol (T —HIEFRIR) o ZHUTHBIL TODHFATRL NorB MR E /e 74— A—al & o THY,
IR IE D OB CTEMEREZZ 120, HDE NorC Bl CIEEL TV ATREMENE 2 DD,
3.3 F AT cNOR D43 F ML

ceramic hydroxyapatite 77 AEHZ L RTEE DT AT AMIIVIEITL LM%, A -AIHAZ R
NERIETHE, heme ¢ D a /S RIZHKETHE-DILD 550 nm OV BB BT (T —FIEER)
EPR ATV TIL g = 4.2 DV T T ARELIIZN, BN AN 7T ey v — T2 7 iR
HIRoTWNDHIEDD, BAHNTIMNZLT- Feg LA D Fe® ' (v AT —) S izb D L -bins,

S . < 16 kDa

4. TOYOPEARL DEAE-650 & 5. EPR A7V {Z X% Halomonas cNOR & ceramic
HZ L 2B 0 NorC*Hifikic ks hydroxyapatite 777 L& H 2 X7 D Bk

T AK LT Tk (a) ceramic hydroxyapatite ¥& %> /< 7E
Lanel;Halomonas cNOR (b) Halomonas cNOR
Lane2; ¥ AT R B RIAH A _U'E Frequency 9.5 GHz, temperature 4.5 K (a), 4.0 K (b)
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F72, BAEY heme b3 IZHKET D g~ 6 D7 FABLELILTND, LOLARMRE, AL heme b (2
B9 59=300=226,9~14 D7 F /< heme ciZHKTDHg~ 3.6 DV /MEFRDLNAR
Moz (X5), 72720, FRMEDIRY Y heme cIZHIRT 537 T L O IR DMERNZ LMD, WA
JIUZEBWT, heme ¢ DIFTEIFHER TEZ, TD C BANLADERKEITHEY @<V ATREME D H
Do

4. EH

PCR /% FIW CTA L DNA Zfif B XAk L7z & = A, Halomonas cNOR & Roseobacter NOR
RERTDXRAT L NI BB Z— LS HZ LTI LT, LInLedns, ¥27
A cNOR DFERUZIIE S o7z, F A TR T NorBC lih 7 2=y BERINTWVDIZE
23 5HF, TMVIE x5 TM VI FEIR O @ #2120 I 2 R~ DR ASA M T T e
Wy, BDWIEIERICARRER S NI ERY, BOWERE COEMEREZZIT0T ko
TWDOMMB N, ZOZ & XiEEF Lo pore B 2T 2 BEGEAIAY » 7 AfEE A4
B % DEARIEA DL IA TR, 8 2 UM E CNOR D SR IE DL TEL DT DI HEE 72l & 2 U T
WD FREMEZ RIE L TV D,
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